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Abstract: In the outskirts of the Pinios dam reservoir (Ilia Regional Unit, Greece) a freshwater refinery serves
the water supply needs of the surrounding Municipalities, in which high concentrations of Fe and Mn, before
treatment, have been observed. The main purpose of this research is to investigate the mechanism of increased
iron (Fe) and manganese (Mn) levels in the reservoir of the Pinios dam, which impacts its freshwater refinery's
operation. A comprehensive hydrochemical and sedimentological analysis was conducted over a hydrological
year, focusing on the spatial and temporal distribution of Fe and Mn in both water and sediment samples across
the established research monitoring stations. Sediment samples from the reservoir's bottom revealed
predominantly fine-grained material, rich in total organic carbon, with elevated Mn and Fe oxide levels.
Significant seasonal variations in Fe and Mn levels were also discovered, with higher Mn levels observed in
the anoxic bottom waters of the reservoir during the dry season, attributed to the reduced conditions favoring
Mn oxide dissolution over Fe. Conversely, during the wet season, a homogenization of metal concentrations
throughout the water column was observed due to increased oxygenation and freshwater inflow. These
outcomes were confirmed by the hydrochemical analysis, indicating that the redox conditions, pH,
temperature, as well as the presence of organic matter significantly influence the mobility and bioavailability
of these metals in the reservoir. The findings of this study clarify that the high concentration of Fe and Mn can
be linked to the mineral composition of the upstream Neogene and flysch formations in the study area. As
these formations are affected by geological weathering, they tend to enrich the streams, through soil erosion
and runoff processes, in metals like Fe and Mn, which are eventually transported into the dam reservoir. This
study highlights the critical role of geological, sedimentological and hydrological factors in shaping the
hydrochemistry of dam reservoirs, providing essential insights for water resource management and
environmental conservation strategies.
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1. Introduction

Water reservoirs serve a crucial role in addressing the continuously rising demand for
freshwater resources, providing essential sources of potable water, irrigation, and industrial supply.
They preserve a consistent water supply and have a vital role in mitigating flood risks by reducing
excessive runoff through water flow regulation [1]. Maintaining the water quality within these
reservoirs is essential for ensuring their functionality and preserving the health and welfare of the
communities that depend on them. Nevertheless, numerous reservoirs encounter persistent issues
with water quality, with a primary focus on the increased concentrations of heavy metals. Heavy
metals constitute a significant peril to ecosystems and human health, owing to their potential for
contaminating food chains. This risk is driven by their enduring presence in the environment, their
toxicity to living organisms, and their bioaccumulation potential [2—4].

The quality of dam reservoir water is influenced by a range of natural and anthropogenic factors,
with their interactions becoming more pronounced during extreme weather conditions. Precipitation
undergoes a process of pollutant assimilation as it naturally absorbs various contaminants that are
prevalent in the atmosphere and then after contacting the Earth’s surface it generates runoff and
proceeds to wash pollutants from the surrounding land and deposit them into waterbodies [5-7],
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potentially leading to elevated levels of certain substances, including heavy metals like Fe and Mn.
Storm runoff rapidly conveys significant pollutant loads into rivers [6] transporting these
contaminants into lakes and water reservoirs where they are concentrated, swiftly degrading their
water quality. Therefore, sediments are widely acknowledged as the predominant reservoir of heavy
metals within aquatic environments [4] exhibiting the capacity to retain nearly 99% of adsorbed
metals following their introduction into aquatic ecosystems [8].

In general, the majority of variations in water quality in reservoirs, lakes and lagoons are caused
by two primary physical processes: sediment and nutrient entrapment and reservoir thermal
stratification [9-11]. Specifically, the variation in heavy metals within reservoir and lake sediments is
typically influenced by a complex interaction of chemical, physical, and biological processes, leading
to both temporal and spatial variability [3]. The inherent dangers posed by heavy metals to aquatic
ecosystems are closely associated with the complex interplay of these metals with water and sediment
components, as these interactions significantly influence the behavior, distribution, and overall
consequences of heavy metal presence within these environments [12]. The primary modes of heavy
metal interactions with water and sediments involve adsorption and desorption processes [12,13]. In
contrast to the water column, the sediments remain mainly stationary, preventing pollutants’
subsequent release and dissolution of pollutants back into the water [14]. However, various changes
in environmental conditions (e.g., temperature, pH, Eh), can lead to the release of heavy metals from
the sediments into the water above, consequently causing secondary pollution [4,15-18].

The heavy metal supply in waterbodies is generally associated with natural phenomena like
chemical weathering, erosion and runoff, atmospheric deposition as well as biological processes of
organisms, and human activities including industrial and agricultural production, mining activities,
residential sewage, and industrial wastewater discharge [4,8,10,13,19] . Research indicates that soil
erosion is typically associated with the transportation of pollutants like heavy metals which are
bound to soil particles, because of the high adsorption ability of soil colloids, and organic matter [20].
Through this process, finer particles like clay and silt, with attached heavy metals, are selectively
detached and carried, therefore accumulating these heavy metals in the eroded sediments [20,21].
Thus, soil erosion significantly contributes to redistributing heavy metals within the environment.

Iron and manganese are two of the most prevalent metals that contribute to the contamination
of reservoirs and lakes by elevated metal concentrations [22]. In general, Fe and Mn are considered
essential trace elements within aquatic ecosystems [23]. However, their overabundance can result in
adverse consequences such as deteriorated water quality, escalated treatment expenses, and potential
health risks. The effects of Mn and Fe, specifically, on water quality include changes in colour, marks
and alterations in taste and smell of drinking water, which can lead to serious health problems [10].
High concentrations of Mn and Fe in drinking water are also linked to neurodevelopmental disorders
in children like attention deficit hyperactivity disorder [24,25].

The elevated amounts of Fe and Mn in a dam reservoir can be attributed to various factors. The
geochemistry of the catchment area plays a significant role in the concentrations of these metals in
the water as the concentrations of Fe and Mn that prevail in the geological formations manifest
divergences, with levels either below or surpassing those discerned in the reservoir sediments,
thereby implying their potential influence on the water column [26]. Furthermore, the sediment
present in the dam emerges as a plausible reservoir for Fe and Mn, primarily attributable to physico-
biogeochemical processes. The variations observed across seasons and the brief-term dynamics
governing the cycling of Fe and Mn within lakes and reservoirs, modulated by stratification dynamics
and redox conditions, also contribute significantly to their escalated concentrations [27].

On the outskirts of the Pinios dam reservoir in Ilia Regional Unit, Greece, a freshwater refinery
serves the water supply needs of the Municipalities of Elis, Pinios and Andravida-Killini. The refinery
operated smoothly until November 2016, when a significant increase in Fe and Mn levels at the water
intake point, surpassing the refinery's design limits, was observed. Consequently, the refinery was
temporarily suspended. The primary objective of this research is to investigate the increased Fe and
Mn in the reservoir of the Pinios dam and to understand the mechanism between them. The study,
which was carried out during one hydrological year (May 2018 - May 2019), examines the dynamics
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of Fe and Mn through hydrochemical and sedimentological analyses at all monitoring stations
established in the reservoir for this purpose. The research aimed to evaluate the spatial and temporal
distribution of Fe and Mn, along with the analysis of major oxides, and other sediment characteristics
in the reservoir bottom sediments, to understand the geochemical processes affecting the quality of
water entering the reservoir. Moreover, the research seeks to propose strategies to mitigate elevated
Fe and Mn levels in the reservoir, thereby ensuring that high water quality standards are maintained
for the local population.

2. Background of the Study Area

The study area and the sampling stations selected for this research refer to the Pinios dam
drainage basin and reservoir, located in the Ilia Regional Unit, in Western Greece. This dam is a
heterogeneous earth-filled dam 50m high, 2175m long, with a final crest elevation of 100m and a
reservoir with a total area of 19.87km? completed in 1968. The reservoir collects the surface waters of
a catchment area of 673.41 km? and, according to the design, its total capacity at the level of +93m,
(above which the overflow of the dam begins), is 415*106 m? of water, while the reservoir's useful
capacity is 365*10¢ m® of water. The water is used for drinking and irrigation purposes and below
+58m 50*10° m? of water remains to maintain the ecological balance of the reservoir.

The geological setting of the research area consists mainly Alpine bedrock which is composed
of formations from the Ionian, Gabrovo-Tripolis, and Pindos geotectonic zones of Greece (flysch and
limestones) as well as Neogene and Quaternary sediments. The following map representing the
geological formations of the surrounding area was created in ArcGIS Pro 3.3 based on four geological
sheets of the Hellenic Survey of Geological and Mineral Exploration (Figure 1).
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Figure 1. Study area with the prevailing geological formations.

Increased rates of soil erosion [28,29] and shallow landslides [30] have been observed in the area
around the dam, mainly due to the extensive fires that have occurred in the last 20 years [31]. This
contributes to an increase in sediment deposition in the reservoir, which affects the concentration and
distribution of Mn and Fe remaining in the artificial lake and thus the water quality.

Underneath the dam, a Water Treatment Plant (WTP), with a capacity of 2,014 m3/h, is supplied
with water from the Pinios reservoir and, after treatment, it provides drinking water to the
surrounding municipalities. The treatment includes pre-chlorination, screening, ozonation,
flocculation, sedimentation, filtration and post-chlorination. The WTP temporarily ceased operation


https://doi.org/10.20944/preprints202410.1393.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 October 2024 d0i:10.20944/preprints202410.1393.v1

in November 2016 due to the recording of high concentrations of Fe and Mn in the untreated water,
which did not allow the required treated water quality to be achieved. Since then, regular sampling
and chemical analyses of the water entering the refinery have been carried out to identify the
temporal variation of Fe and Mn concentrations in the raw water. The results of this variation for the
years 2016-2017 are shown in Figure 2.

According to the Public Officials Act (Government Gazette 3282/B/19/09/2017) "Quality of water
for human consumption in compliance with the provisions of Directive 98/83/EC of the Council of
the European Union, of 3 November 1998 as amended by Directive (EU) 2015/1787", the drinking
limit for manganese and iron are set at 50 ug/l and 200 ug/l respectively. As shown in Figure 2, these
limits were exceeded several times during the years 2016-2017 and this triggered the present study.

Period: May of 2016 - December of 2017 ==t Mn?+{ug/l]  ==o==Fe[ug/] - -- Mndrinkinglimit - - - Fe drinking limit
1400

1200 +

1000

Concentration [pg/1]

Figure 2. Temporal variation of manganese and iron concentration for the period 2016 to 2017.

As determined by the results of the measurements, Mn concentrations from April to early
October 2016 were in the range of 75-100 pg/L. However, from late October to early December 2016,
very high Mn concentrations were recorded, which in November of the same year exceeded 500 pg/1
in several cases reaching a maximum of 890 ug/L (4/11/2016). In contrast, between the beginning of
December 2016 and the second week of September 2017, Mn levels were low with an average value
of 50 pg/L. Nevertheless, during the last ten days of October 2017, an increase in Mn concentrations
was again recorded which ranged between 185-345 pg/l. Since then and until almost the beginning
of December 2017, Mn levels in untreated water decreased again to values generally lower than 50
ug/l, except on 30/11/2017 when a high Mn value of 170 pg/l was again observed.

Similarly, Fe concentrations from April to early October 2016 were in the range of 200 pg/l. In
contrast, from late October to early December 2016, very high Fe concentrations were recorded which
averaged over 500 pg/l reaching a maximum of 1280 ug/l (29/11/2016). Since then, and until early
December 2017, lower Fe levels were recorded with values varying between 35-270 ug/l. The
exceeding of the acceptable water potability limits for Mn and Fe is related to the redox conditions
prevailing into the reservoir during the referred periods.

3. Materials and Methods

Within the research area, monitoring and sampling stations were established for the analysis of
reservoir sediments as well as incoming and stagnant water. The monitoring and sampling period
covered a full hydrological year, from late May 2018 to late May 2019, focusing on Mn and Fe
concentration values in water and sediments.
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3.1. Sediment and Water Sampling in the Reservoir

Sediments were collected using a Van-Veen type grab with a sampling area of 0.04m? from the
bottom of the dam reservoir at stations P1, P2, P3, P4, P5, P6 and P7 (Figure 3), on 4/6/2018 and
9/10/2018, covering the summer and autumn seasons, respectively. Water column sampling to a
depth of 30m was carried out at stations P1, P3 and P7 (Figure 3) on 9/10/2018 and at stations P3 and
P7 on 22/02/2019, covering the autumn and winter seasons, respectively. The water depth at each
sampling station during the above periods is presented in Table 1.
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Figure 3. Sediment and water column sampling locations in the reservoir.

Table 1. Water depth in the reservoir during the sampling periods.

Water depth (m) Water depth (m) Water depth (m)

Codes Stations 04.06.2018 09.10.2018 22.02.2019
(Lake water (Lake water (Lake water
level:92.50m) level:85.90m) level:91.10m)
P1 Water intake pipe entrance 27.0 21.8 -
P2A Velitseiko mouth 14.8 8.4 -
P2B Velitseiko mouth - 1.9 7.0
P3 Daouti Ksenies (north) 27.8 20.7 25.6
P4A Pinios mouth 6.6 - -
P4B Pinios mouth - 0.5 6.5
P5A Piniakos Ladonas mouth 6.5 - -
P5B Piniakos Ladonas mouth 7.9 2.1 5.0
P6 Agios Ilias - 18.4 24.0
P7 Water intake pipe (north) - 37.0 41.7

At sites P3 and P7, an in situ recording of the profile of the water column physicochemical
properties, temperature (T °C), pH and dissolved oxygen (DO mg/L), per meter depth (Im) was
carried out in the autumn (9/10/2018) and winter period (22/02/2019). In addition, at sites P1, P3 and
P7, water samples were collected to a depth of 30m for laboratory analyses with a step of 5m using a
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2.2L vertical device. The sediments as well as the water samples were placed in a portable refrigerator
for transport to the laboratory, while the preservation of the sediment was done at -4 °C and the water
was analysed within twenty-four hours for nutrients and acidified for heavy metal analysis.

Surface water sampling was also carried out on 04/06/2018, 09/10/2018 and 22/02/2019. Water
was sampled at a depth of 0.5 m from the surface of the reservoir using one litre polyethene plastic
bottles. Samples were also collected in a 100ml polyethene bottle after filtering with a 0.45um filter
to remove particles and acidification with HNOs.

3.2. Runoff Water Sampling

During the current research runoff water sampling was carried out on 24/05/2018, 12/10/2018,
29/11/2019, 18/12/2019, 30/01/2019, 22/02/2019 and 31/03/2019 at six locations (Stations: S1-S6) which
correspond to the tributaries and the main branch of the Pinios River basin (Figure 4). The samples
were collected in two polyethene bottles of 1L and 100ml. The samples in the 100 ml bottle were
collected after filtering in situ with a 0.45um filter to remove particles and acidification with HNOs
[32].
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Figure 4. Runoff water sampling locations.

All water samples collected from both the reservoir and the surrounding tributaries covered a
full hydrological year, as well as episodes of heavy rainfall, to investigate the effect of heavy rainfall
on the water chemistry of the rivers flowing into the dam reservoir. The samples were transferred to
the Hydrogeology Laboratory of the Department of Geology of the University of Patras for chemical
analysis and in particular for the determination of iron and manganese concentrations, as well as the
main cations calcium, magnesium, sodium and potassium. In situ measurements of the unstable
physicochemical parameters of temperature, conductivity and pH were also carried out with a YSI
63 multiparameter measuring electrode, while alkalinity was determined using the HACH titration
method.

3.3. Granulometric Analysis of Sediments

For the particle size analysis of the collected sediment samples, the most common
methodological scheme for sediment particle size analysis was used, which is divided into two sub-
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methods: (i) the dry sieving method for the granulometric classes of gravel and sand, and (ii) the
granulometric analysis using the Malvern Mastersizer 2000 Hydro (Laser Analysis) for the
granulometric classes of silt and clay. This analysis aims to describe the collected sediments in terms
of their lithological nomenclature and statistical description. The separation of the fine-grained
material (silt and clay) from the coarse-grained material (gravel and sand) was carried out by wet
sieving. In the coarse fraction the particle size analysis was carried out using sieves and in the fine
fraction using the Malvern Mastersizer 2000 Hydro.

The results of the analyses are presented as a cumulative percentage by weight curve and as
triangular diagrams according to [33] and [34]. The results of the particle size analysis and the
calculation of the statistical parameters were processed using the GRADISTAT software [35]. The
statistical parameters that were calculated are Md (Median), Mz (Mean size), oi (Standard deviation),
Ski (asymmetry) and KG (Kurtosis). They were calculated using the graphical method (graphic
measure: [36]).

3.4. Geochemical Analysis of Sediments

The geochemical analyses that were performed on the collected sediments included: (i) the
determination of Total Organic Carbon (TOC), Total Phosphorus (TP), Calcium Carbonate (CaCOs),
Total Carbon (TC), Total Nitrogen (TN), and (ii) the determination of major elements. The
quantification of organic carbon was carried out by the potassium dichromate (K2Cr207) oxidation
method according to [37] and [38]. The determination procedure is based on the oxidation of organic
substances with potassium dichromate and concentrated sulphuric acid. The amount of potassium
dichromate consumed is determined by titration of the excess with a solution of divalent iron.
Diphenylamine is used as an indicator for the end of the volumetric measurement.

For the determination of total carbon (TC) and total nitrogen (TN), a CHNS-O EA 1108 Elemental
Analyzer type from Carlo Erba was used. The measurements were carried out at the Instrumental
Analysis Laboratory of the University of Patras. The operating principle of this instrument is based
on chromatographic analysis by heating the sample under study at 1020 °C. The final results after the
measurement are normalized based on standard samples and then the weight calculation is
performed. The apparatus for storing and processing the data uses the Eager 200 software. The
percentage of carbonate in the samples was determined using the FOG II/Digital hand-held soil
calcimeter Version 2/2014 of BD INVENTIONS. The operating principle of the device is based on the
measurement of COz emissions after the reaction of the sample with 6 N hydrochloric acid according
to [39] and [40].

Total phosphorus was determined according to the APHA 2005-4500-P method [41], using a DR
2800 spectrophotometer from HACH. Initially, for each sample, 0.3 grams were weighed on a four-
decimal precision scale. The samples were then powdered and placed in 100 ml volumetric flasks. 50
ml of H20, 0,5 gr of K25:0s8 and 1 ml of H250: were added and the samples were boiled for 30 min.
For the preparation of H2SOs, 300 ml of H2SOs was used and diluted in 1 1 H2O. After boiling -
digestion the samples were filtered into 100 ml volumetric tubes. The filtration products were then
placed in standard HACH-Lange LCK 349 reagents and measured spectrometrically.

The concentrations of 10 major elements (Si, Al, Ca, Mg, Mn, P, Fe, Na, K and Ti) measured by
comparing the X-ray intensities of each element with those of calibration curves, constructed from
the analysis of known concentrations in 32 international standards. For the preparation of the pressed
"tablets", 1.8g of dry sample powder was used, which was mixed with 0.2g of wax, which acts as an
adhesive, and 15 tons of pressure was applied to the final product. The compressed "tablets" were
analyzed with the X-ray Fluorescence Wavelength Dispersive Spectrometer (WD-XRF) type ZSX
PRIMUS II, RIGAKU, which is equipped with a 4 kW Rh lamp. The instrument is located at the
premises of the Electron Microscopy and Microanalysis Laboratory of the University of Patras.

3.5. Chemical Analysis of Water Samples

After each sampling, water samples were transferred to the laboratory for chemical analysis and
determination of the main cations (Ca2, Mg*, Na*, K*, NH4*), the main anions (NOs, NOz, POs>
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HCOs;, SOs2katt Cl), and the metals (Fe and Mn). Using the Hach DR/4000 spectrophotometer, nitrate
(NOs.), nitrite (NOz-), ammonia (NH4), sulfate (SO+*), and phosphate (PO+?%) were determined using
the HACH DR/4000 spectrophotometer. The analyses for the determination of nitrogen and
phosphate compounds were performed within 24 hours of sampling. Alkalinity, from which
bicarbonate (HCOs') was calculated, was determined by the HACH titration method, while chloride
ions (Cl) were determined by titration with AgNOs.

The cations Ca*?, Mg*?, Na* and K*as well as the metals Fe and Mn were determined by atomic
absorption spectroscopy using the Perkin Elmer Pinacle 900. The flame technique was used for the
determination of the above elements and the proposed methodologies for each element were
followed as described by both the company PerkinElmer Inc. [42] and the international literature [43—
45]. The detection limit, i.e. the lowest concentration that can be detected by the device using the
methodology followed for manganese is 10 pg/l.

4. Results
4.1. Classification of the Reservoirsediments

The results of the particle size analysis show that the bottom sediments of the Pinios dam
reservoir at the sampling locations P1, P2, P3, P5, and P6 are classified as M-Mud and at the locations
P4 and P7 as Z-SILT. The distribution of percentages and the ranking of samples using a triangular
FOLK diagram are shown in Figure 5.

Sand

90

¢S /mS}\ zS

10
Clay,/ © | "riks?® N\ sit
2:1 1:2

Figure 5. Triangular classification diagram of the analysed sediments.

The aggregated results with the percentage of each class and their calculated statistical
parameters are presented in Figure 6. The sand content in the analyzed samples ranged from 0.87 to
7.53 % with an average value of 3.59 %, the percentage of silt varied between 53.09 and 71.77 % with
an average value of 60.52 % and the clay component ranged from 25.20 % to 45.16 % averaging at
35.89 %. It seems that silt prevails among the sediment compounds. Sand is lowest at station P3 which
is located at the central part of the reservoir and highest at the P2 which is near the Velitseiko mouth
while clay has the higher percentage at station P6 and the lowest at P4 where the Pinios River's
primary channel enters the water reservoir.


https://doi.org/10.20944/preprints202410.1393.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 October 2024 d0i:10.20944/preprints202410.1393.v1

8

7
6 n
a
g > £
g 4 3
N 5
3 3 =
o kY
G} 2 2
©
1 &

0

-1

P1 P2 P3 P4 P5 P6 P7

ESand MSilt EClay mMean ¢ Sorting a Skewness @ Kurtosis
Figure 6. Grain size percentage and statistical parameters of the reservoir sediments.

4.2. Geochemical Analysis of the Reservoir Sediments
42.1.TOC/TN/TP/TC/CaCOs

The results of the determination of Total Organic Carbon (TOC), Total Phosphorus (TP), Calcium
Carbonate (CaCOs), Total Carbon (TC) and Total Nitrogen (TN) of the bottom sediments of the
reservoir are presented in the following table (Table 2) and chart of Figure 7.

Table 2. Table of TOC /TN /TP / TC / CaCO:s of the reservoir sediments.

Samples TOC (%) TP (mg/kg) CaCO:s (%) TC (%) TN (%)
P1 1.13 440 319 8.26 1.95
P2 0.49 87.33 12.5 4.63 0.95
P3 0.49 103.33 17.8 3.06 1.32
P4 0.83 183.67 14.2 2.8 1.56
P5 0.72 121.67 27 3.89 1.34
P6 0.53 189 17.3 3.01 0.2
P7 0.97 115.33 23.6 3.81 0.2

Min 0.49 87.33 12.5 2.8 0.2
Max 1.13 440 319 8.26 1.95

Average 0.74 177.19 20.61 421 1.07
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Figure 7. Bar charts of TOC / TN / TP of the reservoir sediments.

The bars represent the percentage composition of TOC and TN, and the green line with markers
indicates the concentration of TP in mg/kg for each sample. It seems that there is variability in the
concentration of each component across the samples. For instance, TOC and TC percentages show a
pattern where they peak at P1, decrease until P4, and rise again towards sample P7. TP concentration,
shown by the green line, does not follow the same pattern as the bar chart components as it peaks at
P1, decreases significantly at P2, and varies less significantly in the subsequent samples. The
concentration of TP does not seem to correlate directly with the percentage of TOC, TC, or TN as the
peaks and troughs of TP do not align with the changes in TOC, TC, or TN, suggesting that the
processes influencing phosphorus content may be different from those affecting organic and total
carbon or nitrogen content.

4.2.2. Major Elements

The results from the determination of the major elements of the sediment samples are presented
in the following charts. Figure 8 is a horizontal stacked bar chart that shows the composition of major
elements in samples P1 through P7, expressed as a percentage of the total composition. Each coloured
segment within a bar represents a different element, and the length of the segment corresponds to
the proportion of that element in the sample. Below the chart, there are two rows of values labelled
"UCC" and "SHALES", that represent average compositions for the upper continental crust and
average shale compositions, respectively, which serve as reference.
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Figure 8. Bar charts of the major elements of the reservoir sediments.

The observed levels of manganese (MnO) and iron (Fe20s) oxides in the sediment samples
exhibit elevated concentrations when compared to typical shale compositions as documented by [46],
as well as the averages found in the Upper Condimental Crust (UCC) as reported by [47], indicating
a possible source material rich in Fe and Mn and a depositional environment that promotes Fe
oxidation. The variation of MnO and Fe:0s concentrations in each sediment sample is presented in

Figure 9.
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Figure 9. Variation of MnO and Fe20s of the reservoir sediments.

The spatial distribution of MnO and Fe:0sin the reservoir sediments (Figure 10) is represented
with the Inverse Distance Weighting (IDW) technique using ArcGIS Pro. This approach calculates
the values for cells in a raster grid by considering the inverse proportion of their distance from a set
of known sample points.
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Figure 10. The spatial distribution of MnO and Fe20s of the reservoir sediments.

4.3. Water Column Stratification

Based on the in-situ measurements of the water column at sampling stations P3 and P7 on
9/10/2018 (dry season), a stratification of the water column was identified in which three main
sections were distinguished. The first one is superficial and is up to a depth of about 15m (+61m) from
the reservoir surface and is well oxygenated, the second one is identified between 15 and 18m(+58m)
and is hypoxic and the third one is identified below 18m and fully anoxic. Typical plots of
stratification in the water column with the distribution of dissolved oxygen, temperature and pH per

depth are presented for the sampling stations P7 and P3 in Figure 11.

D.O. (mg/L) T'C pH
66 68 70 72 74 76 78 80 82 84

o 1 2 3 4 5 6 7 8 9 10 10 12 14 16 18 20 22 24 2
0 P S L L L L L L
i S‘,s' -
5 ] s H 5 -
- 3 -
[ @ -
. ¢ I
10 s 104 3 10 -
B S € H £ -
= rd c ¢ = s
3 :,5; 15 g g i &
@
8 a /éi’ s 2
“] /('/,/0 ® 4 .
Anoxic Conditions 25 ,,/"9 2 & #—October 2018
25 // —a— October 2018 4
o 2
—e— October/2018 o 30
30
(a) (b) (c)
D.O. (mg/L) TC pH
o 1 2 3 4 5 6 7 8 9 10 20 22 2 2 66 68 70 72 74 76 78 80 82 84
0 L W | L h ! L h h 1 ! H
! <
13 / P
I3
. o
] ! o ¢ 8 L
. 3
: e
£ : - 3 _ <
E ! £ $ 3 <
= 10 o = 104 [ = 104
2 ¢ 2 3 2 ¢
8 '-1 =) 3 8
4
_— ?
15 . 15 1
— //' 15 .
H Bound:
>~ HypoxicBoundary / —a—October 2018 ~e— October 2018
204 . it 204  o— 204
Anoxic Conditions  —e— October/2018
(d) (@) ()

Figure 11. Distribution of physicochemical parameters in the water column (9/10/2018). StationP7:(a)
D.O. (mg/L), (b) T (°C) and (c) pH & Station P3:(d) D.O. (mg/L), (e)T(°C) and (f) pH.

The distribution of the physicochemical parameters of the water column for the respective
sampling on 22/02/2019 shows a different behaviour. During the winter sampling the values of pH,
dissolved oxygen and temperature at both sampling stations (P3 and P7) do not vary with depth.
This indicates a lack of stratification and homogenization of the water column during the winter
months, due to the inflow of freshwater from rainfall events and the subsequent homogenization of
the water column which is also confirmed by the increase of dissolved oxygen in the water column
compared to the results from the dry season. Characteristic plots of the water column measurements
for the dissolved oxygen, temperature and pH in the wet season are shown in Figure 12.
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Figure 12. Distribution of physicochemical parameters in the water column (22/02/2019). Station P7:
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4.4. Chemical Analysis of Water Samples

Figures 13-15 present the results of the chemical analyses of the runoff water samples from the
sampling stations located in the tributaries of the Pinios River network from May 2018 to March
2019.The water samples were analyzed for major cations/anions, Fewt and Mn content, as well as for
pH, Temperature (°C), and Conductivity at 25 -C.

Total iron concentrations vary significantly, ranging from non-detectable (ND) to 0.65 mg/l.
Manganese levels remain relatively low, varying between 0.01 mg/l and 0.08 mg/l. The seasonal
trends reveal that iron concentrations tend to increase in the winter months, while manganese shows
a less pronounced seasonal variation, though concentrations are generally higher in autumn and
winter.

Calcium concentrations range from 48 mg/1 to 108.4 mg/1 across the stations and dates, with the
highest values observed at S3 and S2. Magnesium levels fluctuate between 1.2 mg/l and 19.2 mg/l,
with peaks at stations like S6 and S2. These elevated levels of calcium and magnesium may suggest
significant input from limestone or dolomite weathering. Sodium shows considerable variation, from
as low as 7.9 mg/l to as high as 49.3 mg/l, with S2 consistently showing higher values. Potassium
concentrations are consistently low, ranging between 0.2 mg/l and 1.6 mg/l. Bicarbonate
concentrations are relatively high, ranging from 162.3 mg/1 to 308.7 mg/1. The highest values observed
at S2 and S3 may suggest significant carbonate rock weathering or groundwater inputs, which also
contribute to increased conductivity in these stations. Sulfate levels range from 0.8 mg/l to 69 mg/l,
with a significant spike at S3 in February 2019. Chloride values range from 19.4 mg/l to 72.6 mg/],
with the highest concentrations observed in S2, likely due to agricultural runoff. Nitrate
concentrations are generally low, between 0 mg/l and 12 mg/l, with higher values recorded at S1 and
S3 in December 2018. Nitrite levels are very low across the stations, typically below 0.1 mg/l with a
maximum value equal to 0.175 mg/l at S4. Ammonium concentrations range from 0 mg/I to 1.316
mg/l, with a notable spike at 54 in January 2019. Phosphate levels are mostly low, ranging from 0
mg/l to 2.073 mg/l, with the highest value recorded at S1 in March 2019.

The pH values remain slightly alkaline, ranging from 7.5 to 8.6. Water temperatures (°C) vary
seasonally, with values between 9.6 °C and 24 °C. Conductivity at 25°C (uS/cm) from 257 uS/cm to
779 uS/cm, with the highest values observed at S2. Elevated conductivity is linked to higher
concentrations of dissolved ions, particularly at stations with significant bicarbonate, sulfate, and
chloride levels.
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Figure 13. Chemical analyses of the runoff water samples from the Pinios River network (Ca2, Mg?,
Na*, HCOs, SO4Z, CI;, NO»).
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Figure 14. Chemical analyses of the runoff water samples from the Pinios River network (K*, NOz,
NHz4*, PO#*, Fetot, Mn).
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Figure 15. Chemical analyses of the runoff water samples from the Pinios River network (pH,
Temperature (°C), Conductivity at 25 -C).

The following maps (Figure 16) present the spatial distribution of Mn and Fett of the reservoir’s
surface water samples from June 2018 to January 2019.The distribution is visualized using the Inverse
Distance Weighting (IDW) method in ArcGIS Pro, which estimates cell values in a raster from a set
of sample points based on the inverse of their distance to the points. The northern part of the reservoir
consistently shows higher concentrations of both Mn and Fe throughout all sampling periods,
possibly due to localized geochemical or hydrological processes, such as the inflow of water rich in
these metals or reducing conditions in the sediments that promote metal solubilization. Seasonal
variations seem to play a significant role, with concentrations of both Mn and Fe increasing from June
to October, possibly due to temperature and redox changes in the reservoir water, which enhance the
dissolution of metals from sediments.
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Figure 16. Spatial distribution of Mn (a, b, c) and Fewt (d,e,f)of the reservoir’s surface water samples.
Sampling dates: (a and d, 04/06/2018), (b and e, 09/10/2018), (c and f, 22/02/2019).

Furthermore, the following charts present the variations of Fe and Mn concentrations of the
reservoir’s surface water samples for the dates 04/06/2018, 09/10/2018 and 22/02/2019 in contrast with
the Fe and Mn influx from the surrounding tributaries on 31/01/2019 as well as on 22/02/2019(Figure
17). Considering these charts and the spatial distribution maps above, it is concluded that on
04/06/2018the Mn fluxes from the tributaries Piniakos Ladonas and Velitseiko are slightly higher than
the maximum allowed concentration of 50 ug/l, which is also reflected in the stations P5 and P2, that
are close to these tributaries, respectively.

On 09/10/2018the Mn fluxes from the Velitseiko tributary are slightly higher than the maximum
allowed concentration of 50 ug/l, which is also reflected in the nearby P2 station. However, at depths
greater than 20m, at stations P1 and P7, Mn concentrations reach values over 200 ug/l, which occur
with the same values at the outlet of the water from the dam gate (station P8).

On 22/02/2019the Mn fluxes from the Pinios River, and the tributaries Piniakos Ladons and
Velitseiko are significantly reduced and range below the permitted limits of 50 ug/l, while on the
contrary, Fe fluxes increase significantly and range above the permitted limits of 200 ug/L
Correspondingly, the values of Mn on the surface of the reservoir and at the water outlet range
between 50pg/1-100pg/l, while those of Fe are close to the limit of 200ug/l. At depths greater than
20m, at stations P1 and P7, Mn concentrations range between 50ug/l-100ug/l, while those of Fe are
close to the limit of 200ug/1.
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Figure 17. Variation of manganese and iron concentration of the reservoir water samples on (a)
04/06/2018, (b) 09/10/2018, (c) 22/02/2019 in contrast with the Fe and Mn influx from the surrounding
tributaries on 31/01/2019, and (d) 22/02/2019 in contrast with the Fe and Mn influx from the
surrounding tributaries on 22/02/2019.

The stratification that was identified on 9/10/2018 (dry season) is also visible in the variation of
manganese concentrations. As shown in Figure 18, the manganese concentration at station P3 (20m
depth), where reducing conditions (anoxic) prevail, increases and reaches 112 pg/l. In the same depth
at station P1, it reaches 331 ug/l, while at station P7 it reaches 210 pg/1. The station P7 also recorded
a value of 379 pg/L at a depth of 25 meters. Therefore, at the outlet of the water from the dam gate at
depths from +58 to +61, the concentration of Mn is high, reaching 226 ug/l. Iron concentrations are
elevated relative to Mn concentrations with the highest concentrations occurring up to a depth of
10m. The stratification of the column is also followed by the concentration of ammonium ion (NHs+*),
which at P7 from 0.032 mg/1 at 0.5 m reaches 0.305 mg/1 at 25m.
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Figure 18. Variation of manganese and iron concentration of the reservoir water samples on
09/10/2018 (a) Fetot & (b) Mn, and 22/02/2019(c) Fetwt & (d) Mn.
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5. Discussion

The examined sedimentological parameters show that the bottom sediments of the reservoir’s
dam consist of fine-grained sediments which are classified as M-Mud and Z-SILT and are
characterized by medium to rich in total organic carbon (TOC>0.5%). The geochemical analyses of
the sediments at most sampling stations show high values of manganese (MnO) and iron (Fe20s)
oxides in relation to the corresponding values of the clays (shales) and the surface part of the earth's
crust (Upper Condimental Crust — UCC). This finding is mainly due to the fluxes of the above Fe and
Mn oxides, as weathering materials of the Neogene formations and the flysch, which structure a large
part of the upstream reservoir's catchment area, reach through soil erosion and runoff processes into
the tributaries and then into the dam water reservoir. Upon entering the surface layer of the reservoir,
iron and manganese oxides participate in biogeochemical processes. The main geochemical process
is their partial dissolution during their journey from the surface water layer to the bottom of the
reservoir. The conditions related to their dissolution are the Eh which is linked to the availability of
oxygen, pH, pressure, and temperature of the lake water. Based on the analysis of the hydrochemical
parameters of the reservoir water column, it can be inferred that in reducing conditions (lack of
oxygen) the partial dissolution of the oxides results in the enrichment of the water column in iron
and manganese ions. The chemical reactions for manganese (Mn) and iron (Fe) under anoxic
conditions in water are shown below.

Fe20s(s) + 6H* +2e- — 2Fe?*(aq) + 3H20(1)

MnOx(s) + 4H* + 2e- — Mn2* + 2H0

During the autumn/dry season, high manganese concentrations (Mn>200 ug/l) are observed
below the +61m altitude, where there is an outlet of water from the dam gate, which flows to the
Water Treatment Plant. Between the altitudes of 61-65m, a layer of manganese concentration is
observed with values ranging between 100<Mn<200pg/1. Finally, at altitudes higher than +65m, which
is the minimum ecological and operational level of water of the dam, Mn concentrations have values
of Mn<50pg/l. In contrast, during the winter/wet period, manganese concentrations are homogenized
and range throughout the water column between 50<Mn<100pg/l. It is noticeable that the variation
of Fe and Mn oxides at the bottom of the reservoir shows that the concentration of Fe oxides in the
sediment is higher compared to the Mn oxides at all positions. The thermodynamic stability of Fe and
Mn oxides indicates that Mn oxides are more sensitive to reducing conditions and dissolve more
easily than Fe oxides. As a result, in the anoxic layers of the water column in the autumn/dry season,
below the +58 m altitude, very high Mn concentrations are observed, which exceed Fe concentrations,
while in the oxygenated surface layer (+61 m to +86m) Fe concentrations predominate over Mn. The
above hydrogeochemical process is confirmed by the stratification of the reservoir water column and
the distribution with depth of the hydrochemical analyses of Fe and Mn, a phenomenon that was
observed during the autumn/dry period. Conversely, during the winter/wet season no stratification
of the water column is observed due to the influx of fresh water originating from rainfall events as
the larger amounts of water received by the reservoir seem to lead to the subsequent homogenization
of the water column with a decrease in Mn levels. This is confirmed by the increase of dissolved
oxygen in the water column by 35% on average, comparing the relative dissolved oxygen versus
depth plots for the wet and dry seasons, respectively.

The accumulation of Fe and Mn in sediment is intricately influenced by factors including redox
processes, mixing dynamics, and biological activity [48]. Their concentrations in bottom sediments
are typically much higher than those in the water, a distinction attributable to the limited solubility
of these elements in the form of salts [23]. The behavior of Fe and Mn is additionally influenced by
sediment resuspension, a variable that can be impacted by external factors such as inflow patterns
and the direction and speed of the wind [22,49]. In their 2020 study, Krueger et al. investigated the
dynamics of Fe and Mn fluxes in the hypolimnion of Falling Creek water reservoir in Virginia (USA)
during thermal stratification, revealing the significant influence of dissolved oxygen (DO) and redox
conditions on the solubilization and release of these metals from sediments into the water column.
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Low dissolved oxygen in the hypolimnion of drinking water reservoirs can reduce oxidized,
insoluble Fe and Mn in sediments to soluble forms, which are then released into the water column
[50]. Munger et al. studied the spatial and seasonal variability of Mn and Fe in a reservoir which is
influenced mainly by the reservoir stratification as the accumulation of Fe and Mn in the water
column is driven by the reduced conditions within the bottom sediments [10]. Several studies have
also pointed out the importance of managing Mn release at the interface between sediment and water
through the application of hypolimnetic oxygenation techniques [51-53].

The results of the hydrochemical analyses in early summer (04/06/2018) showed that the Mn
fluxes from the tributaries Piniakos Ladonas and Velitseiko were slightly higher than the maximum
allowable concentration of 50 ug/l, which was recorded at stations P5 and P2 at the margins of the
reservoir. On09/10/2018the Mn fluxes from the Velitseikotributary were found to be slightly higher
than the maximum allowed concentration of 50 pg/l, which was recorded in the nearby station P2.
However, at depths greater than 18-20m, at stations P1 and P7, the concentrations of Mn soar to
values above 200 ug/l, which also appears at the water outlet of the dam gate, at station
P8.0n22/02/2019theMn fluxes from the Pinios River, and the tributaries Piniakos Ladonas and
Velitseiko were significantly reduced and ranged below the permitted limits of 50 ug/l, while on the
contrary, Fe inputs increased significantly and fluctuated above the permitted limits of 200 pg/l.
Correspondingly, the values of Mn on the surface waters of the reservoir and at the water outlet
ranged between 50mg/l to 100mg/l, while those of Fe are close to the limit of 200ug/l. At depths
greater than 18-20m, the concentrations of Mn vary between 50mg/1 to 100mg/l, while those of Fe are
close to the limit of 200ug/1.

Concerning the hydrochemical analyses of water in the river system of the Pinios basin, it
appears that the most predominant ions in the water are calcium (Ca?") and bicarbonate (HCO?).
Their average values reach73.3mg/l for calcium and 233mg/l for bicarbonate. According to the
Geochemical Atlas of Europe [54], calcium values in European river waters range from 0.02 mg/l to
592 mg/l with an average value of 40 mg/l. The presence of these ions originates from the mineral
components of the carbonate rocks, which structure the catchment area of the Pinios River. Nitrogen
and phosphate vary in very low concentrations, so there is no pollution in the river waters from these
compounds.

However, the presence of Fe and Mn ions in the water is quite remarkable. Manganese values in
the European river waters range from <0.05 pg/1 to 698 g/l with an average value of 15.9 ug/l, while
the global average is 10 pg/l [54]. The average value of manganese in the Pinios River and its
tributaries is 39.3pg/l, which is above the average concentration of manganese in European rivers.
Iron values in European river waters range from <1pug/l to 4820pg/l with an average value of 67ug/l,
while the global average is 40ug/1 [54]. The average value of Fe in the Pinios River and its tributaries
is 189ug/l, which is also above the average concentration of iron in European rivers. Manganese
concentration values do not differ significantly in the different periods and fluctuate at the same
levels, while iron concentrations show an increase during the winter months especially during
January, February, and March, when high and intense rainfall occurs in the research area. Since the
manganese and iron ions in the river waters originate from the erosion of the Neogene and Flysch
formations that constitute a large part of the Pinios river basin, it seems that intense precipitation
causes this increased concentration inf iron and manganese. The mobility of these ions in surface
waters is a complex process and is affected by many factors, such as redox potential, pH, and the
presence of organic matter [55].

Similar concentrations of manganese and iron ions are also present in the surface water of the
reservoir, which receives the water of the Pinios River and its tributaries, with an average value of
46ug/l for Mn and 81pg/1 for Fe during the summer season (04/06/2018)and an average value of 63ug/1
for Mn and 186pg/1 for Fe during the sampling of the winter season (22/02/2019).Thus, it appears that
in the surface layer of the reservoir (0.5 m from the surface) the concentration of these ions is
influenced by the concentration of ions in the waters of the rivers flowing into the reservoir. In the
deeper layers of the reservoir, the concentrations of iron and manganese ions are modulated by the
redox conditions, temperature, water pH and the presence of organic matter.
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6. Conclusions

This comprehensive study, conducted around the Pinios dam basin over a hydrological year
from May 2018 to May 2019, has provided significant insights into the sedimentological and
hydrochemical characteristics of the area. The research revealed that the bottom sediments of the
dam’s reservoir are predominantly fine-grained, with a medium to high content of total organic
carbon, indicating a rich organic material presence. Geochemical analyses highlighted high levels of
Mn and Fe oxides, surpassing typical concentrations found in clays and the upper continental crust,
attributed to the weathering materials from the upstream area reaching the streams and the water
reservoir through soil erosion and runoff processes. This study also detailed the dynamic
hydrochemical processes within the water column, showing the partial dissolution of Fe and Mn
oxides under reducing conditions, leading to their enrichment in the water. Seasonal variations were
observed in Mn and Fe concentrations, with higher Mn levels noted during the autumn/dry season
in deeper water layers, while winter brought about homogenization of these concentrations across
the water column due to the increased rainfall and subsequent influx of fresh water.

Moreover, the study's findings on the exceedance of potability limits for Mn and Fe in water
entering the Water Treatment Plant (WTP), which is supplied with water from the Pinios reservoir
and after treatment, it provides drinking water to the surrounding municipalities underscore the
environmental and public health implications of metal ion concentration in water sources. The
continuous presence of calcium ions and bicarbonate ions in the river waters of the Pinios basin,
together with the remarkable concentrations of Mn and Fe, indicates the significant geochemical
influence on water quality of the mineral components of the geological bedrock of the upstream part
of the basin, which are precipitated through soil erosion and surface runoff into the reservoir.

In conclusion, this research underlines the critical need for ongoing monitoring and
management of water quality in dam reservoirs and their contributing river basins. The observed
fluctuations in metal ion concentrations, particularly Mn and Fe, highlight the intricate balance
between geological, sedimentological and hydrological, processes influencing the water chemistry.
These insights are vital for informing water treatment practices and ensuring the safety and
sustainability of water resources in regions similar to the Pinios dam basin.
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