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Abstract

Background and Objective - Constructed wetlands are increasingly used as nature-based polishing systems to remove residual
contaminants from industrial effluents following conventional treatment processes. This study evaluated the accumulation of residual
heavy metals by Typha latifolia in a pilot constructed wetland receiving treated mining drainage water from a tailings facility in Bolnisi,
Georgia.

Methods - Field monitoring was conducted monthly between May and September 2025. Water, sediment, and plant samples were
collected to assess the distribution of zinc (Zn), copper (Cu), iron (Fe), and manganese (Mn) within the wetland system. Plant tissues
were digested following the EPA 3050B protocol, and metal concentrations were determined by atomic absorption spectrometry in
accordance with ISO 8288-A:1986. Water samples were analyzed using a Hach DR-3900 spectrophotometer.

Results - Metal accumulation was strongly concentrated in root tissues, whereas substantially lower concentrations were detected in
leaves and flowers. Iron and manganese exhibited the highest concentrations in plant biomass, with clear evidence of root-dominated
retention. Translocation factor values below unity for all investigated metals indicated limited movement from roots to above-ground
tissues, supporting phytostabilization as the dominant remediation mechanism. Additional upstream—downstream monitoring
conducted in 2026 demonstrated an average manganese removal efficiency of 67%, suggesting that the wetland contributes to the
attenuation of residual metals.

Conclusion - The findings indicate that Typha latifolia acts mainly as a phytostabilizing species in the investigated wetland and suggest
that constructed wetlands may serve as a low-cost supplementary treatment stage for chemically treated mining wastewater. Long-term
studies are needed to confirm these preliminary results.

Keywords - phytostabilization; wetland macrophytes; metal translocation; nature-based treatment; manganese removal; rhizosphere
retention.

I. INTRODUCTION

Mining and ore processing activities represent one of the major anthropogenic sources of heavy metal contamination in aquatic
environments [1]. Wastewater generated during mineral processing and tailings management often contains elevated
concentrations of metals such as iron, manganese, copper and zinc [2], [3]. Although chemical treatment technologies can
significantly reduce metal concentrations, residual amounts of contaminants may still remain in treated effluents.
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In Georgia, the Bolnisi mining district of the Kvemo Kartli region, where the RMG (formerly Madneuli) gold—copper deposit
at Kazreti has been exploited by open-pit mining since the 1970s, is regarded as one of the most mining-impacted areas of the
country [4], [5]. Concentrations of Cu, Zn and Cd exceeding permissible limits have been reported in agricultural soils of villages
located near the mine [6], [7], and an increase in soil heavy metal levels between 2014 and 2017 has been documented [5].
Elevated concentrations of toxic elements have also been detected in the Mashavera River basin [8], while past irrigation with
contaminated water has been linked to metal accumulation in agricultural soils of the region [9].

Constructed wetlands have become an increasingly popular nature-based solution for the final polishing of treated wastewater
[10], [3]. These systems utilize the combined action of physical, chemical and biological processes to remove pollutants [11],
[12]. Among the biological components, aquatic macrophytes play a key role in contaminant removal through mechanisms such
as adsorption, precipitation, rhizosphere interactions and plant uptake [13], [14].

Typha latifolia L., commonly known as cattail, is one of the most widely distributed wetland macrophytes and has been
extensively studied for its phytoremediation potential [15], [16], [17]. The species demonstrates high tolerance to polluted
environments and produces significant biomass, making it suitable for applications in wetland treatment systems [18].

Despite the growing global interest in phytoremediation, limited studies have investigated the role of wetland vegetation in
mining wastewater treatment systems in the Caucasus region. Previous research in the Bolnisi district has focused mainly on the
contamination of soils, surface waters and crops [6], [5], [8] and on the phytoremediation of contaminated agricultural soils [19],
whereas the performance of wetland vegetation in treating mining drainage water has received little attention. Therefore, the
present study aims to evaluate the capacity of Typha latifolia to accumulate residual heavy metals from treated mining wastewater
in a pilot constructed wetland located near the RMG tailings facility in Bolnisi, Georgia.

It was hypothesized that Typha latifolia preferentially accumulates metals in its roots rather than in aerial organs, indicating
limited translocation of heavy metals within the plant.

This study provides site-specific evidence of heavy metal accumulation by Typha latifolia in a pilot constructed wetland
treating mining drainage water in the Bolnisi mining region of Georgia.

II. STUDY AREA
The study was conducted in a pilot constructed wetland located near the RMG mining tailings facility in the Bolnisi region of
southern Georgia. The RMG (formerly Madneuli) gold—copper deposit is located at Kazreti, on the banks of the Mashavera and
Kazretula rivers, approximately 80 km southwest of Tbilisi [7].
The geographic coordinates of the study site are:
UTM Zone: 38T

Easting: 452,927 m

Northing: 4,583,036 m
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Figure 1. Location of the pilot constructed wetland used for the phytoremediation study in the Bolnisi mining region, Georgia.
The wetland receives drainage water from the RMG tailings facility and functions as a natural polishing stage following chemical
wastewater treatment.

The wetland is an artificially formed treatment system with an approximate surface area of about 65 m?. The system receives
drainage water originating from the tailings facility and serves as a natural polishing stage following chemical treatment
processes.

Water in the wetland flows slowly with a depth ranging from 0.30 to 0.60 m. The wetland substrate consists mainly of silty-
sandy sediment, providing suitable conditions for the growth of wetland vegetation.

The vegetation of the wetland is dominated by Typha latifolia, which forms dense stands across the system. Preliminary
observations indicated that manganese concentrations in the wetland water were relatively higher compared to other metals, while
pH values remained within neutral ranges.

III. MATERIALS AND METHODS
3.1. Sampling design
Field sampling was conducted on a monthly basis from May to September 2025 in the pilot constructed wetland located near

the RMG mining tailings facility in Bolnisi, Georgia. During each sampling campaign, plant and water samples were collected
simultaneously from the wetland system, while a sediment sample was additionally collected during one of the campaigns.
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A total of five sampling campaigns were carried out during the monitoring period. In each campaign, samples of Typha
latifolia were collected in order to investigate metal accumulation dynamics during plant growth.

All plant samples were collected from mature and healthy individuals growing within the wetland vegetation zone.

At the beginning of the monitoring period in May, the average plant height was approximately 0.90 m, whereas during the
later sampling campaigns the plant height ranged between 1.20 m and 1.60 m.

Plant samples were separated into individual organs including roots, leaves, and flowers prior to laboratory analysis in order
to evaluate organ-specific metal accumulation.

Water samples were collected simultaneously with plant sampling events, resulting in five water samples collected during the
study period. In addition, a sediment sample was collected from the bottom layer of the wetland to determine heavy metal
concentrations in the substrate.

3.2. Water analysis

Water samples were analyzed in the environmental laboratory of RMG Gold LLC. Prior to analysis, collected water samples
were filtered using laboratory filter paper in order to remove suspended particles.

The pH of filtered water samples was measured using a calibrated pH meter. After filtration, samples were diluted with
distilled water using volumetric pipettes to obtain suitable concentrations for spectrophotometric analysis.

Metal concentrations were determined using a Hach DR-3900 spectrophotometer. Specific Hach reagent kits were used for
the determination of individual metals. Powder reagent pillows were applied for Cu and Fe determination, while the Zinc reagent
powder pillow method was used for Zn determination. Mn was determined using the periodate oxidation method with Hach
powder pillows.

After reagent addition, samples were thoroughly mixed and transferred into glass cuvettes before being inserted into the
spectrophotometer. Blank solutions were prepared simultaneously in order to ensure proper calibration of the analytical

procedure.

Table 1 — Physicochemical characteristics of wetland water.

N |Sampling area Wetland [Sampling date pH (ng'}” (mcgu/L) (mFge/L) (mMgr/lL)
1|Pilot Wetland Water 30-05-2025 7.65 0.84 0.66 0.14 3.86
2|Pilot Wetland Water 30-06-2025 7.72 0.34 0.07 0.05 2.47
3|Pilot Wetland Water 24-07-2025 7.28 0.78 0.42 0.06 2.16
4|Pilot Wetland Water 30-08-2025 7.40 0.40 0.08 0.06 1.73
5|Pilot Wetland Water 24-09-2025 7.62 0.18 1.60 0.12 0.53
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3.3. Sediment analysis

A sediment sample was collected from the bottom layer of the wetland and transported to the laboratory for analysis. The
sample was analyzed using atomic absorption spectrometry (AAS) according to UNEP Reference Method No. 63 [20]. Prior to
analysis, the sediment sample was air-dried and homogenized. The dried sample was sieved to obtain a uniform particle size prior
to metal analysis.

This method allows the determination of trace metal concentrations in sediment samples following appropriate digestion
procedures.

Table 2 — Heavy metal concentrations in wetland sediment.

Zn Cu Fe Mn
N [Sampling area Wetland [Sampling date
Pine Pine (mg/kg) | (me/ke) | (mg/ke) | (me/ke)
1|Pilot Wetland Sediment |31-07-2025 97 100 21000 1631

3.4. Plant sample preparation and analysis

Plant samples of Typha latifolia were washed with distilled water to remove adhered particles and then separated into roots,
leaves, and flowers. The plant material was dried at room temperature and subsequently ground into a fine powder prior to acid
digestion.

The samples were subjected to acid digestion using the EPA 3050B protocol [21], which was originally developed for solid
matrices such as soils and sediments and was applied here to dried and homogenized plant material. Sample preparation followed
the Plant Processing for Trace Metal Analysis Protocol [22].

After digestion, the resulting solutions were analyzed using atomic absorption spectrometry (AAS) according to ISO 8288-
A:1986 [23] for the determination of Zn, Cu, Mn and Fe concentrations.
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Table 3 — Heavy metal concentrations (mg/kg) in different organs of Typha latifolia.

N SAmpie Sampling area Plant Sampling time lpot an cu ke Min
number organs (mg/kg) | (mg/kg) | (mg/kg) | (mg/kg)
1]10.01 Pilot Wetland Typha latifolia 30-05-2025 Root 40 54 4000 1000
2(10.02 Pilot Wetland Typha latifolia 30-05-2025 Leaf <20 <20 40 700
3|11.01 Pilot Wetland Typha latifolia 30-06-2025 Root 40 48 4800 2700
4{11.02 Pilot Wetland Typha latifolia 30-06-2025 Leaf 30 <20 60 700
5(11.03 Pilot Wetland Typha latifolia 30-06-2025 <20 <20 <40 700
6(12.01 Pilot Wetland Typha latifolia 24-07-2025 Root <20 114 4500 560
7(12.02 Pilot Wetland Typha latifolia 24-07-2025 Leaf <20 <20 <40 400
8|12.03 Pilot Wetland Typha latifolia  |24-07-2025 20 <20 40 630
9|113.01 Pilot Wetland Typha latifolia 30-08-2025 Root 40 20 1700 240
10{13.02 Pilot Wetland Typha latifolia 30-08-2025 Leaf 20 <20 40 450
11)13.03 Pilot Wetland Typha latifolia 30-08-2025 20 <20 <40 370
12|14.01 Pilot Wetland Typha latifolia 24-09-2025 Root 20 <20 1600 620
13|14.02 Pilot Wetland Typha latifolia 24-09-2025 Leaf <20 <20 <40 900
14{14.03 Pilot Wetland Typha latifolia  [24-09-2025 <20 <20 <40 400

3.5. Statistical analysis
The translocation factor (TF) was calculated to evaluate the transfer of metals from roots to aerial plant organs [17].
TF = Cshoot / Croot

where Cshoot represents the concentration of metals in leaves and flowers (mg kg™) and Croot represents the concentration in
root tissues (mg kg™).

Metal concentration data obtained during the study were processed using descriptive statistical methods. Average values were
calculated in order to evaluate the distribution of metals in different plant organs and environmental matrices. Concentrations
below the detection limit were assigned a value equal to half of the detection limit for the calculation of average values. Data
processing and statistical calculations were performed using Microsoft Excel, while graphical visualization was carried out
using Python (Matplotlib).

Comparisons between root and aerial plant organs were used to assess metal accumulation patterns and possible translocation
within the plant tissues.

IV. RESULTS

Water analysis revealed the presence of several residual heavy metals in the pilot wetland system. Among the analyzed
elements, manganese exhibited the highest concentrations in water samples, while zinc and copper were present at lower levels.
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Monthly Variation of Heavy Metal Concentrations in Wetland Water
(May-September 2025)
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Figure 2. Monthly variation of heavy metal concentrations (Zn, Cu, Fe and Mn) in water samples collected from the pilot
constructed wetland between May and September 2025.

Manganese concentrations showed a generally decreasing trend throughout the monitoring period, declining from 3.86 mg/L
in May to 0.53 mg/L in September. Copper concentrations remained relatively low during most sampling campaigns; however, a
localized increase was observed in September, when the concentration reached 1.60 mg/L.

The analysis of plant tissues revealed that heavy metals were primarily accumulated in the root system of Typha latifolia.
This root-dominated accumulation pattern was observed for all investigated metals including Fe, Mn, Zn and Cu.
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Distribution of Heavy Metals in Typha latifolia Organs
(average, May-September 2025)
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Figure 3. Distribution of heavy metals in Typha latifolia organs. Values represent average concentrations (mg/kg dry weight) of
samples collected monthly from May to September 2025 (roots and leaves, n = 5; flowers, n = 4).

Among the investigated metals, iron (Fe) showed the highest concentration in plant tissues, particularly in the roots.
Manganese (Mn) also exhibited elevated concentrations, which is consistent with the relatively higher manganese concentrations
detected in the wetland water.

In contrast, metal concentrations in the above-ground plant organs (leaves and flowers) were substantially lower compared
to root tissues.

This pattern indicates that metal uptake occurs primarily through the root system, while internal transport of metals to aerial
tissues remains limited. This behavior is typical for many emergent wetland macrophytes growing in contaminated aquatic
environments [13], [17].
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Figure 4. Root—shoot comparison of heavy metal concentrations in Typha latifolia. Values represent average concentrations
(mg/kg) of samples collected from May to September 2025 (roots n = 5; shoots, including leaves and flowers, n = 9).

Table 4. Translocation factor (TF) of heavy metals in Typha latifolia based on average root and shoot concentrations.

Root average Shoot average
SR T |
Zn 30 15.6 0.52
Cu 49.2 10 0.20
Fe 3320 31.1 0.01
Mn 1024 583.3 0.57

The calculated translocation factor (TF) values for all investigated metals were below 1, indicating limited transfer from roots
to aerial tissues and supporting the interpretation of Typha latifolia as a predominantly phytostabilizing species in the investigated
wetland system [24], [25].
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Table 5. Manganese removal efficiency in the pilot wetland system (2026)

Date Upstream Mn (mg/L) Downstream Mn (mg/L) Removal (%)
‘23 Apr 2026 3.90 1.13 71.0
30Apr2026  2.96 0.82 72.3
11 May 2026 2.47 1.04 57.9
22 May 2026 2.16 0.43 80.1
03 Jun 2026 3.73 .1.28 65.7
‘11 Jun 2026 3.39 .1.52 ‘55.2
Average 3.10 1.04 67.0

The monitoring results showed a consistent reduction of manganese concentrations between the upstream and downstream
sampling points of the wetland. The average manganese concentration decreased from 3.10 mg/L upstream to 1.04 mg/L
downstream of the wetland, corresponding to an average removal efficiency of 67.0%. These data extend the 2025 pilot campaign
through follow-up monitoring conducted at the same wetland in 2026.

V. DISCUSSION

Root-dominated accumulation of all four investigated metals, with Fe and Mn showing the highest concentrations in roots,
indicates that Typha latifolia contributed to the retention of residual metals in the investigated wetland. The high Fe content
measured in the wetland sediment (21,000 mg/kg) suggests that the sediment is also an important metal reservoir in the system,
which is consistent with the sulfide-rich, barite—gold—copper—polymetallic ore geology of the Kazreti deposit [5]. However,
because only one sediment sample was analyzed, this observation should be verified by additional sampling.

Translocation factor values below 1 for all investigated metals indicate limited transfer from roots to leaves and flowers.
According to commonly used criteria, such a pattern corresponds to phytostabilization rather than phytoextraction [25]. Similar
retention of metals predominantly in root tissues has been reported for Typha species and other wetland plants growing in metal-
contaminated environments [13], [17]. It should be noted that the roots were rinsed only with distilled water; therefore, part of the
Fe and Mn measured in root tissues may be associated with metal plaques on the root surface [26].

Manganese showed the highest concentrations in wetland water and was therefore used as the main indicator of treatment
performance. During six sampling events in 2026, the average Mn concentration decreased from 3.10 mg/L upstream to 1.04
mg/L downstream of the wetland. Possible mechanisms of this reduction include sorption to sediment, oxidation and precipitation
in the root zone, microbial activity and plant uptake [10], [14]; however, the relative contribution of these processes was not
quantified in this study and requires further investigation.

These preliminary results suggest that the pilot wetland may serve as a supplementary polishing stage after the chemical
treatment of mining drainage water, as has been reported for other constructed wetlands receiving mining and industrial effluents
[2], [3]. However, plant sampling covered a single growing season and Mn removal was assessed on the basis of six upstream—
downstream measurements; long-term, seasonal and more detailed studies are therefore needed to confirm the treatment
performance and the long-term stability of the retained metals. Given the documented metal contamination of soils and surface
waters in the Bolnisi district [8], [5], such studies would be of particular regional relevance.
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VI. CONCLUSION

This study examined the accumulation of residual heavy metals by Typha latifolia in a pilot constructed wetland receiving
chemically treated mining drainage water from a tailings facility in Bolnisi, Georgia. Metal accumulation was concentrated in root
tissues, with Fe and Mn showing the highest concentrations, while substantially lower levels were detected in leaves and flowers.
Together with translocation factor values below unity, these results indicate that phytostabilization is the main mechanism of
metal retention by T. latifolia in the investigated wetland.

Upstream—downstream monitoring during six sampling events in 2026 showed an average manganese removal efficiency of
67%, suggesting that the wetland can contribute to the reduction of residual metal concentrations after conventional chemical
treatment.

Long-term monitoring covering seasonal variability, the analysis of additional sediment samples and wetland plant species,
and a quantitative assessment of the individual removal mechanisms are needed to confirm these preliminary findings.
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