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Abstract: In order to evaluate ecological remediation strategies for metal contaminated brownfields, soil 
characteristics and metal contents were assessed for a 12000 m2 site impacted by non-ferrous 
metallurgical industry operations. Total and mobile metal concentrations, pH, total carbon and dissolved 
organic carbon were determined in a range at 10-30 cm and 40-60 cm depth from 16 sampling points and 
correlated to plant growth with respect to bioremediation using mycorrhizal trees. The results indicated a 
poor quality of the soil and disturbance in soil function, and revealed a high metal contamination without 
significant differences between distribution patterns at different depths in soil. The symbiosis allows the 
trees to develop an increased metal tolerance due to fungal detoxification mechanisms. The proposed 
land-use will allow for increased biomass of the ectomycorrhizal trees to be used as renewable energy 
source without harm to food chains or the environment. Our investigations thus confirm a potential 
ecological remediation and land-use strategy at metal contaminated agriculture/forestry sites, with the 
high advantage of keeping the economical implications minimal and bringing the landscape of the 
contaminated sites as close as possible to a natural landscape.  
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1. INTRODUCTION 
 

Sites contaminated with metals rise complex 
environmental issues and often require specific 
remediation strategies adapted both to the 
characteristics of the site and to the type and degree 
of pollution in order to meet specific targets for 
pollution control, land stabilization, and future land-
use (Wong, 2003; Leyval et al., 1997). The natural 
recovery of contaminated sites is a function inherent 
to the environment, but succession requires 
sufficient time and thus does not represent an 
acceptable option for the communities living next to 
polluted sites. The objective of the present 
investigation was to determine the disturbance level 
of the soil quality indicators in order to develop a 
self-sustaining ecosystem for bioremediation of 
metal polluted brownfields using ectomycorrhizal 

(ECM) trees based on the specific characteristics of 
the soil in question. 

The chemical assessment of the soil was 
conducted in a test field located in the Baia-Mare 
region, well known for environmental pollution due 
to industrial activities. The results presented in the 
literature (Damian et al., 2008; Damian et al., 2010; 
Răuță et al., 1997; Levei et al., 2009; Mihali et al., 
2013) indicated that non-ferrous metallurgical 
industry contributed to the historical pollution of soil 
with heavy metals in this area, the contamination 
level often exceeding the thresholds set by the 
Romanian legislation (MO 756/1997). The pollution 
of the soil mainly is caused by atmospheric 
deposition from ore smelting and refining, as well as 
from other metal ore extraction and processing 
operations (Culicov et al., 2000).  

The soil in Baia-Mare developed on volcanic 
bedrock consisting of andesites and on sedimentary 
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bedrock consisting of marl, clay and/or alluvial 
deposits leading to predominant soil types of 
andosols on volcanic bedrock, regosol, 
eutricambosol, districambosol on sedimentary 
bedrock and alluvial deposits (Damian et al., 2008). 
Thus, geogenic backgrounds for several metals, 
among them Zn, Cu and As, already were high 
(Modoi et al., 2011; Bird et al., 2009). 

Soil functions are not accessible for 
measurement directly, but can be assessed by 
measuring soil quality indicators, where the 
chemical indicators are related to nutrient cycling, 
water retention and buffering capacity (Doran & 
Parkin, 1996). Considering the industrial activities 
that existed in the region and the previous studies 
(Frentiu et al., 2009; Levei et al., 2009), the total 
contents and mobile fractions of Cu, Zn and Pb were 
chosen to be assessed at the selected brownfield site. 
Since mobile metal fractions interfere with plant 
physiology and development, these were specifically 

addressed. Carbon content as determinant for growth 
of fungi and plants and their mutually beneficial 
symbiosis was of specific interest, since mycorrhizal 
symbioses can influence all other soil indicators and 
is tied in to other soil functions (Doran & Parkin, 
1996).  

 
2. MATERIALS AND METHODS  

 
2.1. Study area and soil sampling 
 

 For the field investigation, a 12000 m2 study 
area in Ferneziu district, North-East Baia Mare, 
situated near a former Pb metallurgical plant was 
established. The plant is in a preserving stage since 
end of 2012. The field features a positive relief 
between 290 m and 340 m. 15 sampling points (S1-
S15) were selected covering the area close to the 
smokestack presently demolished (Fig. 1).  

 

 
 

Figure 1. Study area situated in Ferneziu district, NE Baia-Mare 
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 Soil samples were taken from a range between 
10-30 cm and 40-60 cm depth at each sampling 
point using a hand auger sampler (at S6 and S15, 
only 10-30 cm were sampled as the very compact 
soil texture did not allow a deeper drilling). Samples 
S1, S2 and S3 were situated in the area where the 
smokestack demolition took place and have a 
different composition, being mixed with demolition 
waste consisting of small pieces of brick, ash or 
unidentified rocks. S1 has mainly a black color, S2 
is whitish-grey and S3 is a dark grey, while the other 
samples are mainly brown or orange-brown. For 
reference, one soil sample (R) has been collected 
from an area considered unpolluted and located 
approximately 15 km away from the investigated 
area, at the shore of Firiza Lake, the storage 
reservoir used for water supply of the town Baia-
Mare. 
 
 2.2. Sample preparation and analysis 

 
The soil samples were dried at 105oC for 24 h, 

crushed, and sieved through a 2 mm sieve. The 
fraction below 2 mm was collected, homogenized 
and stored in polyethylene bags until analysis. 

The pH of soils was measured in a suspension 
1/5 (w/v) soil to water extract using a 350i 
multiparameter probe (WTW, Germany). The total 
carbon (TC) content was determined by combustion 
and infrared detection of the resulting CO2 using the 
solids module of a Multi N/C 2100S Analyzer 
(Analytic Jena, Germany). The dissolved organic 
carbon (DOC) was determined by thermocatalytic 
high temperature oxidation and infrared detection of 
using the liquid module of a Multi N/C 2100S 
Analyzer (Analytic Jena, Germany) in 1/10 (w/v) 
soil to water extract. The extract obtained by adding 
10 ml of ultrapure water to 1 g samples and shaking 
(7 rpm) for 24 h at 20±5oC was filtered through 0.45 
µm pore size PTFE membrane filters before 
analysis. 

The total concentration of Cu, Zn and Pb was 
determined by digestion of 1 g sample with 28 ml 
aqua regia, under reflux conditions. BCR sequential 
extraction (Zimmerman & Weindorf, 2010; Okoro et 
al., 2012; Vodyanitskii, 2006) was applied to assess 
the metals' mobilization in soil in different 
conditions. For the acid-extractable fraction (AE), 1 
g sample was extracted in 40 ml of 0.11 M 
CH3COOH for 16 h at 20±5oC, under continuous 
shaking (15 rpm). The extract was centrifuged at 
4500 rpm for 10 minutes, filtered and analyzed. 
From the residue, the reducible fraction (RED) was 
determined by extraction with 40 ml of 0.1 M 
NH2OH HCl (pH=2 with HNO3) for 16 h under 

continuous shaking at 20±5oC. The oxidizable 
fraction (OX) was determined by adding 10 ml of 
8.8 M H2O2 to the residue and by shaking for 1 h at 
room temperature. Then another 10 ml 8.8 M H2O2 
(pH=2) were added and heated to 85oC in a water 
bath, until the sample volume was reduced to 
approximately 1 ml. After cooling, 50 ml of 1 M 
NH4OAc (pH=2 with HNO3) were added and the 
slurry was shaken for 16 h at 20±5oC. For the 
determination of the residual fraction (RES), 28 ml 
aqua regia (21 ml of 12 M HCl and 7 ml of 15.8 M 
HNO3) was added to the residue and kept at room 
temperature for 16 h. The mixture was then heated 
under reflux conditions for 2 h. The solution was 
filtered and diluted to 50 ml with 0.5 M HNO3. 

The Cu, Zn and Pb concentration of the 
extracts were determined by inductively coupled 
plasma optical emission spectrometry using an 
OPTIMA 3500 DV spectrometer (Perkin Elmer, 
USA).  

 
3. RESULTS AND DISSCUSIONS 
 
The total metal contents are presented in table 

1. Cu exceeded the alert threshold (250 mg/kg) for 
less sensitive soil use in samples S5, S13, S14 at 
both depths, and the intervention threshold (500 
mg/kg) for less sensitive soils use in samples S1, S2, 
S3 both at 10-30 and 40-60 cm depth. In the case of 
Zn, the concentration exceeded the intervention 
threshold (1500 mg/kg) at the sampling points S2 
and S3 at both depths. The Pb concentration 
exceeded the intervention threshold (1000 mg/kg) in 
all samples, except samples S10 and S11 at both 
depths. The highest metal concentrations were found 
in samples S1-S3. However, high Pb concentrations 
were also found in samples S5, S7, S13 and S14, 
where Cu and Zn were much lower. These sampling 
points are situated approximately 500 m East of the 
metallurgical plant. Due to the predominant W to E 
wind direction, Pb emission from the plant is the 
very likely source of pollution (Damian et al., 2010). 

Generally, the metal contents were similar in 
both depths, indicating long term pollution. However, 
for S2 and S5 the Pb contents were twice higher at 
10-30 cm depth than at 40-60 cm depth, indicating a 
more recent, additional pollution. While, as expected, 
Cu and Zn contents in the reference soil sample were 
below the alert thresholds, Pb exceeded the alert 
levels at both depths suggesting a higher spread of the 
pollution than initially considered. The soil pH (Table 
1) in the investigated area was extremely to 
moderately acidic (3.57 -5.57), with an exception of 
S2, where the pH was slightly alkaline (7.90 at 10-30 
cm depth, and 7.50 at 40-60 cm depth). 
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Table 1. Total concentrations of Cu, Zn and Pb, pH, total carbon (TC) and dissolved organic carbon (DOC) in soil 
samples from the study and reference areas and the corresponding legislative thresholds 

 

 Cu (mg/kg) Zn (mg/kg) Pb (mg/kg) pH TC (mg/kg) DOC (mg/kg) 
Depth (cm) 10-30  40-60  10-30  40-60  10-30  40-60  10-30  40-60  10-30  40-60  10-30  40-60  
Study area 
S1 1555 1560 501 561 11003 9804 5.06 4.73 8720 4400 304 276 
S2 1484 1157 5342 4931 9733 4498 7.90 7.50 13700 11400 309 290 
S3 1538 1397 5626 5407 11132 11637 3.57 3.37 9360 7720 297 329 
S4 31.5 36.4 235 180 1083 1295 5.16 4.95 4810 4370 394 310 
S5 337 327 458 491 11131 5313 4.57 4.62 11900 7660 560 295 
S6 183 - 558 - 2166 - 5.16 - 5560 - 210 - 
S7 205 217 174 394 9838 10184 4.49 4.49 10800 8870 425 616 
S8 60.5 161 113 468 2311 2960 4.46 4.54 11600 7740 599 397 
S9 186 197 174 180 4815 3978 4.18 4.27 15400 9160 751 514 
S10 29.6 29.2 211 118 137 132 5.32 5.57 5340 3240 216 127 
S11 139 93.7 556 535 393 447 5.15 5.08 7600 6690 381 307 
S12 226 312 231 480 5539 4703 4.52 4.48 10200 9110 769 436 
S13 268 311 461 472 11337 11582 4.22 3.97 10100 12800 953 750 
S14 327 317 418 467 10937 10380 4.33 4.16 11700 12800 499 554 
S15 139 - 480 - 1490 - 5.50 - 13500 - 534 - 
Minimum 29.6 29.2 113 118 137 132 3.57 3.37 4810 3240 210 127 
Maximum 1555 1560 5626 5407 11337 11637 5.50 5.57 15400 12800 953 750 
Average 447 470 1036 1130 6203 5916 4.90 4.74 10019 8151 480 400 
Reference area 
 70.6 115 241 141 536 340 4.50 4.38 51900 27200 1941 1547 
Legislated thresholds* 
Alert 250 700 250 - - - Intervention 500 1500 1000 
*alert/intervention threshold values for less sensitive soil use according to Order 756/1997 
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Figure 2. Cu, Zn and Pb distribution among fractions in 
the study (S) and reference areas (R) 

 
These atypical pH values may result from soil 

amendments during demolition of the smokestack. 
The soil TC was significantly lower at the test site 
than from the reference sample, with average TC 
showing a non-significant trend to decreasing values 

with depth. Again, DOC was higher in the reference 
sample than the average DOC contents of soil 
samples of the investigated area.   

The partitioning of Cu, Zn and Pb according to 
BCR extraction scheme is presented in table 2. The 
distribution pattern was similar for Cu and Zn, and 
different for Pb, in both depths (Fig. 2). The metal 
distribution pattern in the reference area was similar 
to that of the study area for Zn, while significant 
differences were found for Cu and Pb which were 
twice and three times higher than those from the 
reference area, respectively. 

About 20% of the total metal content found in 
the acid-extractable fraction was considered mobile 
and thus potentially available for plant uptake 
(Gleyzes et al., 2002; Singh & Kalamdhad, 2013). 
About 15% of the total Cu and Zn and 42% of the 
total Pb were found in the reducible fraction, 
considered to be mobilizable under certain 
environmental conditions (Maiz et al., 2000; Frentiu 
et al., 2008; Singh & Kalamdhad, 2013). Despite the 
role of pH in determining metals mobility, soil pH 
alone cannot explain the high variation of the mobile 
and mobilizable Pb fractions. This variation could be 
a consequence of different Pb contamination events 
which is supported also by the absence of overlap 
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between the points with the highest total Pb 
concentrations and those with highest mobile Pb 
concentrations. 

The metals found in the oxidizable fraction 
(bound to organic matter and sulphides) are 
considered to be mobilizable in oxidizing conditions 
(Filgueiras et al., 2002). About 16 % Cu and Zn and 
20% Pb were found to be bound in this fraction. 
Metals found in the residual fraction are considered 
immobile and unlikely to be released in the 
environment under natural conditions, thus not 

posing a risk for the environment (Trajkovic et al., 
2014). The majority of Cu (50%) and Zn (47%) 
were found in residual fraction, while only about 
15% of the Pb was found to be immobile.  

Considering the high content of metals found in 
mobile and mobilizable fractions, the soil pH (with an 
average of 4.82) may favor their mobilization and 
uptake by plants, as acidic environments enhance the 
mobility of metals. Especially for Pb, a serious threat 
for the environment was found, exceeding thresholds 
for soil use. 

 
Table 2. Partitioning of Cu, Zn and Pb (mg/kg) according to BCR extraction scheme (AE-acid extractable, RED-

reducible, OX-oxidisable, RES-residual). 
 

 Cu Zn Pb 
Metal fraction AE RED OX RES AE RED OX RES AE RED OX RES 
Study area 

S1 10-30 cm 840 376 317 429 122 53.2 45.0 211 2816 3192 815 1460 
40-60 cm 532 362 520 349 238 118 107 218 1384 1788 1025 3842 

S2 10-30 cm 243 304 466 647 1580 1684 1440 623 2848 3232 790 1079 
40-60 cm 118 118 282 290 1500 1472 630 496 888 1648 335 762 

S3 10-30 cm 13.2 12.3 38.5 1548 110 31.7 965 4604 212 4560 2170 3915 
40-60 cm 11.0 10.1 31.4 1686 96.4 22.3 565 5412 212 4560 2015 3205 

S4 10-30 cm 0.36 2.40 2.70 34.0 11.2 22.0 20.0 119 159 238 106 536 
40-60 cm 2.40 2.72 4.05 31.0 9.52 15.2 22.4 105 420 980 190 126 

S5 10-30 cm 68.8 39.8 34.2 97.0 67.2 31.6 72.5 151 3308 6520 1945 291 
40-60 cm 67.6 38.2 23.1 78.0 165 109 77.0 151 1792 1956 331 88.5 

S6 10-30 cm 29.9 27.8 23.4 63.0 152 215 111 243 540 952 189 97.3 
40-60 cm - - - - - - - - - - - - 

S7 10-30 cm 48.4 25.5 23.0 69.0 48.0 26.0 51.5 94 3008 5440 1075 199 
40-60 cm 30.2 17.2 12.6 101 259 61.6 48.0 133 2076 1920 351 3193 

S8 10-30 cm 13.1 12.0 17.4 31.0 9.60 6.80 22.7 81.8 1268 1024 403 156 
40-60 cm 35.2 19.9 14.0 46.9 237 57.6 41.6 100 1252 1204 240 76.0 

S9 10-30 cm 37.0 20.1 25.5 48.9 9.84 5.72 23.3 93.6 1976 1944 493 180 
40-60 cm 54.0 30.5 17.9 35.3 110 20.0 22.0 68.1 670 680 172 1560 

S10 10-30 cm 1.60 2.20 4.15 16.0 11.2 13.7 13.3 150 2.04 20.4 7.70 86.4 
40-60 cm 8.60 1.64 3.25 17.1 1.40 4.12 5.05 95.7 107 35.3 4.40 4.09 

S11 10-30 cm 16.4 20.7 11.0 59.8 170 245 113 137 43.6 203 53.5 17.7 
40-60 cm 8.60 12.7 8.30 44.3 202 218 86.5 136 40.4 172 46.7 214 

S12 10-30 cm 58.4 29.0 24.8 78.7 88.8 20.1 35.5 126 2152 3052 670 149 
40-60 cm 84.4 42.4 22.9 81.9 288 85.6 55.0 129 1196 1408 352 885 

S13 10-30 cm 31.6 24.1 43.5 112 15.1 17.6 122 257 2544 4280 6050 1523 
40-60 cm 40.0 27.8 36.0 128 15.8 19.3 128 210 2620 3120 5950 963 

S14 10-30 cm 67.2 42.0 37.8 83.3 64.0 26.2 74.0 167 2844 6080 3060 474 
40-60 cm 67.6 39.1 36.2 84.6 124 37.4 80.0 167 2736 5160 3420 539 

S15 10-30 cm 7.44 12.4 13.4 87.5 118 81.2 50.5 128 102 524 146 353 
40-60 cm - - - - - - - - - - - - 

Min 10-30 cm 0.36 2.20 2.70 16.0 9.60 5.72 13.3 81.8 2.04 20.4 7.70 17.7 
40-60 cm 2.40 1.64 3.25 17.1 1.40 4.12 5.05 68.1 40.4 35.3 4.40 4.09 

Max 10-30 cm 840 376 466 1548 1580 1684 1440 4604 3308 6520 6050 3915 
40-60 cm 532 362 520 1686 1500 1472 630 5412 2736 5160 5950 3842 

Average 10-30 cm 98.4 63.4 72.2 227 172 165 211 479 1588 2751 1198 701 
40-60 cm 81.5 55.6 77.8 229 250 172 144 571 1184 1895 1110 1189 

Reference area 
10-30 cm 7.44 4.68 36.2 30.5 75.6 65.6 70.0 132 41.6 254 167 68.0 
40-60 cm 5.92 4.36 18.9 14.3 72.0 35.2 48.8 91.6 26.5 175 109 47.8 
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Since soil pH is suitable for growth and 
function of fungi (able to develop between pH 2 and 
7, with an optimum at pH 5; Smith & Doran, 1996), 
use of ectomycorrhizal fungi for reforestation is 
possible. Ectomycorrhizal symbiosis is known to 
sustain growth on brownfields contaminated with 
metals (Gherghel & Krause, 2012; Bizo et al., 2013). 
Thus, the effect of mycorrhizal fungi on plant 
growth should be evaluated. 

The difference between the reference samples 
and those from the investigated field indicates a 
substantial problem with soil quality at this 
brownfield. The average carbon contents (10 g/kg 
TC and 480 mg/kg DOC) would allow for 
ectomycorrhizal trees to develop, as the symbiosis 
should be favored in the existing conditions. A self-
sustaining ecosystem seems the optimal solution for 
land-use, and should be viable since ectomycorrhizal 
fungi use the carbon from their host plant, while the 
plant is supplied with nutrients and water by the 
fungi (Smith & Read, 2008). Benefiting also from 
the fungal detoxification mechanisms, the trees are 
protected and can tolerate increased metal 
concentrations (Söderström & Read, 1987). Thus, 
this type of self-sustaining ecosystem could develop 
in the present conditions, it could represent a first 
preliminary step in succession, and finally even 
develop to a complex ecological system with high 
biodiversity level.  

ECM roots and fungi are also linked to the 
production of DOC (Högberg & Högberg, 2002). 
Our analysis indicated a large difference between the 
reference soil samples and the ones taken near the 
non-ferrous metallurgical plant. The results 
indicated a low activity of soil microbes, fungi and 
microorganisms, which is reflected in the lack of 
vegetation at the investigated field site.  ECM fungi 
are known to improve soil respiration, an indicator 
for the soil's capacity to sustain the growth of plants 
(Parkin et al., 1996). A direct connection was 
observed between the soil respiration and the 
activity of ECM roots and their extramatrical 
mycelium (Högberg et al., 2001), where a loss of 
50% soil respiration was linked to the loss of activity 
of ECM symbiosis.  

 
4. CONCLUSIONS 
 
The assessment of the study area situated in 

the proximity of a Pb non-ferrous metallurgical plant 
indicated poor soil quality and high metal 
concentrations exceeding alert and intervention 
thresholds. Both mobile and mobilizable fractions 
were enriched with metals. In addition, the low 
contents of total carbon and dissolved organic 

carbon indicated a disturbance in soil function. The 
chemical assessment identified the site as a 
brownfield. For bioremediation, ectomycorrhizal 
trees with enhanced resistance to the existing metal 
loads could nevertheless be a viable solution which 
should be further studied. 

In general, the area might also benefit from 
technical measures of decontamination, specifically 
considering the area around sampling points S1, S2 
and S3. Here, the highly contaminated soil should be 
removed and be safely deposited in an adequate 
industrial waste dump in order to remove the source 
for future pollution of deeper soil horizons. 

From an ecological point of view, the metal 
concentrations in the mobile fraction constitute the 
ecotoxicological risk, because the metals from this 
fraction can be taken up by plants and would create 
a possible pathway to enter the food chain. 
Phytostabilization by metal tolerant plants would 
represent a suitable in situ remediation strategy that 
could reduce the solubility of the present 
contaminants by inducing changes in the chemical 
form of the contaminant, thus decreasing 
ecotoxicology. 
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