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A B S T R A C T

The long-term emission impacts of the nickel processing industry in the Kola Peninsula, the largest source of sulfur
dioxide and heavy metals emissions in Northern Europe, have created vast technogenic barrens near the mineral
industry complexes. The pace of rehabilitation using the improved remediation technologies to enhance sus-
tainable environmental management and regional economic development is of crucial social and economic
importance. In a 120-day incubation experiment, we evaluated the prospects for the restoration of two soils at
different degradation stages via carbon pool regulation comparing to mineral ameliorants – NPK fertilizer, and
liming agent. Organic additives used included a humic preparation based on an alkaline brown coal extract,
wood-derived biochar, and peat-derived gel, supplied by mycorrhizae fungi. The results demonstrate that the
selected organic amendments are suitable for restoration of acidic metal contaminated soils. Specifically, the
treatments provided a measurable increase in soil carbon content, a marked decrease in acidity, a decrease in
extractable metal contents, together with an enhanced nutrient uptake and vegetative growth. A stabilization
effect increased from biochar to peat-gel, liming agent and humic preparation, with an accompanying increase in
soil pH. Although biochar showed a reduced ability to metal stabilization, the associated treatments were the most
productive. The most effective amendments in multi-metallic contaminated soils need to be able to stabilize
bioavailability of metals, adjust pH to the optimum for plant growth, and regulate nutrient consumption.
1. Introduction

The intensification of anthropogenic activities such as industry and
mining (Kozlov and Zvereva, 2007; Gasc�o et al., 2019), agriculture (Liu
et al., 2015), urbanization (Ciarkowska et al., 2019) driven by the
expansion of the needs of the burgeoning human population has led to a
wide spread increase in levels of potentially toxic metals and metalloids
(HMs) in all natural environmental media during last decades. Current
research documenting the behavior and influence of HMs in the envi-
ronment and their influence on biotic and abiotic ecosystem components
is of great interest to the scientific and regulatory community (Bolan
et al., 2014; Jia et al., 2018). Although organic pollutants can be bio-
geochemically degraded over time, inorganic contaminants can be
neither degraded or decomposed, with footprints of human mining ac-
tivity from Paleolithic times still being measurable in selected
. Tregubova), koptsikg@mail.ru

September 2020; Accepted 14 J
vier Ltd. This is an open access ar
environmental media even today (Nriagu, 1996; Bolan et al., 2014;
Monge et al., 2015). The incorporation of HMs into the soil leads to a
transformation of soil properties with rapid incorporation into biological
cycles. These soil property transformations lead to suppression of critical
soil ecosystem functions that support primary production and maintain
microbiological communities, sustain biodiversity, promote sequestra-
tion of greenhouse gases, provide water and promote nutrient supply
(Ding et al., 2018).

Modern policy-makers consider soil as a non-renewable natural
resource of high importance that links atmospheric, subsurface and
aquatic media to minimize release of wastes and emissions (EC, 2006;
EEA, 2017) and support development of monitoring (T�oth et al., 2016)
and remediation programs (Martino et al., 2016). However, input of
pollutants into soils is still increasing, commonly reaching toxic levels,
with examples on the planet where industrial activity has
(G. Koptsik).
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catastrophically affected soil cover and destroyed ecosystems (Kozlov
and Zvereva, 2007; Koptsik et al., 2016; Campbell et al., 2017).

Landscape severely impacted by technogenic activity require reme-
diation – the application of complex techniques that promote an
improvement of both soil quality and health, especially by decreasing of
bioavailable forms of potentially toxic HMs in the environment to levels
compatible with normal functioning of biota (Adriano et al., 2004;
Osman, 2014). As soil is a complex heterogeneous multifunctional sys-
tem, each contaminated site has specific issues that depend on soil
properties, climatic conditions, landscape and geology of both the bio-
geoclimatic region territory and actual nature of the anthropogenic
Figure 1. Object of research: a) location of the research site; b) averaged wind rose
situated in 2 and 5 km from the Monchegorsk industrial complex. Wind speed and dir
the Monchegorsk weather station, located in 6 km to the North of the smelter. Industr
the sampled eroded Entic Podzol (e) and Histic Albic Podzol (f) near Monchegorsk,
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contamination. Today the traditional costly smaller site environmentally
damaging excavation techniques to remove the contaminated surficial
materials, with the associated construction of new soil cover layers that
bury the potentially toxic material at depth (Yao et al., 2012) are being
replaced by less invasive, in-situ remediation techniques (Onwubuya
et al., 2009; Yin and Zhu, 2016).

The current research highlights one approach, namely the application
of organic amendments, for the remediation of highly contaminated soils.
This practice possibly could aid in remediation of soil cover layers by the
restoration of soil functions through the soil carbon pool regulation, thus
providing the enhancement of one of the major factors responsible for
diagram for 2009, 2012, 2014 and 2019. The points represent the study plots
ection data measured on height of 10–12 m above the ground were collected by
ial barren landscapes surrounding the copper-nickel industrial complex (c, d) and
the Kola Peninsula, Russia.
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sustainable soil function (Park et al., 2011; Lal, 2016). The variety of
potential organic additives includes agricultural waste (green waste,
manure), forestry by-products, composts, biosolids, and humics-based
materials (Park et al., 2011; Bolan et al., 2014). Recent data demon-
strate excellent prospects for use of humics-based materials in remedia-
tion of metal(loid) contaminated soils (Perminova, 2019). Biochar, a
porous carbon-enriched substance obtained by the thermal destruction of
biomass in an oxygen-limited environment, has been increasingly is
considered a useful multifunctional material for contaminant remov-
al/immobilization from soil and water and energy applications (Leh-
mann and Joseph, 2015; O'Connor et al., 2018).

The objectives of the study were to compare the effects of specific
organic amendments, coal-humate, peat-gel, biochar, with and without
mycorrhizal inoculation, with agricultural lime (CaCO3) and mineral
fertilizers (NPK) on the chemical and biological properties of degraded
soils in an incubation experiment. The study results highlight main
drivers promoting stabilization of HMs and plant growth. We hypothe-
sized the application of organic amendments would positively influence
the stabilization of mobile HMs and promote plant growth by enhancing
plant nutrition. We further hypothesized the soil improvements may vary
significantly because of the structural and functional properties of
treatments irrespective of application rate, with greater effects at lower
different contamination levels.

2. Material and methods

2.1. Study area

Soil samples were collected from above the Polar Circle in the tech-
nogenic barren lands surrounding the enterprises of the Kola Mining and
Metallurgical Company (MMC) (Murmansk region, Russia), the largest
nonferrous industrial complex in the Northern Europe (Figure 1a and b).

The average temperatures in the coldest month, January, range from
-8� to -13 �C, while the average temperature for July, the warmest month,
rarely rise above þ13–15 �C, with periodic frosts. The annual precipi-
tation is ~490 mm, with predominant wind direction being from the
south and south-west. Most of the area is covered by glacial tills with
coarse texture. The till mineralogy is generally characterized by slowly
weathered primary minerals, represented by mainly quartz and feldspars
(mostly plagioclase) derived from gneisses and granites. Podzol is the
most common soil type (Koptsik et al., 2003). The natural vegetation of
the region consists of shunted coniferous and parvifoliate forests domi-
nated by Siberian spruce (Picea obovata), Scots pine (Pinus sylvestris) and
European white birch (Betula pubescens), with a ground cover of dwarf
shrubs, mosses and lichens.

The adverse environmental impacts of sulfur dioxide and metallic
emissions high in Ni and Cu, especially as surface soils contaminants, on
the landscapes and watersheds surrounding the industrial complex of
the MMC have been detected up to 250–300 km from the industrial
complexes as widely discussed in scientific literature for decades
(Reimann et al., 1998; Barcan, 2002; Evdokimova et al., 2011; Koptsik
et al., 2016; Lyanguzova et al., 2016; Kashulina, 2017). The industrial
barrens created by emissions of the MMC extend for 5–7 km depending
Table 1. Total content of HMs – Ni, Cu, Co, Zn, Fe, Cr, Cd – in B horizons of soils in
regional HM concentrations expressed as contamination factor (Cf).

Site Ni

Soil 1, 2 km from the source, N 271

Soil 2, 5 km from the source, N 86.0

Northern Finland, median for background areas (Kashulina, 2018) 5.5

Central Barents Region, median (Reimann et al., 1998) 16.1

Contamination factor (Cf¼Con site/Cbackground)

Cf Soil 1 49

Cf Soil 2 16

3

on the wind direction, with areas in the prevailing N and S wind being
most impacted. The acidic soils of the smelter emission impacted barren
lands have high contents of heavy metals in soil surface layers and are
characterized by the absence of vegetation leaving the upper potentially
fertile soil layers prone to wind and water erosion (Tregubova et al.,
2019). Content of Ni and Cu in barren soils exceeds both median
regional (Reimann et al., 1998) and background (Kashulina, 2018)
concentrations by 15–50 times (Table 1). These combined negative
industrial impacts on the ecosystems, coupled with the low natural
ability of ecosystems to self-restore given the natural harsh climate
conditions, short annual vegetative growth periods, and slow rate of
pedogenic biogeochemical processes.

Soil samples were collected from two sites (Figure 1c and d) exhib-
iting different stages of degradation at distances of two and five km north
from the smelter, with the ongoing atmospheric contaminant emissions
being deposited on the landscape surface. The resultant secondary
pollution, soil erosion, and accumulated levels of contaminant metals in
topsoils inhibit the recovery of vegetation near the complex. The horizon
sequence of Soil 1 (location N 67�56.457, E 032�50.074), an eroded
Entic Podzol (Phytotoxic) situated two kilometers from the industrial
complex was BF-BC-C. The horizon sequence of Soil 2 (location N
67�57.901, E 032�50.37), an eroded Histic Albic Podzol (Phytotoxic)
situated 5 km from the industrial complex, was (Oe)-(Ee)-BF-B-C (Kopt-
sik et al., 2016). Samples of BF horizons representative of the surface soil
layers exposed at both sites due to erosion were used for incubation
study. The sand textured horizons are low in organic matter, acidic (pH
4.9 in S1 and 5.6 in S2), and have significant total metal contents of 270
mg Ni, 350 mg Cu and 86 mg Ni, 140 mg Cu kg�1 in S1 and S2,
respectively.

2.2. Experimental design

The experiment was conducted in a climate controlled growth
chamber (Binder) at temperature, humidity and lighting conditions
(Figure 2) representing summer months from the Monchegorsk meteo-
rological station (https://www.ncdc.noaa.gov/cdo-web/datatools/fi
ndstation) and imitating the polar day.

Four replicates of the experimental treatments were set up as follows:
1) control (C), NPK (16:16:16); 2) CaCO3 (L), application rate variable to
neutralize acidity, with commercial mycorrhizae fungi (Glomus sp.), (F)
"BioSannie" (The Netherlands) – obtained due to pyrolysis of wood res-
idues; 3) coal-humate "Extra" (HS) – K–Na dry salt of alkali extracted
brown coal, a Russian commercial preparation; 4) (G) peat-gel "Humic-
Land" – gel from gridding peat dispersed in water, a Lithuanian com-
mercial preparation; 5) HSF, coal-humate with addition of mycorrhizae
fungi; 6) GF, peat-gel with addition of mycorrhizae fungi; 7) biochar
"BioSannie" (B), a commercial product from The Netherlands. Organic
treatments were applied at rates to increase carbon contents of the study
soils by 0.5%.

The homogenized individual soil and treatment replicates were
incubated for 30 days in the climate chamber to achieve an equilibrium
state. After that, Festuca rubra, a common component of universal grass-
the study sites, S1 and S2, mg/kg, comparing reported background values and

Cu Co Cd Fe Cr Zn

347 17.8 0.6 26410 73.6 37.2

143 11.4 29.4 18990 48.8 0.4

9.6 16.3 NA NA NA 24.7

10.5 5.7 25.5 23500 35.2 0.04

36 1.1 NA NA NA 1.5

15 0.7 NA NA NA 0.02

https://www.ncdc.noaa.gov/cdo-web/datatools/findstation
https://www.ncdc.noaa.gov/cdo-web/datatools/findstation


Figure 2. Details of the study: characteristics of organic amendments and climate chamber conditions during the experiment.
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mixtures suitable for Far North climate conditions with a 98% germi-
nation rate, was sown and grown for 90 days prior to harvest.

2.3. Methods

Soil water extracts (1:10 soil:water) for sub-samples from all repli-
cates were characterized for pH with an InLab Expert Pro-ISM S220-Kit
(Mettler Tolledo), dissolved organic carbon (DOC) and dissolved nitro-
gen (DN) on TOC-analyzer (Shimadzu), content of water-extractable el-
ements (Ca, Mg, K, P, Ni, Cu, Co, Cd, Zn, Mn, Fe, Al) by inductively-
coupled plasma mass-spectrometry using an ICP-MS 7500A (Agilent).
Content of total carbon (TC) and nitrogen (TN) in the soils was measured
by dry combustion using a CHNS-analyzer Thermo Flash 2000. Infra-red
spectra (FTIR) of the organic amendments as crushed powders were
obtained with a Tensor II infrared spectrometer (NETZSCH GmbH). Mi-
crobial biomass carbon was determined using the fumigation-extraction
technique (Vance et al., 1987).

Basal respiration was measured on collected samples after 24 h
additional incubation at 22� by gas chromatography (Schinner et al.,
1996). At the end of experiment plants from each pot were visually
inspected, with above and below ground plants being cleaned and
weighed, then dried at 40�, and weighed once again. After drying shoots
and roots were blended by treatment, digested with HNO3 (c) with
addition of H2O2 at 180–185� in Milestone microwave (EPA3050). The
plant digests were analyzed by ICPMS 7500A for concentration of Ni, Cu,
Co, Cd, Zn, Mn, Fe, Al, Ca, Mg, K, and P. All methods were thoroughly
validated, with trueness, accuracy and precision being continuously
monitored.

2.4. Statistical analysis

Analytical data were processed and visualized in RStudio using li-
braries Hmisc, ggplot. To perform multiple pairwise comparison of ob-
tained properties between variants of the experiment ANOVA was
applied. Correlation analysis and visualization was completed using the
corrplot library (FactoMineR and factoextra).

Principal component (PC) analysis (PCA) and ordination of properties
completed in accordance with ter Braak (1987). The PCA diagrams
display the first two principal components to characterize soil treatments
as a whole and the different soil properties having direct concentration
sense (total carbon, pH, water-extractable C, N, S, P, K, Ca, Mg, Ni, Cu,
Co, Cd, Zn, Mn, Fe, Al) within the variants of experiment respectively.
4

Environmental, vegetation-related (above- and below-ground phyto-
mass, shoot elements concentrations) and microbial (microbial biomass
carbon, basal respiration rate) properties were treated as external vari-
ables. The signs of PCs were chosen in accordance with the success of
revegetation, so that correlation of phytomass with PCs is positive. The
usual Euclidian distance between two points on the treatment diagrams
describes similarity of variants within normalized variables, with the
cosine of angle between the vectors on the diagram approximating the
correlation coefficient between the corresponding properties. Standard
deviation was used for scaling of variables before analysis. Other details
of PCA and ordination implementation in Matlab environment were
described elsewhere (Koptsik et al., 2003).

3. Results

3.1. Characteristics of applied organic amendments

Examination of the FTIR spectra obtained for the used organic
amendments indicated the presence of peaks of the covalent vibrations of
O–H alcohol groups (Figure 3), and, possibly, C–O groups of poly-
saccharides in the 1000 to 1100 cm�1 spectral region.

The presence of broad peaks centered in range from 1500 to 1660
cm�1 is common to all organic amendments also, corresponding to the
absorption bands of NH- and COO– groups of primary amides, C¼N, ar-
omatic C¼C groups (Pedersen et al., 2011; Parolo et al., 2017).

The presence of a shoulder peak at wavenumber 1380 cm�1 in the
spectrum for HS may be attributable to the range of groups, namely
–OCOCH3, –COCH3, –C(CH3)3, >C(CH3)2. This peak, although broader,
is also present in the spectrum for G, the ‘peat gel’ material. The broad
absorption band in the 3000 to 3600 cm�1 spectral region indicates
presence of OH functional groups and hydration water.

The FTIR spectrum of G, the ‘peat gel’, when compared with HS and
B, the ‘coal humates’ and ‘biochar’, has a strong absorption band
maximum at 1100 cm�1, a feature common to all spectra obtained in this
study. Other amendment materials, namely G, HS and B, also have a well-
defined shoulder at 1152 cm�1. The spectrum for soil amendment B, a
biochar, exhibits a wide peak attributable to carboxyl – C¼O and, partly,
– OH groups, with a maximum at 1254 cm�1. The spectrum for G, the
‘peat gel’, has two vibrational bands corresponding to C–H bonds of
aliphatic CH2, CH3 groups with maxima at 2840 cm�1 and 2910 cm�1.

Another distinctive feature of B spectrum is the presence of additional
peak maximum at 1695 cm�1attributable to valence vibrations of groups



Figure 3. FTIR spectra of organic treatments applied to the BF horizon soil samples in the growth chamber study with assignment to structure groups documented in
the literature: HS – coal humate, G – peat gel and B – biochar.
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containing nitrogen and/or oxygen, namely C¼O groups in primary
amides and COO� groups. The peak maximum at 2340 cm�1 is related to
a CO2 band. Peaks distributed in the spectral region below 1000 cm�1

may be contributed either by undefined organic groups or by the ash
content/mineral components of the amendments. The spectral peaks in
the 800 to 700 cm�1 range are out-of-plane vibrations of C–H bonds of
aromatic rings (Meng et al., 2017). These latter features are also present
in the HS spectrum but absent in G spectrum.

3.2. Soil properties at the experiment completion

3.2.1. Chemical and microbiological properties of soils
The different amendments all had a significant impact on the

biochemical properties of the treated soils, as highlighted in Table 2. The
pH of the soil solution increased significantly for all treatments, apart
from B, comparing to control or have an expressed tendency in cases of
G/GF application to abrazem soil. The organic treatments (HS, G, B)
significantly increased the total carbon content in both soils, S1 and S2,
by approximately 0.5%. Dissolved organic carbon in the soil-water
5

extracts and basal respiration increased with the HS/HSF treatments, the
increases being 10–25% more for DOC and 20–30% more for basal
respiration in both S1 and S2 samples. An increase in basal respiration
rate was also observed with the G/GF treatment for soil S2. There was
decreased dissolved nitrogen content with treatment B for both soils (S1
and S2), with the decrease being significant with the blending of LF with
S2. There are no measurable differences in amounts of microbial biomass
carbon for any of the six treatments on either soil.

The addition of treatments change content of water-extractable
macroelements in soils as well (Table S1). HS and G induced an in-
crease in levels of water-extractable K for both S1 and S2, with LF causing
an increase in extractable Ca enrichment. The addition of LH, on the
other hand, induced a decrease in water-extractable K in both soils,
whereas this effect was only observed for the application of amendment B
to the S2 soil.

3.2.2. Influence of amendments on bioavailability of metals in soils
The pH adjustment resulting from the application of both the LF and

organic amendments induced significant changes in the levels of water-



Table 2. Chemical and microbiological properties of the amended soils S1 and S2 at the termination of the 90 days growth experiment – means and 95% confidence
intervals.

Treatment pH TC DOC DN Cmicro Resp

% mg/kg mg CO2/m2/h

S1

C 4.8 � 0.04 1.4 � 0.1 63 � 3.7 254 � 41 178 � 27 11 � 5.3

LF 6.2 ± 0.1* 1.8 � 0.2 65 � 5.8 233 � 6.8 147 � 53 18 ± 7.0*

HS 6.3 ± 0.2* 2.1 ± 0.1* 109 ± 16* 236 � 18 168 � 67 27 ± 2.0*

G 5.5 ± 0.2* 1.9 ± 0.4* 75 � 45 309 � 248 175 � 99 25 ± 15*

HSF 6.3 ± 0.1* 1.8 � 0.3 88 ± 20* 246 � 20 198 � 25 28 ± 12*

GF 5.6 ± 0.3* 1.9 ± 0.2* 65 � 10 239 � 87 174 � 41 29 ± 18*

B 4.9 � 0.04 2.0 ± 0.6* 55 ± 5.4* 114 ± 14* 171 � 21 19 � 11

S2

C 5.6 � 0.4 0.97 � 0.07 65 � 11 228 � 10 172 � 51 9.5 � 8.8

LF 6.5 ± 0.1* 1.0 � 0.08 69 � 1.7 199 ± 20* 133 � 52 17 � 7.6

HS 6.5 ± 0.1* 1.3 ± 0.03* 84 ± 9.1* 213 � 10 229 � 27 20 � 12

G 6.1 ± 0.1* 1.5 ± 0.08* 57 � 9.0 210 � 14 185 � 35 26 ± 8.7*

HSF 6.3 ± 0.2* 1.3 ± 0.1* 87 ± 21* 229 � 21 202 � 54 11 � 3.9

GF 6.4 ± 0.0* 1.3 ± 0.2* 61 � 3.1 205 � 21 189 � 82 35 ± 11*

B 6.2 ± 0.2* 1.8 ± 0.2* 62 � 5.5 133 ± 29* 165 � 103 27 ± 4.3*

Bolded values marked by *-symbol significantly differ from the control at p< 0.05 according to control-amendment ANOVA. The symbols are: TC – total carbon, DOC –

dissolved organic carbon, DN – dissolved nitrogen, Cmicro –microbial biomass carbon, Resp – basal respiration of soils. Treatments are: C – NPK as control, LF – CaCO3,
HS – K–Na coal humate, G – peat-gel, B – biochar, F – mycorrhizae fungi.
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extractable metals quantified in the soil water extracts (Figure 4).The
non-amended control treatments of S1 and S2 have high contents of
water-extractable metals, with mean values of Ni, Cu, Co, Zn, Mn, Fe and
Al being 8, 29, 0.5, 0.8, 4.8, 5.6, 13.7 mg/kg in S1, and 5, 6, 1.1, 1.2, 15,
3.6, 7.5 mg/kg respectively in S2. The concentrations of water-
extractable Ni, Cu, Fe and Al in non-amended soil S2 was 1.5–2 times
lower, except from Cu, which levels in S2 was 5 times lower.

The individual treatments have no significant impact on water-
extractable Zn levels for S1, with variable effects being observed on S2
treatments ranked in decreasing order HS/HSF ¼ LF > G~GF > B. There
are also no significant differences in content of water-extractable Mn in
S1 soils, apart from the higher content in HSF and the lower in B. In S2 all
variants demonstrated lower content of Mn comparing to the control,
expressed more in LF and B.

On the contrary, concentrations of water-extractable Co, Cd, Zn in S2
were quite the same, while concentration of Mn was significantly higher.

The extractable levels of Ni, Cu, Co, Cd and Al from the treated
samples followed the same pattern, but with significantly decreased
concentrations in amended samples, namely 60–70% lower with HS and
LF and ~20% lower with G and B.

There is no significant suppression difference of water extractable
levels of Ni, Cu, Co, Cd and Al following the application of G to either the
S1 and S2 soils, with the suppression effect of B being less in the more
highly contaminated S1 soil. The concentrations of water-extractable Fe
between the treatments do not appear to exhibit a clear pattern, except
for the application of LF, which induces an increase in extractable Fe
levels.

3.3. Plant growth results

The root systems in the control samples for S1 and S2 were poorly
developed 3 months after seedling germination. Root development var-
ied with the addition of the organic amendments to S1, with maximum
development being observed with the addition of LF and B, followed by
HS, and G (Figure 5A). The G/GF treatments induced a suppression in
development of root systems.

Root biomass increased by approximately a factor of two for S2
amended soils, with differences observed between the treatments. Total
6

above- and below-ground plant biomass decreased in range B> LF> G>

HS.
The leaves of seedlings of both the S1 control and G treated amend-

ments were pale and yellow from the very outset, with decreased chlo-
rosis expression for seedlings in other amendments on S1 noticeable by
the end of experiment. The only seedlings displaying chlorosis for S2
amendment series were those of the control treatment from the outset,
with limited chlorosis development being observed for the HS treatment
towards the end of the experimental growth period.

There is no apparent pattern in P consumption by the seedlings across
the amendments, with the highest level (~2 mg/kg) being observed for
amendment B (Figure 5B). The distribution of K (Figure 5C) in plant
tissues shows a distinct difference in patterns across treatments to those
observed for Ca and Mg (Figure S1), with levels being lowest in the S1
and S2 control soils and highest in the HS treatment. The higher levels of
K in the tissues grown on the HS is indicative of an increased uptake of K
as result of increased K supply to the soils from the HS amendment, with
K levels varying from 35 to 50 mg/kg (dry weight) for seedlings across all
amendments. These K levels are approximately twice those obtained for
plants grown in the C(ontrol) soils, being between 18-29 mg K/kg on dry
weight basis.

We expected that application of mycorrhizae fungi would promote
development of the root system and enhance nutrient uptake. Under the
conditions of this experiment the expected enhancement of root system
development was not observed, with seedlings grown on the F treatment
having both a lower growth rate and nutrient accumulation.

The phytomass of the plants at the end of the experimental period
exhibits a non-linear relationship to the decreasing concentrations of
water-extractable HMs in soils. The levels of water-extractable HMs in
S1 and S2 is significantly different in both control soils, with the plants
exhibiting a poor overall growth response, a poorly developed root-
system and a high accumulation of metals (Figure 5E–H) in both
above and below-ground tissues. The metal concentrations in the S1
seedlings are two to four times higher than in S2, except for the
reverse in S2 for Co, Cd, Mn and Zn with an accumulation of 1.2–3
times more.

The effect of amendments applied to the S1 and S2 soils exhibited
marked differences, with amendment applications to S1 being effective
in suppressing the accumulation of metals in the seedlings in descending



Figure 4. Content of water-extractable metals in soils in the end of the experiment: A-H – Ni, Cu, Co, Cd, Fe, Al, Zn, Mn, respectively. The dots on the box plots
mark outliers.
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order fromHSF� LF�HS� B, with the metal content being 10–30 times
lower than observed in the control soils, with the G/GF application being
only 2–3 times lower. The Zn levels were similar in plants grown in most
treatments. The application of all amendments led to an increase in the
Mn uptake by shoots. For S2 group the HSF treatment suppressed the
accumulation of metals, with the measured levels in the plant tissues for
other treatments being in the following descending order, HS> LF> G~
B � GF. All treatments prevent accumulation of Ni, Cu, Co (Figure 5E–G)
and partly Fe and Al (Figure S1e, S1f) in the shoots, with minimal effect
on Mn, Cd and Zn (Figure 5D, H, S1d) uptake into the experimental
plants.
7

Accurate evaluation of root uptake is not possible because of poor
development in the control soils. However, the content of metals in roots
of S1 seedling groups was 2–4 times higher than for the S2 soil, with the
exception of the seedling roots in the HS treatment. The lowest accu-
mulation of metals in plants grown on the S1 soil was observed for the
HS/HSF treatments, with the highest levels of Ni, Cu, Co and Zn being
measured on the B and GF treatments, and for Al and Fe in the LF
treatment. The highest metal accumulation levels exceeded the lowest by
2–3 times, with accumulation of Zn in roots in BF variant being 10 times
higher. The observed pattern of metal accumulation for the S2 soils and
treatments was similar, with the lowest accumulation of metals being in
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roots with the HS/HSF treatment and the highest being in the B and G
treatments. The GF addition exhibits at lower level of metal accumula-
tion. The results above suggest threshold water-extractable uptake levels
of potentially toxic HMs for seedlings grown in the highly contaminated
S1 soil is low when compared to uptake levels in untreated controls,
being 2.2, 1.2, 0.2 and 5 mg/kg for Ni, Cu, Co and Al respectively.
Figure 5. Test culture state, roots and shoots, in the end of experiment: A – shoots
from 0 – no evidence, 1 – occurred by the end of experiment, 2 – expressed from the b
orange points) and roots (expressed by color) in mg/kg.
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4. Discussion

4.1. Functional characteristics of organic treatments

Application of organic treatments to facilitate soil remediation of
metal contaminated soils is a well-known approach (Park et al., 2011). It
is supported by the idea of high environmental importance of organic
carbon, regulating all ecosystem functions of soils. Organic matter is
considered to have two main effects, namely immobilization (Alvarenga
phytomass, colored by roots phytomass, orange points represent chlorosis score
eginning; B–H – content of P, K, Mn, Ni, Cu, Co, and Cd in shoots (represented by



Figure 6. Ordination of treatments (above) and soil properties (below, black solid arrows) for S1 and S2; chemical symbols denote content of water-extractable
elements in soils in the end of the experiment. External variables (blue dashed arrows) are above- (Phsp) and below- (Phrt) ground phytomass; Chlorosis, microbi-
al biomass (Cmicro), soil respiration (Resp); chemical symbols denote concentrations of elements in Festuca rubra shoots.
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et al., 2009; Bolan et al., 2014) and mobilization (Hernandez-Soriano,
Jimenez-Lopez, 2012) of various metal species in soil solutions available
to living organism after supplementation by diverse exogenic organic
matter materials. Stabilization procedures have key advantages, such as
reduced impact on environmental media and prevention or reduction of
contamination spread through migration of pollutants in groundwater or
plant uptake (Bolan et al., 2014). The effectiveness of organic amend-
ment applications such as brown coal derivatives (Kwiatkowska-Malina,
2018), biochar (Xu et al., 2018), and peat derivatives (Pukalchik et al.,
2018) examined in this current remediation research is still open to
question.

In this study we document the structural characteristics of HS, G and B
to enable changes in functional groups within the organic amendments
utilized to be correlated with properties of soils and plants after experi-
mental completion. We choose FTIR analysis, a non-destructive and non-
invasive analytical method, and not acid-base extraction procedures
suitable only for removal of soluble components of applied amendments
whilst causing chemical undesirable alterations in the analyzed materials
(K€ogel-Knabner, Rumpel, 2018). Further, although the organic amend-
ments were applied to give the same levels of initial soil carbon in the
experimental microcosms, we suspect varying influence of applications
to soils and experimental plants due to their unequal biogeochemical
property influence.

As the absorption band below 1000 cm�1 is related to the presence of
aromatic structures (Figure 3), the spectra suggest a more aromatic
character for B and HS, with an associated larger saturation of G by
aliphatic structures. Nevertheless, the functional groups (such as car-
boxylic, phenolic and aromatic) in all applied organic amendments are
characterized by an affinity to pH-dependent metal ion binding behavior.
This binding behavior could explain lower ability of B to bind metal ions
9

in S1 experimental soils, while neutralization of soil solution with the HS
amendment application may be a key factor for metal ion stabilization in
our experiments. Although carboxyl groups have higher metal ion
binding affinity (Chen et al., 2015; Huang et al., 2018), aromatic func-
tional groups are characterized by higher binding capacity (Xu et al.,
2013). However, in this experiment, the metal stabilization mechanism
remains unclear, perhaps occurring both through binding metal ions in
soil-water insoluble complexes by HS and G, though sorption by G, and
also by precipitation with the adjustment of soil pH to neutral. The pH
changed in the experimental treatments from moderately acidic (below
6.0) to slightly acidic (6.1–6.5). Although still acidic, the pH range for
precipitation HMmay be below 7, with Cu, for example, being commonly
in 5.4–6.9 range and Ni in the 6.7–8.2 (Kabata-Pendias, 2011).

4.2. Influence of organic treatments on changing soil toxicity with multi-
metallic contamination

All applied organic matter rich amendments changed overall system
biological and chemical properties relative to S1 and S2 soil controls
(Figure S3). Although the distance between two plots is relatively small,
there are several important distinctions such as the higher pH of S2 than
S1, the lower carbon content, and different total and water-extractable
metal levels between them.

For control samples only amended with NPK-fertilizer, the content of
water-extractable Ni, Cu, Co and Al is relatively high. However, official
soil health standards normally evaluate only total or strong acid
extractable metal levels (e.g. Assessment levels for Soil, Sediment and
Water, 2010), thus ignoring the plant root important bioavailable levels
forms. The interaction of a series of pollutant metals enhances their
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potentially toxic effects, with none to the plots in severe climate condi-
tions being suitable for optimal plant growth.

All applied amendments, organic and LF, in this study have demon-
strated a stabilization effect, increasing from B < G/GF < LF < HSF/HS,
with an accompanying increase in measured soil pH. Although the sta-
bilization effect was enhanced from S1 to S2, the improvement of plant
physiological state was not straightforward. High concentrations of
metals in soil solution are known to suppress the protective and regu-
lating abilities of root system (Kabata-Pendias, 2011). An excess of some
nutrients in comparison to others decreases the possible positive effect of
an amendment, such as is observed for potassium in the HS/HSF treat-
ments. In a short-term dynamic incubation experiment maize silage py-
rolysis char, a mostly inert material, did not impact overall soil microbial
activity and microbial abundance (Lanza et al., 2016). The observed
significant increase of respiration rate in our experiments is still
extremely low and corresponds to that documented for highly degraded
ecosystems (Kadulin, Koptsik, 2013). The respiration rate increase does
not reflect a microbial biomass growth stimulation.

4.3. Integral analysis of application of organic treatments: correlations and
PCA

Our previous findings (Koptsik et al., 2016), supported by recent
research (Kashulina, 2017), have shown that bioavailable metal levels
along with enhanced nutrient depletion in an acidic environment suggest
the investigated soils of the Kola Region barren lands unsuitable for
vegetation. Thus, without additional remediation efforts, the
above-ground and below-ground parts of components of plants normally
observed in the natural conditions of the Kola Peninsula are not able to
develop on soils of the technogenic barrens near the Monchegorsk in-
dustrial site.

The measured concentrations of water-extractable Ni, Cu, Co, Cd, Al
and Zn, but not Fe and Mn, show a strong negative correlation with pH
(Figure S2). Growth of shoots and roots is inversely correlated with
content of water-extractable Cu, Al, Ni, Cd and Co, suggesting that water-
extractable metal concentrations are strongly related to overall soil
phytotoxicity. Content of Zn and Mn in shoots has positive correlation
with shoots development, with that content of Mn is in antagonism with
content of Ni, Cu, Fe, which may indicate a deficiency of Mn as an
essential microelement in contaminated soils. Phytomass development
positively related to the accumulation of K in shoots, which is negatively
correlated with accumulation of metals and Ca in shoots. Inefficient
uptake of K, Ca and P by growing plants may lead to the weakened
development of plant tissues even if water-extractable potentially toxic
metals in soils are essentially undetectable. The high levels of accumu-
lation of metals by plants in control soils may reflect stress conditions,
with low soil pH and poor root development impacting the sorption of
critical metal micronutrients into the plant.

Although B showed a reduced ability to metal stabilization, the
associated treatments were the most productive, and also had a higher P
uptake. We can conclude that most effective amendments in multi-
metallic contaminated soils need to be able to both stabilize bioavail-
ability of metals, regulate pH to the optimum for plant growth, and
regulate nutrient consumption.

Using the full suite of available soil data from these experiments we
performed PCA by each soil group separately. The treatment ordination
diagrams (Figure 6) exhibit a clustering of the organic matter treatments
in the experiments for both soils, except for the G/GS for S1 and the HS/
HSF treatments for S2. All the experimental treatments are noticeably
separated from control samples by soil properties for the two soils. The
best separation was achieved for HS/HSF and LF-treated soils, promoting
the conclusion that they are highly suitable for application in remedia-
tion practice in field conditions.
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The PCA plots are similar visually, with the first two components
explaining almost 61% of the data variability in both soils. In S1, pH,
water-extractable Cd, Ni, Cu, and, to a lesser extent, Al and S content
contribute significantly to PC1, while Fe, DN, Ca, Mg, TC and P content
contribute dominantly to PC2. For soil S2, these same variables, namely
Ni, Co, Cd, pH, Cu, and S content, contribute heavily to PC1, with DN, K,
DOC, TC, Zn and Mg content contributing to PC2.

For both experimental soils, the observed changes in the above- and
below-ground phytomass in out experiments depended on TC, being also
linked with water-extractable P and K in the most damaged soil S1. The
phytomass and soil respiration rate were negatively correlated with
concentrations of water-extractable Ni, Cu, Co, Cd and Al in soils. In the
ordination, the shoot concentrations of pollutant metals were positively
linked with their measured contents in soils. The bioavailable forms of
Ni, Cu, Co and Cd, together with the experimental carbon enrichment,
are the main factors that will control the success of revegetation in field
conditions.

5. Conclusions

This focused study documents an assessment of the potential utility
for the application of diverse organic amendments of varying composi-
tions derived from different sources for the remediation of sensitive soils.
The soils selected for this study were impacted by over 80 years of acidic
precipitation containing both soluble and fine metal-rich particulates in
the technogenic barren landscapes of the Kola Arctic Region of North-
western Russia. Incubation experiments highlighted the variable impacts
of the applied amendments, with the results of the coal humate appli-
cations promoting such improved soil conditions that we recommend
their use for highly metal contaminated sites. The application of biochar
also promotes enhanced plant growth in the acidic metal contaminated
soils, with the ‘raw’ peat-gel inducing positive plant responses on the
acidic soils with lower metal loadings. Thus, from the results of these
experiments, we recommend the application of complex organic
amendments with high contaminant metal absorption characteristics for
use in land remediation efforts in sub-Polar landscapes impacted by
technogenic metal smelter emissions. The containment and stabilization
of the potentially mobile contaminant metals following organic amend-
ment incorporation has economic, social and environmental benefits
including suppression of soluble metal release to surface and ground
waters and, more critically perhaps, enhancement of soil carbon
sequestration capacity.

Of importance, land application of complex organic amendments
must be experimentally tested in the specific receptor ecosystems to
ensure there are no antagonistic impacts on nutrient bioavailability to the
soil-plant system that may induce suppression of plant growth, or even
prevent seed germination. The results from this study provide valuable
additional detailed biogeochemical and structural chemistry information
to add to the developing research database documenting the suitability of
potentially useful, yet diverse, soil organic amendments for use in critical
land reclamation applications in sensitive physiographic regions of the
planet.
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