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Abstract
The decay of organic matter of anthropogenic origin in a highly contaminated shallow groundwater system occurs perma-
nently regardless of the availability of oxygen. Oxidation of organic matter smoothly changes from aerobic to anaerobic and 
vice versa. Hydrogeochemical transformations occurring in the interior of the contaminant plume are conditioned by the 
position in the 3D zone of the so-called “redox reactor” and its edge. The primary reaction initiating the decay of organic 
matter (TOC max 1620 mg/L, phenol max 613 mg/L) is its aerobic oxidation. In the case of the consumption of free oxygen, 
the decay undergoes anaerobic oxidation, where the source of electrons are oxides and hydroxides  (MnO2, Fe(OH)3). As a 
result of these reactions, mobile ions  Mn2+ and  Fe2+ pass into the aqueous environment creating a concentration anomaly 
(max 15 mg/L for  Mn2+, 673 mg/L for  Fe2+). The presence of  Fe2+ in groundwater is crucial. A strong correlation between 
the organic matter decay processes and concentration of the  Fe2+ showed that “iron index” may be a preliminary marker for 
the hydrogeochemical recognition of aquifer and allows to diagnose zones with an intense organic matter decay, especially 
by anaerobic oxidation through redox reactions. At the edge of the “redox reactor” redox sensitive metals  (Fe2+,  Mn2+ and 
also  Cu2+,  Cr3+,  Hg2+) undergo aerobic oxidation due to the access of oxygen as a result of mixing of contaminated ground-
water and oxygenated pure Quaternary water. These transformations produce oxides and hydroxides  (MnO2, Fe(OH)3)—new 
reaction products, however, are used for anaerobic oxidation of organic matter. Organic matter decay is an cyclic system of 
redox processes up to the full decay of pollutants and generation of the anomalously high concentrations of redox sensitive 
metals in the ground.

Keywords Organic matter decay · Iron index · IE index · IOMADI index · Redox processes · Hydrogeochemical anomaly · 
Redox-sensitive elements · “Zachem” Chemical Plant

Introduction

European cities are constantly struggling to acquire new 
areas for investment and development. The answer to these 
needs is remediation and reclamation of degraded and 
heavily transformed areas. Furthermore, brownfield lands 
are suspected to be present on nearly every continent of the 

globe, with the greatest prevalence in post-industrial zones, 
i.e. places where industry boomed in the nineteenth or twen-
tieth century and has since waned (Hollander et al. 2010). In 
economic terms, these areas are very valuable to obtain, but 
they are often accompanied by strong contamination of the 
environment, of soil and groundwater in particular. The key 
to designing effective and adequate remediation techniques 
is to correctly identify the hydrogeochemical conditions and 
transformations of pollutants in the environment.

Accurate recognition of the behaviour of pollutants in 
the ground and water environment is particularly important 
in relation to a wide range of organic compounds which, 
according to EEA data, constitute soil and groundwater 
pollution in 60–70% of the identified contaminated areas 
(brownfields). In light of analysis carried out in 2011, which 
unfortunately does not take into account several European 
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countries including Poland, up to 2.5 million potentially 
polluted areas were identified in Europe, 342,000 pollution 
cases were confirmed by tests, whilst remediation or other 
corrective actions were carried out for approximately 51.3 
thousand areas (15% of confirmed cases) (EEA 2014).

In this study, the dominant reaction of organic matter 
decay in shallow groundwater system highly contaminated 
with co-existing inorganic and organic substances was 
investigated. Discharge of pollutant load to the shallow 
Quaternary aquifer started in the 1940s with the deposition 
of industrial (including hazardous) waste originating from 
the chemical production at the landfill site, which contin-
ued with varying intensity until 2014. It is estimated that 
from the beginning of the exploitation of the area until the 
bankruptcy of the “Zachem” Chemical Plant, a total of 
300,000 m3 of chemical waste was deposited at this one 
landfill. Analyses of the morphology of the “Zielona” land-
fill body showed the deposition of phenolic pitch from the 
phenol and Rezokol glue production, which included phe-
nolic sodium sulphite, as well as waste from the production 
of dyes and dyeing intermediates. Tarry waste, heavy oil and 
post-production tar was also found in the landfill bottom. 
Hazardous waste from special production (waste nitro com-
pounds) was also stored there, as well as equipment and gum 
fittings were burnt in the part created as a combustion site. 
There are also visible traces of waste from the production 
of fungicides (chlorophenols) and from heat exchangers or 
raw material waste (glycols) (based on unpublished internal 
documents of Chemical Plant; Pietrucin 2015).

Migration of pollutants from the landfill increases the 
contaminant plume and contamination of subsequent sur-
faces. The spread of pollution started to directly threaten 
the nearby local community, which initiated the start of the 
project and detailed field studies. The specific aims of this 
study is to (i) diagnose hydrogeochemical transformations 
between organic and inorganic substances in the shallow 
aquifer, and (ii) explain the anomaly of concentrations of 
redox-sensitive metals. An important element of the project 
is also the search for auxiliary tools for the identification of 
zones of occurrence of organic pollutants, based on simple 
and relatively cheap chemical composition tests. Since due 
to the presence of non-specific organic substances in the 
impact zone of the former “Zachem” Chemical Plant, the 
costs of their detailed determinations in the tested ground-
water samples are very high.

Material and methods

Study area description

Long-term and complex chemical production carried out at 
the “Zachem” Chemical Plant in Bydgoszcz city (Fig. 1), 
from the 1940s until 2014, led to pollution of the soil and 
water environment in an area of even 40–50 km2. The lack 
of legal and environmental regulations until 1979–1980 led 
to the penetration of a wide range of pollutants, primarily 
highly toxic organic compounds, into the soils, grounds, and 

Fig. 1  Site plan with the loca-
tion of the “Zielona” industrial 
waste site and accompany-
ing groundwater contaminant 
plume on the groundwater table 
contour map
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surface and groundwaters. The strongest environmental pol-
lution occurred in the area of the “Zielona” industrial waste 
landfill complex (Fig. 1), which has an area of approximately 
11.3 ha and has had hundreds of thousands of tonnes of 
hazardous waste deposited, unfortunately without any pro-
tection, i.e. without proper insulation of the surface of the 
waste mound, without any bottom isolation, and with the 
absence of any leachate capture system or even a proper 
environmental monitoring system.

The main organic pollutants associated with the “Zielona” 
landfill, identified in the contaminated groundwaters are: 
AOX—adsorbable organic halogen compounds (max 
5.38 mg/L, avg. 3.03 mg/L, marked as a sum), phenol (max 
613 mg/L, avg. 81 mg/L), octylphenols and octylphenoloxy-
ethylene esters (max 1.8 mg/L, avg. 1.07 mg/L, marked as a 
sum), diphenylsulfone (max 1.63 mg/L, avg. 0.168 mg/L), 
aniline (max 1.92 mg/L) and toluidine (max 7.99 mg/L), 
hydroxybiphenyls (max 92 mg/L, avg. 11.27 mg/L), PAHs—
polycyclic aromatic hydrocarbons, and organochlorine com-
pounds (TCE, DCE, etc.).

There are favourable conditions in the studied area for 
a number of complex chemical reactions, including oxida-
tion (decomposition) of organic matter in the groundwaters. 
Organic compounds migrating in the aquatic environment 
come from the industrial waste landfill (primary substances) 
but at the same time as a result of chemical reactions with 
other compounds (inorganic and organic) occurring within 
the contaminant plume, which are undergoing transfor-
mation. Therefore, new organic compounds (second-
ary substances) may form in the stream of contaminated 
groundwaters. Due to the diverse chemical composition of 
individual pollutant streams and different pH–Eh conditions, 
the chemical reactions of both decay and the formation of 
new compounds can take place in different directions, lead-
ing to a wide spectrum of products. Understanding all the 
hydrochemical changes, however, has its origin in under-
standing the geological and hydrogeological conditions that 
determine the direction of all processes.

Currently, the area of the industrial waste landfill site is 
excluded from use. The topography is mostly flat, with sur-
face elevations of 58–65 m above sea level. The shallow 
geology is dominated by a thick succession of Quaternary 
glaciofluvial deposits (sands and clays) down to a depth of 
around 40 m.

In the region of the landfill, Quaternary aquifers asso-
ciated with fluvioglacial fine- and medium-grained sands, 
as well as gravels, occur in the hollow of low-permeable 
underlying formations. The groundwater table usually 
has an unconfined nature, but locally there are also thrust 
conditions, and the flow directions are partly determined 
by the presence of lenses of poorly permeable formations 
and the morphology of the underlying glacial tills’ ceiling. 
Based on head measurements in the monitoring wells and 

hydrogeological numeric modelling, the general direction of 
groundwater flow is toward the north-east into the Vistula 
River (Fig. 1). The unconfined groundwater table at the loca-
tion varies seasonally and/or depends on the degree of filling 
of the western complex of a waste landfill site reaching an 
average depth of about 5 m below the ground level. The 
thickness of the aquifer in the Quaternary sands around the 
landfill reaches several or over a dozen meters. The filtration 
factor of these formations is within the range of 4.0 × 10–5 
to 1.7 × 10–4 m/s (Narwojsz 1989, 2007; Smarzyński and 
Sadowski 2005). The studied area is under very strong influ-
ence of the Vistula River drainage, which is situated approxi-
mately 3 km away. The terrain surface is inclined towards 
the riverbed, with surface elevations of 38–45 m above sea 
level. Contaminated groundwater migrating into the Vistula 
River Valley runs in the surficial layer of sandy soil but often 
reveals on the surface.

The elements disturbing the natural directions of ground-
water flow in the area of the landfill were: the liquidated 
barrier intake and the cut-off wall located north-east of the 
landfill. The main drawback in the operation of the barrier 
intake was the drainage of water from early April to mid-
November, with a break for the winter season. As a result, in 
the remaining months (from early December to late March), 
pollution whose migration was intensified in connection 
with the functioning of the intake had unlimited possibility 
of moving towards the Vistula River. Another mistake in the 
operation of the barrier intake was the successive limitation 
of the amount of water being pumped out to about 1/3 of the 
initial value (i.e. below 40–50 thousand  m3) and shutting off 
two of the three barrier wells (i.e. wells B and  A1—marked 
in Fig. 2). For these reasons, the barrier of interception wells 
has not fulfilled its task, which was to stop the migration 
of contaminated groundwater from the “Zielona” landfill 
towards the Vistula River (Czop and Pietrucin 2017; Pierri 
et al. 2017).

In 2003, due to unsatisfactory effects of the barrier intake, 
a drainage system was made along the eastern edge of the 
landfill within the Plant, and a tight cut-off wall (marked in 
Fig. 2) was installed, which was to prevent the migration 
of contaminated groundwater outside the Plant. Monitor-
ing tests carried out in the observation boreholes located 
behind the wall, in the direction of groundwater outflow, 
have proven that the installation does not meet its purpose. 
Pollution is still migrating to the north-east, suggesting that 
the wall probably has not been deepened to the glacial till 
ceiling and is not, therefore, an effective barrier to the flow 
of pollutants. An additional disadvantage of the installation 
was the shutting down, in the final phase of its operation, of 
the pumping station of polluted water discharging waste-
water from the drainage system into the company’s sewage 
system. In such a system, the dammed stream of polluted 
waters gained the possibility of flowing around the wall.
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All measures implemented at the Plant to reduce and/or 
stop the migration of pollutants from the “Zielona” landfill 
were thoughtless and erroneous and not only failed to pre-
vent contamination but even indirectly contributed to the 
formation of an extensive contaminant plume, whose front 
is located at a distance of about 1.0–1.2 km from the source. 
It should be mentioned here that the latest hydrogeochemi-
cal studies carried out in the years 2019–2020, based inter 
alia on the use of the “iron index”, indicate that the range of 
the contaminant plume is much larger, and its front is at a 
distance of even 2.5–3 km from the landfill (Fig. 1).

Hydrochemical measurement

The monitoring network of the soil and water environment 
at the landfill includes 25 piezometers and 3 wells. During 
the field studies, in situ measurements of physicochemical 
parameters of groundwater (Eh, EC, pH, T) were carried 
out with the frequency of every 50 cm of water column in 
the well. As a result of detection of a strong stratification 
of pollutants, samples for the analysis of the efficiency of 
organic matter decay were collected from all points by using 
the “low flow” technique from the bottom part of the bore-
hole, characterized by the highest concentrations of chemi-
cal substances (Pietrucin 2013). It should be noted that the 
monitoring network of the plant was designed in the 1980s 
and is characterized by a strong density around the landfill, 
the lack of points on the fetch of the contaminant plume and 
subsequent boreholes on the front of the plume.

In accredited hydrogeochemical laboratories, a full range 
of inorganic substances and selected organic substances 
were determined, including TOC (non-dispersive infrared 
detection method (NDIR)—PN-EN 1484:1999), phenol 

index (4-aminoantipyrine spectrometric method after dis-
tillation—PN ISO 6439:1994),  H2S (thiomercurimetric 
method—PN-C-04566.03:1982),  HCO3

− (titration), minor 
elements  Fe2+,  Mn2+,  Cu2+,  Cr3+ and  Hg2+ (inductively cou-
pled plasma—mass spectrometry (ICP-MS)—PN-EN ISO 
17294-1:2007; PN-EN ISO 17294-2:2006) and macro ele-
ments (inductively coupled plasma optical emission spec-
trometry (ICP-OES)—PN-EN ISO 11885:2009).

The assessment of the degree of pollution of the Qua-
ternary groundwater in the area of the “Zielona” industrial 
waste landfill was referred to the hydrogeochemical back-
ground value determined for the entire area of the Chemical 
Plant. The hydrogeochemical background was determined 
on the basis of water sampling in the “S” water intake zone 
and its monitoring network, i.e. in the holes located in the 
groundwater inflow zone. Hydrogeochemical tests covered 
12 holes: 5 wells and 7 piezometers. Due to the stability of 
the chemical composition of the intake waters, the sampling 
was one-off. The water intake is under constant control of 
the District Sanitary and Epidemiological Station in Bydgo-
szcz city, and the water used is suitable for consumption 
without the need for iron and manganese removal.

Results

The aquifer is composed of fluvioglacial and aeolian sands 
lacking natural organic matter (NOM < 1% (Pietrucin 2015)) 
with an average TOC content in groundwater of 2–5 mg/L. Ini-
tially, the level of groundwater contamination was expressed 
by the TOC parameter. It includes the sum of all organic sub-
stances present in the solution, identified both quantitatively 
and/or qualitatively as well as substances not disclosed in 

Fig. 2  Distribution of: (a) TOC and (b)  HCO3
− concentrations [mg/L] in Quaternary groundwater in the area of industrial waste landfill
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previous studies. The TOC parameter includes compounds 
derived from vegetation decay, bacterial growth, metabolic 
activity of living organisms, but also degradation of chemi-
cal substances. TOC is therefore provided by both the decay 
of natural organic matter (NOM, e.g. humic and fulvic acids, 
amines, urea) as well as anthropogenic sources (Hendricks 
2007). In the area of industrial waste landfill organic com-
pounds of anthropogenic origin dominate in the aquifer with 
the absence of NOM. They constitute waste of the chemical 
industry, resulting from the processes of chemical synthesis 
carried out under the conditions of the “Zachem” Chemical 
Plant (Table 1).

The aquifer is composed of sands, well-sorted, fine and 
medium-grained, where the characteristic diameter (d50) of 
the grains ranges from 0.15 to 0.45 mm. In mineralogical and 
petrographic terms, Quaternary sands are made of quartz, in 
the amount of about 80–90%, additionally, there are feldspars 
within them—up to about 10–15%, and limestone up to about 
4–5%. Heavy minerals occur in the sands in small amounts up 
to 1% by weight and are represented by amphiboles, garnets, 
biotite, and pyroxenes with significant variability of percent-
age (Weckwerth and Chabowski 2013). Within the Quaternary 
sands, there are no minerals that are an important source of 
iron, where it usually occurs at levels of up to about 2–10 g/kg. 
The iron content expressed as  Fe2O3—iron oxide in the tested 
sand samples, is usually around 1.5–2.2%, while for MnO—

manganese oxide, it is only around 0.02–0.4%. These sandy 
formations are also poor in organic matter, which is found 
in quantities of only about 2–11 g/kg, i.e. about 0.2–1.1% 
(Jankowski 2014).

The natural non-contaminated composition of Quater-
nary groundwater is Ca–HCO3. Water mineralization is 
242–406 mg/L, with an arithmetic average of 353 mg/L. The 
concentrations of dominant ions are 42–79 mg/L for calcium 
and 165–254 mg/L for bicarbonate (Table 2). A very important 
aspect concerning the subject of this paper is iron and man-
ganese concentrations. These elements are present in water 
at an average concentration level of 0.089 mg/L for iron and 
0.025 mg/L for manganese. Therefore, iron and manganese 
concentrations meet drinking water standards, amounting in 
Poland and the EU to 0.2 mg/L and 0.05 mg/L, respectively, 
despite the fact that, generally, Quaternary groundwater in the 
region of Kujavia (northern Poland) is characterized by geo-
genically increased values of these elements. The pH of the 
water is slightly alkaline (pH 7.72–8.25) and it has Eh values 
between + 61 and + 232 mV.

Discussion: hydrogeochemical processes 
within the contaminated aquifer

The chemical composition of groundwater in the area of the 
“Zielona” landfill is formed by hydrogeochemical processes 
occurring within the contaminant plume. During detailed 
hydrochemical tests of the contaminated groundwater, a 
number of chemical processes were diagnosed, including: 
(i) decomposition of organic matter under the conditions 
of availability and lack of oxygen, (ii) dehalogenation, (iii) 
denitrification and desulphurization, and (iv) specific decay 
of so-called characteristic organic compounds such as phe-
nol, aniline, and toluidine. Strong diversity of chemical spe-
cies of elements was also found (Pietrucin 2015). The main 
process that has a decisive impact on the chemical compo-
sition of the examined waters and the degree of pollution 
of the soil and water environment is the decay of polluting 
chemicals.

Initial aerobic organic matter decay

It is correctly assumed that in shallow Quaternary aqui-
fer the aerobic decay of organic matter is the predominant 
hydrogeochemical reaction. This is due to the ease of obtain-
ing dissolved  O2 from the highly oxygenated environment. 
According to the theory, this reaction takes the form of a 
classic formula:

The proof of the correctness of this reaction in the imme-
diate vicinity of the pollution source is the assessment of the 
efficiency of organic matter decay based on the analysis of 
the occurrence of TOC and  HCO3

− in groundwater (Fig. 2). 
High concentrations of TOC (max 1620 mg/L) were identi-
fied in the entire impact zone of the industrial waste land-
fill, i.e. within the contaminant plume. A very similar dis-
tribution of concentrations is found for bicarbonate ions 
 HCO3

− (max 1089 mg/L) (Pietrucin 2015).
In the presence of oxygen in the soil and water environ-

ment the primary aerobic decay of organic compounds is 
initiated in the area of the landfill (Hammes and Verstraete 
2002; Peng et al. 1993; Kristensen et al. 1995). The course 
of the above hydrogeochemical process is confirmed by the 
relationship of the concentrations of  HCO3

− and TOC in the 
analyzed waters (Fig. 3).

The aerobic oxidation of organic matter leads to the 
complete utilization of oxygen available in the dissolved 
form in shallow Quaternary groundwater. In such case oxy-
gen incorporated in the structure of anions from sulphates 

CH2O + O2 ↔ CO2(g) ↑ + H2O ↔ H2CO3 ↔ H+ + HCO−

3
↔ CO2−

3
+ H+

(

all organic substances schematically represented in the form of formaldehyde CH2O
)

.
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 SO4
2− (max 7822 mg/L) is used for further decay reactions. 

Field studies revealed the presence of a dissimilatory desul-
furization, which can be described by the following scheme 
 SO4

2− → SO3
2− → S3O6

2− → S2O3
2− → S0 → H2S, where 

hydrogen sulphide gas, released into the atmosphere, is the 
final product:

The presence of hydrogen sulphide in groundwater was 
confirmed in six piezometers (Pz13, P13, P17, P18, P20, 
and P21) where its concentrations were determined within 
0.28–3.2 mg/L. In well C, the concentration of hydrogen 
sulphide was definitely higher, reaching a level of 37 mg/L.

In the presence of high organic matter content, the 
assimilative denitrification process involves the reduction 
of nitrates to amines of the general formula R-NH2 (R—
monovalent functional group). The final process of reduction 
of nitrogen speciation is ammonification R-NH2 → NH4

+. 
The probability of assimilative denitrification is high due 
to the lack of  NO3

− (< 0.5 mg/L) and  NO2
− (< 0.02 mg/L), 

with the simultaneous presence in groundwater of nitrogen 
organic compounds used in the production of dyes: chloro-
aniline  ClC6H4–NH2 (max 0.37 mg/L in piezometer P17), 
aniline  C6H5–NH2 (max 1.92 mg/L in P21) and toluidine 
 CH3C6H4–NH2 (max 7.99 mg/L in P21). Only in one Pz1 
piezometer, nitrates  (NO3) are present in concentrations 
above the limit of quantification, i.e. 1.40 mg/L.

An additional, intermediate environmental effect of the 
initial aerobic decay of organic matter is the variation in the 
pH of groundwater (Fig. 4). The carbonic acid  H2CO3 is a 
weak diprotic acid which most strongly dissociates at degree 
I, i.e. to the production of  HCO3

−. Water analyses indicate 
zones with low  HCO3

− content or even lack thereof. Gener-
ally, under the conditions of oxidation of organic substances, 
 H+ hydrogen ions are released and the environment is acidi-
fied to pH of approximately 5–6 (min. pH 5.72). The hydro-
gen  (H+) ions, released under the organic matter decay con-
ditions may react: (1) with carbonate minerals (e.g. calcite 
scattered in the Quaternary deposits), (2) with silica  SiO2, 
or (3) undergo adsorption on quartz grains (Rashkeev et al. 
2001, 2002; Kutsuki et al. 2007; Sah 1996). The  HCO3

− ion 
is the predominant species in the pH range of 6–8, while at 
low and high pH its concentrations are reduced. In the north-
east direction groundwater turns into neutral and slightly 
alkaline pH and the highest pH values are recorded on the 
front of the contaminant plume (max pH 9.93).

The launch of the aerobic oxidation process of dissolved 
organic matter is a factor initiating the possibility of cyclic 
redox processes that additionally take place with the active 
participation of many specialised populations of bacterial 

CH2O + SO2−
4

+ 5 H+
→ HS− + CO2 + 3 H2O,

CH2O + SO2−
4

+ 3 H+
→ H2S(g) ↑ + CO2 + 3 H2O.
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organisms, both oxidising and reducing (Borch et al. 2010). 
These organisms support the chemical processes that take 
place and provide substrates for new reactions to occur, but 
under typical conditions they are of secondary importance. 
The framework of the processes taking place is determined 
to the greatest extent by chemical and environmental condi-
tions (pH–Eh), in which specialised bacterial populations fit 
in and adapt them to their needs to some extent.

Aerobic oxidation of organic matter leads to the com-
plete utilization of oxygen available in the dissolved form 
in shallow, Quaternary groundwater and/or incorporated in 
the anion structure. In the case of inflow of increased pol-
lutant load (excess of organic matter) there is a possibility 
of initiation of the secondary anaerobic oxidation of organic 
matter. The classic form of aerobic oxidation of organic mat-

ter is therefore only the form of initiation of the matter decay 
process. Moreover, within the boundaries of the “Zielona” 
industrial landfill body and in its immediate vicinity, spe-
cific hydrogeochemical conditions are created—a “redox 
reactor”, whose range falls within the boundaries of the 
contact between water heavily contaminated with organic 
compounds and natural Quaternary groundwater, saturated 
with oxygen from atmospheric air.

Anomaly of redox sensitive metal concentrations

Lack of availability of oxygen in the soil and groundwater 
environment is not a barrier to the further decay of organic 

matter. The further course of anaerobic decay requires 
the acquisition of electrons necessary for the oxidation of 
organic substances from a source other than oxygen atoms. 
The electron donors are primarily redox sensitive metal 
atoms at high oxidation states, which are bound in the 
form of oxides and hydroxides. These are mainly  MnO2 or 
Fe(OH)3 originally present in the Quaternary rock matrix, 
as well as Cr(OH)3 or  CuFe2O4 (Weiner 2008; Schout et al. 
2017). These compounds may also be re-created in the 
environment of the landfill in the process of oxidation of 
organic substances under conditions of oxygen availabil-
ity. The reduction products of manganese and iron oxides 
and hydroxides  (MnO2, Fe(OH)3) are  Mn2+and  Fe2+ and 
this reaction is such strong that anomalous concentrations 
of these metals are created (Fig. 5). The reaction proceeds 
according to the following formula (Liebes 2009):

Within the boundaries of the “redox reactor”, metals are 
rapidly released to groundwater. The unusually high con-
centrations of redox sensitive metals were observed at the 
level of max 15 mg/L for manganese and 673 mg/L for iron. 
Also the following metals:  Cr3+ (max 0.0427 mg/L),  Cu2+ 
(max 0.0337 mg/L) and  Hg2+ (max 0.0245 mg/L) appear 
in the environment. These metals change their oxidation 
state under normal environmental conditions (structure of 
the electron shell), which results in changes in solubility 
due to the formation of new compounds during the reaction 
with water.

2 CH2O + 2.5 MnO2(s) ↓ + 2 H+
→ 2 CO2(g) ↑ +2.5 Mn2+ + 3 H2O

CH2O + 3 Fe(OH)3(s) ↓ + 5 H+
→ CO2(g) ↑ + 3 Fe2+ + 8 H2O

(anaerobic decay of organic matter with simultaneous reduction of inorganic manganese and iron compounds).

Fig. 3  Concentration depend-
ence of TOC and  HCO3

− in 
Quaternary groundwater in the 
area of industrial waste landfill
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Under aerobic conditions, concentrations of iron dis-
solved in the solution are limited by the precipitation of 
insoluble Fe(OH)3. On the other hand, under reducing 
conditions and pH lower than 7.0, and lack of sulphates 
 SO4

2− in groundwater, iron occurs in the form of a soluble 
 Fe2+ cation. Above pH 7.0 one can find Fe(OH)2, which is 
 105 times more soluble than Fe(OH)3. The other sensitive 
metals behave similarly under reducing conditions, occur-
ring in the form of a soluble cation or relatively soluble 
compound (Weiner 2008). The concentrations of manganese 
determined in groundwater show analogous distribution to 
iron.

In the contaminant plume,  Mn2+,  Fe2+,  Cr3+,  Cu2+ and 
 Hg2+ metals occur in the form of different species, and the 
mobility of each of them differs depending on the charac-
teristic environmental conditions. Together with the migra-
tion of the contaminant plume, the oxidizing conditions 
(+ 176 mV) turn into reducing conditions to the value of Eh 
− 129 mV. The observed change in the redox potential by 
more than 300 mV occurs within one contaminant plume. 
The variability of the redox potential differentiates the metal 
solubility, because it may affect the electron structure of 
atoms of a given element. Solubility, next to sorption, is 
one of the most important properties affecting the mobility 
of pollutants in the environment (Weiner 2008).

The process of anaerobic oxidation of organic matter 
through the consumption of  H+ ions leads to the increase in 
the pH of the environment, with the simultaneous emission 
of  CO2. The course of the processes also explains the low 
concentrations of bicarbonate ions under the conditions of 
reduced Eh, which prevail in the root zone of the plume, in 
the vicinity of the industrial waste site “Zielona”.

Iron index as organic matter decay intensity 
indicator

Phenol is a specific contamination considered as charac-
teristic of the “Zachem” Chemical Plant in Bydgoszcz city 
and directly related to the production of pure phenol and 
intermediate products such as phenol–formaldehyde adhe-
sives. It is the largest part of groundwater contamination by 
organic substances (max 40% of TOC in piezometer P17) 
(Fig. 6). Degradation of phenol in soil and in groundwater 
is strongly diversified due to the prevailing oxidation and 
reduction conditions (Loehr and Matthews 1992; Sinsabaugh 
2010; van Schie and Young 2007). The half-life t1/2 is on 
average up to 20 days (Vaishnav and Babeu 1987; Lerner 
et al. 2005). However, long-term persistence of phenol in the 
soil and water environment is acceptable if concentrations 
reach high values (ATSDR 2011). The original amount of 
deposited phenol in the waste landfill is significant (initially 
tens of thousands of tons). This means that despite a rela-
tively short half-life, phenol will be present in groundwater 
in subsequent years. At present, there is an intensive process 
of leaching waste from a landfill.

Detailed analysis of the distribution of organic and 
inorganic compounds showed a strong dependence of the 
contaminant plume, including in particular phenol (max 
613 mg/L, at geometric mean 12.21 mg/L), in relation to 
the anomalies of the concentrations of redox sensitive met-
als especially  Fe2+ and  Mn2+ also sum of  Cr3+,  Cu2+ and 
 Hg2+. As already mentioned, iron and manganese occur 
within fine-grained sands that build an aquifer in relatively 
small amounts of several to several dozen g/kg. In natural, 
non-contaminated groundwater, iron and manganese con-
centrations are usually below levels of acceptable norms for 

Fig. 4  Distribution of: (a) pH and (b) Eh value [mV] in Quaternary groundwater in the area of industrial waste landfill
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drinking water, which are 0.2 mg/L and 0.05 mg/L, respec-
tively. Concentrations of  Fe2+ and  Mn2+ ions in groundwa-
ter samples taken within the boundaries of the contaminant 
plume with organic compounds and phenol are extremely 
high, considering local geochemical conditions. Iron con-
centrations in organic pollution zones, mainly phenol, are 
extremely high and range from several dozen to several hun-
dred mg/L. The maximum level of this ion  (Fe2+)is observed 
in the piezometer Pz5, where it is 673 mg/L and exceeds the 
level of hydrogeochemical background (about 0.2–0.5 mg/L) 
by over 3300 times. Similarly, anomalously high concentra-
tions are found in the discussed zone of the organic con-
taminant plume in relation to manganese ions  (Mn2+), which 
range from 0.05 to 11 mg/L, but most often reach a level of 
several mg/L. The maximum concentration of  Mn2+ was 
found in the Pz12 piezometer, where it is 15.4 mg/L and 
over 300 times higher than the typical value for the hydro-
geochemical background. The statistical measure of correla-
tion of iron and manganese concentrations is relatively high, 
where the determination coefficient R2 is 0.785.

This allows to combine the interpretation of the occur-
rence of the organic pollutants, mainly phenol and iron 
concentrations. In the case of certainty of organic contami-
nation, the “iron index” may be a preliminary marker for 
the hydrogeochemical recognition of shallow Quaternary 
aquifer. A simple and inexpensive chemical analysis of 
contaminated groundwater allows to diagnose zones with 
an organic matter occurrence and associated pollution of 
groundwater.

Index of Iron Enrichment (IE) has the following form:

IE = lg
cFe2+

cHB

,

where cFe2+ is the  Fe2+ ion concentration in the tested water 
sample (in mg/L), cHB is the  Fe2+ ion concentration for non-
contaminated groundwater (Hydrogeochemical Background) 
(in mg/L).

The highest value of the “Iron Enrichment index” was 
found in the group of neighbouring piezometers (Pz4, Pz5, 
P13, P17 and P18) located in the north-eastern part of the 
“Zielona” industrial waste landfill. This is an area of the 
most intensive course of anaerobic oxidation of organic 
matter, including phenols where, interestingly, a similar 
IE index value is recorded in the Pz7 piezometer located 
on the eastern border of the landfill complex. The IE index 
value clearly decreases in the direction of groundwater 
stream flow, where in piezometers P14, P20 and P21 it 
reaches values above 1, and ranges between 1.1 and 1.8. 
The lowest IE index values are observed at the bounda-
ries of the contaminant plume, where within the piezom-
eter grouping on the plume front (BP1, BP3 and 29/900) 
it adopts negative values, i.e. iron concentrations in these 
holes are lower than the average value for the hydrogeo-
chemical background (Fig. 7). A small amount of  Fe2+ 
ions in groundwater in this region indicates that anaerobic 
oxidation of organic matter is most likely not present and 
the redox potential value is clearly more negative, which 
significantly hinders further degradation of organic pollut-
ants, including phenol.

Under the conditions of the discussed organic contami-
nant plume, the process of anaerobic oxidation of organic 
compounds is so intense that it contributes to the formation 
of significant amounts of  Fe2+ ions, so that their concentra-
tion in groundwater reaches levels from several to more than 

Fig. 5  Distribution of: (a)  Mn2+ and (b)  Fe2+ concentrations [mg/L] in Quaternary groundwater in the area of industrial waste landfill
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10 mmol/L. This gives the opportunity to assess the inten-
sity of anaerobic oxidation of organic matter in relation to 
the simultaneous standard oxidation of oxygen dissolved in 
water. The hydrogeochemical indicator enabling this type 
of assessment is based on a comparison of molar concentra-
tions of  [Fe2+] and  [HCO3

−], i.e. the main products of aero-
bic and anaerobic oxidation processes. This indicator allows 
determining the share of  Fe2+ ions in the total products of 
the organic matter oxidation process, i.e. the sum of  Fe2+ 
and  HCO3

− ions (Fig. 8).
The Iron Index of Organic Matter Anaerobic Decay Inten-

sity (IOMADI) has the following form:

where  [Fe2+] is the molar concentration of  Fe2+ ions 
(mmol/L),  [HCO3

−] is the molar concentration of bicarbo-
nate ions (mmol/L).

The value of the IOMADI index allows to distinguish 
four classes of relative intensity of the anaerobic oxidation 
of organic matter (Fig. 8). For the discussed research area of 
the “Zielona” industrial waste landfill, water samples from 
the tested piezometers very clearly differentiate into an area 
where the intensity of the anaerobic oxidation process is low 
IOMADI index < 10% and the concentration of bicarbonate 

IOMADI =

[

Fe2+
]

[

Fe2+]+[HCO−

3

]
× 100,

ions reach the value of 200–900 mg/L. Second group of 
piezometers where the aforementioned process is of rela-
tively greater importance (IOMADI index > 10%). At the 
same time, significant differences between the Pz5, Pz7 and 
P17 piezometers where anaerobic oxidation is of dominant 
relative intensity (IOMADI index > 50%) and samples from 
the Pz4, P13 and P18 boreholes where its relative intensity 
is relatively lower i.e. important and significant are visible. 
(Fig. 8).

The practical use of the IOMADI index reveals the regu-
larity that anaerobic oxidation of organic matter occurs most 

Fig. 6  Distribution of phenol 
concentrations [mg/L] in Qua-
ternary groundwater in the area 
of industrial waste landfill

Fig. 7  Change of IE index value in examined piezometers within the 
Quaternary groundwater contamination plume
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intensively not in the zone where the concentration of TOC 
and phenol are the largest, but somewhat on the periphery 
of the contaminant plume where it contacts the stream of 
uncontaminated water. In addition, for the intensity of anaer-
obic oxidation of organic matter to be considered “impor-
tant”, i.e. reaching IOMADI index level > 10%, it is neces-
sary that the concentration of  Fe2+ ions is over 100 times 
higher than the value for the hydrogeochemical background 
(i.e. IE index > 2).

Edge of the “redox reactor”

Hydrogeochemical processes occurring within the contami-
nant plume associated with the “Zielona” industrial waste 
landfill run under specific hydrodynamic conditions, where 
the velocity of the groundwater stream moving towards the 
strongly draining Vistula River is within about 100 m/year. 
For dissolved organic contaminants due to sorption, migra-
tion retardation is observed but it is relatively small, where 
the limiting factor is a low content of minerals having sorp-
tion properties, as well as solid organic matter in the aquifer.

Under the conditions of contamination on the edges of 
the “redox reactor”, there is an intermediate zone between 
the core of the contaminant plume and oxygenated, pure 
Quaternary groundwater flowing into or around the contami-
nant plume. Oxygen dissolved in water or incorporated in 
the compounds (anions) also appears in this zone. In such 
environmental conditions, the accompanying reaction is the 
oxidation of reduced forms of inorganic components, mainly 
 Mn2+ and  Fe2+, which predominate in the entire mass of 
contaminated water (concentration anomaly). The reaction 
occurs according to the general formula (Liebes 2009):

2 Fe2+ + O2(g) ↑ + 4 H2O → 2 Fe(OH)3(s) ↓ + 2 H+,

Metal oxides and hydroxides precipitate from the solu-
tion and are passing into the solid phase. The precipitation 
of insoluble iron and manganese oxides and hydroxides is 
associated with very significant acidification of the environ-
ment by the resulting hydrogen ions  (H+). The mechanism 
presented above is responsible for lowering the pH to below 
7 (acidic environment), which results in complete elimina-
tion of bicarbonate ion  (HCO3

−) from the solution or reduc-
tion of its concentration. This type of situation occurs in the 
peripheral zones of the contaminant plume, and in particu-
lar, it has been convincingly confirmed by measurements 
made in piezometric holes Pz5, Pz13 and P17 (0–5.1 mg/L 
of  HCO3

−).
However, due to the successive migration of groundwater 

and moving of the “redox reactor” in the rock mass, oxi-
dized forms of metals under the conditions of limited oxygen 
availability can undergo reactions with organic matter during 
its anaerobic oxidation.

Conclusions

The paper presents actual results of hydrogeochemical tests 
for a plume of organic and inorganic contaminants occurring 
within an aquifer built of fine-grained Quaternary sands. The 
studied contaminant plume is characterised by the presence 
of relatively very high concentrations of organic contamina-
tion of chemical compounds. Concentrations of these sub-
stances change strongly in very different pH–Eh conditions, 
practically on the entire extent of the contaminant plume, 
which reaches about 1.2–1.5 km, and according to newer 
studies even up to 2.5–3 km. In such conditions, with a 
relatively large number of piezometric holes, the focus was 
on assessing the processes of organic contaminants decay, 
which has a key role in potentially reducing environmental 
hazards and planning possible remediation activities.

Bearing in mind the main goal of cleaning the environ-
ment of often toxic organic compounds, it is clear that the 
natural processes of oxidation and degradation of contami-
nants have very serious limitations. Low oxygen availability 
is of major importance in this respect, which means that 
chemicals with relatively low half-life times, such as phe-
nol, show high stability in real cases of soil and water envi-
ronment pollution and may occur within it even for several 
dozen years.

The visible effect of redox processes under real field 
conditions is the occurrence of specific products in the liq-
uid phase, i.e. within groundwater, and in the solid phase, 
i.e. within soils and grounds. This type of effect may be in 
the light of research for the contaminant plume associated 
with the landfill from the chemical industry, anomalies of 

Mn2+ + 0.5 O2(g) ↑ + H2O → MnO2(s) ↓ + 2 H+.

Fig. 8  Change of IOMADI index value in examined piezometers 
within the Quaternary groundwater contamination plume
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concentrations of elements sensitive to changes in redox 
conditions, or even in a wider range of pH–Eh changes in 
the environment. An anomaly can occur despite the fact that 
these elements are not found in large quantities in natural, 
unpolluted groundwater, where their level usually does not 
exceed several dozen-several hundred μg/L. The source of 
these elements is located within the rocks of the substrate, 
although often their content is very small and amounts 
to only a few grams per kilogram, below 10 g/kg, which 
is less than 1%. In the case of iron and manganese, even 
within quartz Quaternary sands, characterised by a small 
amount of admixtures, there is still enough dispersed iron 
and manganese minerals to produce a significant anomaly 
of these elements in groundwater. In irrigated sandy for-
mations, for an effective porosity coefficient (ne) of 0.25, 
groundwater has a surface contact with four times the vol-
ume and even ten times the mass of ground. As a result of 
water–rock interactions, it is therefore possible to start the 
process of transferring elements from the solid to the liquid 
phase, which occurs as a result of the coupling of chemical 
reactions including mainly redox type and bacterial activity.

The aforementioned reaction system has a limited rate of 
decay of organic compounds, but in the long term of sev-
eral thousand years to tens of thousands of years, it has the 
potential for complete mineralisation of organic compounds, 
i.e. their transformation into inorganic components. Redox 
processes can occur cyclically as long as there are favour-
able conditions for their course, i.e. the main substrates for 
individual reactions will be available. In the case of con-
taminant plumes with organic compounds occurring in the 
soil and water environment, natural decomposition processes 
are too slow to thoroughly reduce the concentration of toxic 
substances in the perspective of not only years, but also dec-
ades. Nevertheless, these reactions are ongoing and not only 
can be identified, but one can also track their progress. It is 
particularly interesting that the reaction proceeds under con-
ditions of groundwater stream displacement, which results 
in shifting masses of pollutants to a new location and a con-
stant inflow of oxygenated groundwater stream. These fac-
tors cause a permanent disturbance of the system balance 
and stimulate the processes of aerobic and anaerobic decay 
of organic matter based on cyclic oxidation and reduction of 
elements sensitive to redox potential changes, mainly iron 
and manganese but also arsenic, cobalt, copper, chromium, 
mercury copper, selenium, antimony and uranium.

On the other hand, the occurrence of these elements in the 
groundwater environment, including in particular aquifers 
composed of Quaternary sands, where there are no miner-
als that are their source, is an important indicator of organic 
matter decay processes. Two hydrogeochemical indicators 
proposed in the paper allow not only to identify the zones 
in which the said process takes place (using the IE index), 
but also to quantitatively assess the intensity of anaerobic 

decay of organic compounds in relation to standard oxida-
tion in reaction with oxygen from atmospheric air dissolved 
in water (using the IOMADI index). As part of the study, it 
was also established, which of course requires confirmation 
in other available locations, that anaerobic decay of organic 
matter acquires a dominant significance for systems where 
the concentration of iron in groundwater exceeds the average 
value for the hydrogeochemical background by at least 100 
times (IE index > 2).

Two iron indexes proposed in the paper, the IE index 
and the IOMADI index, cannot of course be an alterna-
tive to hydrogeochemical research, but due to the fact that 
they indicate the process of decay of organic compounds, 
they can also be helpful in the initial recognition of soil 
and water environment pollution with organic substances. 
This is important due to the fact that often, abnormally high 
levels of iron and manganese in shallow groundwater found 
in Quaternary sands and gravels are treated as having a geo-
genic background, where they are often associated with the 
decay of organic compounds supplied by sewage discharges 
and flowing in the stream of polluted groundwaters moving 
towards surface watercourses.

Iron indexes were used in a practical way for the ini-
tial interpretation of hydrogeochemical tests carried out in 
2019–2020 in the zone located east of the discussed area of 
contaminant plumes associated with the “Zielona” landfill. 
It demonstrates the possibility of a much larger extent of the 
contaminant plume, the front of which is not in the area of 
an improperly made and exploited barrier intake, but even 
at a distance of 1–1.5 km to the east at a short distance from 
the Vistula riverbed.

The remarks and conclusions presented in this paper by 
no means exhaust the extensive topic, which is the study 
of oxidation and reduction processes in the soil and water 
environment. However, they are a very interesting contribu-
tion and a chance for real research on the course of these 
processes in field conditions, which will certainly be con-
tinued. The case of contaminant plume from the “Zielona” 
industrial waste site at the former “Zachem” Chemical Plant 
in Bydgoszcz city described in the paper is one of the most 
serious environmental threats in Poland, where it covers an 
area of about 120 ha and has an extent of up to about 2.5 km.
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