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Column experiment reveals high natural attenuation potential for toluene in iron-rich aquifers but significant concomitant secondary Fe pollution risk
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Introduction: Iron mineral reduction mediated by indigenous microbes represents a crucial natural attenuation mechanism for organic contaminants like toluene in anaerobic aquifers, yet the partitioning of generated Fe(II) species and associated secondary pollution risks remain poorly constrained.

Methods: This study employed controlled column experiments simulating an iron-rich aquifer (ferrihydrite-amended quartz sand) to track the biogeochemical dynamics of toluene degradation coupled with iron transformation. Over 43 days, we quantified spatiotemporal changes in toluene concentrations, dissolved/solid-phase iron species, and microbial community structure through high-frequency hydrochemical monitoring and metagenomic sequencing.

Results and discussion: Results demonstrated that iron-reducing consortia (notably Thiobacillus and Pseudomonas) drove > 99% toluene degradation within 10 cm flow distance, effectively containing plume migration. However, Fe(III) reduction generated Fe(II) predominantly (98%) as immobile solid-phase minerals, with only 1%–2% manifesting as dissolved Fe2+. This dissolved fraction accumulated progressively across space and time, exceeding China’s groundwater quality threshold (0.3 mg/L) at 90% of monitoring points by experiment termination despite near-complete toluene removal. The study confirms that iron-rich aquifers provide significant natural attenuation capacity for petroleum hydrocarbons but concurrently pose substantial secondary contamination risks through highly mobile Fe2+ generation. Therefore, it is recommended to include solidphase ferrous iron [Fe(II)] as an indicator in natural attenuation assessments and to take into account biogeochemical by-products such as Fe2+ in risk assessment efforts.
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1 Introduction

Organic pollutants, particularly monocyclic aromatic hydrocarbons such as benzene, toluene, ethylbenzene, and xylene (BTEX), have emerged as one of the major threats to groundwater environments (Sun et al., 2022). These pollutants exhibit high solubility and mobility, with some being carcinogenic, teratogenic, mutagenic, and chronically toxic. They pose severe risks not only to the health of ecosystems and biodiversity that rely on groundwater resources but also directly jeopardize human drinking water safety. Toluene, as a common contaminant in petrochemical industries and solvent usage, is highly volatile, water-soluble, and persistent in the environment. It can easily infiltrate the vadose zone and saturated aquifers through various pathways (e.g., leaks, spills, improper disposal), forming persistent contamination plumes that spread along groundwater flow directions (Godin et al., 2020). Conventional physicochemical remediation techniques, such as pump-and-treat and air sparging, are not only costly, energy-intensive, and time-consuming but may also disturb the subsurface environment and pose risks of secondary contamination (Mosmeri et al., 2017). Therefore, the development and utilization of natural attenuation technologies that leverage the inherent self-purification capacity of aquifers, especially those based on microbially-mediated biodegradation processes, have emerged as preferred strategies for groundwater organic pollution control due to their efficiency, cost-effectiveness, in situ applicability, and environmental friendliness (Zhang et al., 2016; Lueders, 2017).

Microbially-driven degradation of organic pollutants is the core mechanism of natural attenuation in subsurface environments. Under aerobic conditions, aerobic degradation typically serves as the dominant pathway. However, in anoxic to anaerobic aquifers, such as those found in deeper buried zones or the core regions of contamination plumes, the dissimilatory reduction of electron acceptors (e.g., nitrate, sulfate, iron and manganese oxides) provides crucial energy sources and reaction drivers for pollutant degradation. Among these, iron oxide minerals (e.g., goethite, hematite, ferrihydrite), which are abundant in the Earth’s crust (accounting for approximately 5%), serve as electron acceptors (Foght, 2008). Their reduction to ferrous iron [Fe(II)] under anaerobic conditions, a process known as Fe(III) reduction, not only drives the subsurface carbon cycle but also plays a pivotal role in the anaerobic biodegradation of various organic pollutants, including hydrocarbons, chlorinated hydrocarbons, and aromatic compounds like toluene (Nevin and Lovley, 2002; Chen et al., 2022, 2024). Numerous studies have identified iron-reducing bacteria belonging to genera such as Geobacter, Shewanella, and Pseudomonas as key players in coupling the oxidation of organic pollutants with the reduction of Fe(III), effectively degrading pollutants and altering the geochemical state of aquifers (Fu et al., 2016; Banerjee et al., 2022; Yang et al., 2024).

However, previous research has predominantly focused on the generation of dissolved Fe(II) and its direct correlation with pollutant degradation (Newell et al., 1996; Thornton et al., 2001), overlooking the critical fact that the generated Fe(II) predominantly exists in the aquifer as a solid phase rather than in dissolved form (Huang et al., 2021). Consequently, relying solely on changes in dissolved Fe(II) concentrations to estimate pollutant degradation contributions may lead to a significant underestimation of the iron reduction degradation potential in natural aquifers (Di et al., 2024). On the other hand, compared with organic matter, Fe2+ ions, the products of Fe(III) reduction, are relatively stable, highly mobile, and weakly adsorbed in typical anaerobic groundwater environments (Chen et al., 2022). Once their concentrations exceed drinking water or ecological quality standards, they are likely to form secondary contamination plumes with extensive spatial coverage and long-lasting impacts. These are theoretical speculations, and whether they hold true under actual conditions remains inconclusive.

To verify these hypotheses, this study employs toluene, a typical petroleum hydrocarbon pollutant, as the target compound and uses a simulated aquifer containing ferrihydrite [Fe(OH)3] as the primary iron source. A laboratory soil column simulation experiment is designed to (1) charcterize the dynamic changes of toluene and its degradation products (Fe2+) along the vertical space (0–90 cm) of the soil column and over the experimental period (43 days) under the dominance of iron-reducing microorganisms; (2) deeply analyze the coupling relationship between toluene degradation and Fe(II) release behavior; and (3) utilize metagenomic sequencing technology to reveal the spatial distribution patterns of iron-reducing functional microbial community structures and their core functional genes along the depth of the soil column. This study aims to enhance the understanding of the organic pollutant attenuation capacity in iron-mineralized aquifers, providing scientific data support and novel perspectives for the revision of groundwater quality risk assessment models and the optimization design of remediation strategies for contaminated sites, ultimately serving the fundamental goal of safeguarding groundwater environmental safety.



2 Materials and methods


2.1 Experimental setup

A transparent soil column measuring 100 cm in height and 7 cm in inner diameter was selected for this study. It was packed with 70–110 mesh quartz sand amended with 2.5% ferric hydroxide (Analytical grade, Zhonglian Chemical, Tianjin, China). Ferric hydroxide is one of the most reactive iron oxides in aquifers, allowing experimental phenomena to be observed clearly and rapidly, making it an ideal material for mechanistic studies (Di et al., 2024). The addition of 2.5% simulates the iron oxide content in natural iron-rich aquifers (documented in literature to typically range from 0.5% to 5%), while quartz sand provides an inert framework and controls porosity and permeability to match the characteristics of sandy aquifers. The column featured a water inlet at the bottom and an outlet at the top. Nine uniformly distributed sampling ports spaced 100 mm apart were installed along the sidewall. A water level observation port was included to maintain a hydraulic gradient of 0.002. Toluene solution (0.1 mmol/L) was injected at a constant flow rate of approximately 0.05 ml/min using a peristaltic pump. The simulated system had a porosity of ∼0.30, an effective porosity of ∼0.25, and a permeability coefficient of ∼10 m/d. After calculation, the theoretical hydraulic retention time is 12.5 days. The initial toluene concentration was set at 0.1 mmol/L (approximately 9.2 mg/L), with reference to China’s groundwater toluene standard limit (0.7 mg/L) and the common concentration range of toluene in groundwater at benzene-series contaminant source areas (0.1–10 mmol/L). Setting the concentration at 0.1 mmol/L allows simulation of general contamination sources while avoiding microbial toxicity inhibition. Hydraulic gradient (0.002), hydraulic retention time, and other parameters align with general groundwater flow characteristics. The experimental setup is illustrated in Figure 1, and the solution formulations and other details can be found in Supplementary Section 1. The nutrient solution formulation simulates the basic ionic composition of groundwater.


[image: Diagram of a laboratory setup for processing toluene solution. Includes a bottle labeled “Toluene solution,” a pump, and a series of four columns labeled C1, T1, C2, and T2 with internal structures and flow arrows indicating the direction from inlet to outlet. Piezometers and sample taps are shown adjacent to each column.]
FIGURE 1
Schematic diagram of the structure of the simulated device. T1 and T2 represent two soil columns treated with microbial inoculation, while C1 and C2 represent two soil columns without microbial inoculation and sterilized with mercury chloride. QFhP stands for Quartz and Ferric Hydroxide Mixed Particles.




2.2 Experimental groups

Two treatments were established: an experimental group (T1 and T2) and a control group (C1 and C2), each with two replicates. The experimental group received pre-enriched iron-reducing toluene-degrading microbial consortia (Di et al., 2024) added at a soil-water mass ratio of 10:1. The control group received no microbial enrichment; instead, mercury chloride (HgCl2), a broad-spectrum, highly effective, and stable sterilizing agent (Wolf et al., 1989), was added at 1% mass ratio of the packing material to suppress microbial growth within the system.



2.3 Monitoring and testing

At 1, 2, 3, 4, 5, 6, 7, 8, 13, 18, 23, 28, 33, 38, and 43 days after experiment initiation, water samples were collected from each sampling port using syringes. The sampling timepoints were determined based on the experimental progress and real-time monitoring results. During the initial phase of the experiment (Days 1–8), we employed daily high-frequency sampling to accurately capture the toluene migration front and the initial kinetics of early adsorption equilibrium. Once monitoring data indicated that concentration trends at each sampling point had stabilized (approximately after Day 8), we appropriately extended the sampling interval to focus on tracking the medium-to-long-term biodegradation process and the generation pattern of Fe2+.

Parameters monitored included toluene concentration, iron concentration (Fe2+), pH, dissolved oxygen (DO), oxidation-reduction potential (ORP), and electrical conductivity (EC). Post-experiment, packing materials at depths of 0, 200, 500, and 900 mm were collected for microbial analysis.

Toluene was tested using the GC (Shimadzu) method. Fe2+ and Fe(II) in the solid phase were determined using the potassium ferricyanide visible spectrophotometric method (Shimadzu). pH value, DO, ORP were measured using electrode probes (Hach).

During the monitoring process, we determined whether there was external microbial contamination in the control group (C group) based on characteristic signs of abnormal toluene depletion and Fe2+ accumulation—typical indicators of microbial activity. When microbial contamination was detected, we implemented a re-sterilization protocol, which involved dosing the influent with 1% HgCl2 for 24 h, followed by 48 h of sterile flushing until toluene concentration stabilized, confirming the complete elimination of biological activity. After the experiment concluded (on day 43), samples were collected from each soil column at distances of 10, 20, 50, and 90 cm from the water inlet end for microbial information analysis. Microbial information was acquired through high-throughput metagenomic sequencing analysis technology, including steps such as DNA extraction, sequencing, assembly, and annotation. For detailed procedures, please refer to Supplementary Section 2. For the non-redundant gene set obtained from sequencing, taxonomic information for all microorganisms in the annotation system was acquired by alignment with the Nr database; gene information corresponding to enzymes was obtained through annotation using the KEGG database. On this basis, based on existing literature (Löw et al., 1986; Shaw and Harayama, 1992; Hudson et al., 1993; Morales et al., 2000; Stillman et al., 2001; Takai et al., 2001; Chen et al., 2004; Mazoch et al., 2004; Bou-Abdallah et al., 2014; Di et al., 2025), genes corresponding to iron reductases were screened, and genus information for microorganisms containing iron reductase genes was annotated using the Nr database. Concurrently, genes corresponding to key enzymes involved in toluene degradation were screened, and genus information for microorganisms containing genes for these key toluene-degrading enzymes was annotated using the Nr database as well. Meanwhile, a comparison of genus information between groups T1 and T2 was conducted to analyze the impact of experimental random errors on the microbial system under identical experimental conditions. For specific details on the genes, microorganisms, and analytical methods of interest, please refer to our previous paper (Di et al., 2025).

The raw sequencing data have been deposited in the NCBI Sequence Read Archive (SRA) database under BioProject accession number PRJNA1290017, encompassing samples SAMN49907823 to SAMN49907837.



2.4 Data analysis

Concentration variations over time and distance were visualized using Origin software. Microbial community structure, redundancy analysis (RDA), and differential analysis were performed on the Majorbio Cloud Platform.1 Differential analysis between microbial communities was performed using the Wilcoxon rank-sum test (two-tailed), with false discovery rate (FDR) correction applied. Confidence intervals (CI) were calculated via the bootstrap method, and a significance threshold of 0.05 was adopted.




3 Results


3.1 Spatiotemporal distribution characteristics of toluene concentrations

The temporal variation curves of toluene concentrations at all monitoring points are shown in Figure 2. The results demonstrate that in the sterile control group, the concentrations gradually increased over time, exceeding the groundwater quality threshold value (TV, 700 μg/L, GB14848) between days 10–20, then continued to rise before eventually stabilizing. After day 30, all control groups reached equilibrium, suggesting that by this time the non-microbial processes (advection-dispersion and adsorption/desorption) in the control groups had achieved a quasi-steady state, with equal toluene flux at both the inlet and outlet sections.


[image: Graphs showing concentration changes over time for different depths ranging from 10 cm to 90 cm, measured in micrograms per liter (μg/L). Each graph compares Treatment T1, T2, and Controls C1, C2 over 50 days. Treatment lines show varying concentration trends at each depth.]
FIGURE 2
Toluene concentration profiles over time at all monitoring points at varying distances from the inlet end. The labels “10, 20, and 30 cm” on the plots represent the distance from the inlet end. T1 and T2 are two soil columns in the treatment group, while C1 and C2 are two soil columns in the control group. The dashed line indicates the groundwater threshold value (TV, 700 μg/L for Toluene) for ecosystem/human health protection (GB14848). Missing points or these points below the axis indicate concentrations below the detection limit (0.1 μg/L).


In contrast, the experimental groups reached their peak concentrations around day 23, but these peak values did not exceed the TV and were significantly lower than those in the control groups, clearly demonstrating the microbial degradation and retardation effects on toluene within the columns. Most experimental groups exhibited a characteristic pattern of initial concentration increase followed by decrease, reflecting the progressive proliferation of microorganisms in the columns and their gradually enhanced degradation capacity due to continuous toluene input. During the experimental period, concentrations at most monitoring points had not yet stabilized, suggesting that the microbial degradation potential would continue to increase. However, during days 0–10 at depths of 60–90 cm, the differences between treatment T2 and the control groups were not significant, while T1 showed marked differences from the controls. After day 30, the concentration differences between experimental groups T1 and T2 gradually diminished.

The spatial-temporal profiles of toluene concentration along the longitudinal axis of the column (0–90 cm) at selected time intervals (1, 23, 33, and 43 days) are presented in Figure 3. On day 1, the concentrations at all monitoring points were below 100 μg/L, with no detection in the T1 group. At 20 cm, the toluene concentration was less than 2 μg/L, after which it gradually decreased with distance, but the concentration gradients differed: the C1 group showed no detection beyond 20 cm, the T2 group showed no detection beyond 60 cm, while the C2 group only dropped near the detection limit (0.1 μg/L) at 90 cm. By day 23, the concentration in the C1 system remained almost unchanged with distance, essentially reaching a steady state. In contrast, the C2 concentration increased with distance, approaching the C1 concentration at 80–90 cm. On days 33 and 43, similar curve trends were observed. T1 and T2 maintained comparable fluctuation patterns, with toluene concentrations generally fluctuating within one order of magnitude.


[image: Four line graphs showing changes in concentrations (micrograms per liter) at different distances (centimeters) over time: 1 day, 23 days, 33 days, and 43 days. Each graph compares treatment (T1, T2) and control groups (C1, C2). Concentrations decrease steeply by distance on day 1, while fluctuations are observed in subsequent days, especially with higher concentrations in control groups. A legend identifies the lines.]
FIGURE 3
The variation curves of toluene concentration with distance on days 1, 23, 33, and 43. T1 and T2 are two soil columns in the treatment group, while C1 and C2 are two soil columns in the control group. The dashed line indicates the groundwater threshold value (TV, 700 μg/L for Toluene) for ecosystem/human health protection (GB14848). Missing points indicate concentrations below the detection limit.




3.2 Spatiotemporal distribution characteristics of iron concentration

The temporal variation curves of Fe2+ concentration at each monitoring point are shown in Figure 4. The results indicate that the concentrations at most monitoring points were below the detection limit within the first 10 days (except for the higher initial concentration at the 40 cm depth). Subsequently, the Fe concentration in the experimental treatment groups gradually increased, with fluctuations during the rising process. T1 and T2 exhibited similar trends, but the overall concentration in T2 was lower than in T1. In the T1 group, the concentration exceeded the groundwater quality standard at most time points after 28 days, while in T2, only a few individual points exceeded the standard. In contrast, the Fe2+ concentration in the control group showed no significant increase during this period.
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FIGURE 4
Fe2+ concentration profiles over time at all monitoring points at varying distances from the inlet end. The labels “10, 20, and 30 cm” on the plots represent the distance from the inlet end. T1 and T2 are two soil columns in the treatment group, while C1 and C2 are two soil columns in the control group The dashed line indicates China’s groundwater quality threshold (GB14848, Fe limit: 0.3 mg/L) for ecological and human health protection.


The variation curves of Fe2+ concentration with distance at 1, 23, 33, and 43 days are plotted in Figure 5. On day 1, anomalously high values were observed in all reaction systems at 30–50 cm, with the control group showing the highest concentration. Notably, no Fe2+ was detected at 10 cm in T1, where the strongest biogeochemical iron production was theoretically expected. The results from Day 23 and Day 33 showed that the T1 group exceeded the TV value at intermediate monitoring points, with 2 monitoring points exceeding the TV value on Day 23 and 4 monitoring points exceeding the TV value on Day 33. Although the T2 group did not exceed the standard, its Fe2+ concentrations were significantly higher than those in control groups C1 and C2. By day 43, nearly all monitoring points in treatment groups T1 and T2 had exceeded the threshold (except at 70 cm), demonstrating a continuous expansion of Fe2+ exceedance over time.


[image: Four line graphs show concentrations (mg/L) versus distance (cm) over time: 1 day, 23 days, 33 days, and 43 days. Each graph includes two treatment (T1, T2) and two control (C1, C2) lines. Peak concentrations vary in the treatment lines, especially at 43 days.]
FIGURE 5
Variation curves of Fe2+ concentration with distance at different time points. T1 and T2 are two soil columns in the treatment group, while C1 and C2 are two soil columns in the control group The dashed line indicates China’s groundwater quality threshold (GB14848, Fe limit: 0.3 mg/L) for ecological and human health protection.




3.3 Analysis of degradation quantity and exceedance range

Measurements at 43 days showed that the solid-phase Fe(II) concentrations in the control groups (C1 and C2) were 0, while in the experimental groups (T1 and T2), they varied with distance (Figure 6). Through fitting and integral calculations, the Fe(II) production in T1 and T2 groups was approximately 42 and 38 mg, respectively.


[image: Line graph showing concentrations of T1 and T2 in milligrams per kilogram versus distance in centimeters. Both T1 (pink) and T2 (blue) decrease as distance increases from 0 to 100 centimeters. Concentration starts at approximately 14 mg/kg and ends near 2 mg/kg.]
FIGURE 6
Solid-phase Fe(II) concentration distribution in experimental groups.


If calculated solely based on dissolved-phase Fe2+ flux using classical method which only measures the dissolved Fe2+ concentration, treating it as the total product of Fe(III) reduction, and calculates hydrocarbon degradation based on the stoichiometric relationship between iron reduction and hydrocarbon degradation (Newell et al., 1996; Thornton et al., 2001), the maximum Fe2+ production would be only 0.72 mg (T1) and 0.36 mg (T2) (determined at the 10 cm position of peak generation), representing just 1%–2% of the solid-phase results degradation. Using solid-phase Fe(II), the calculated complete toluene degradation quantities were 1.9 mg (T1) and 1.7 mg (T2).

A conservative estimate of toluene inflow flux—based on equilibrium outflow concentrations in control groups (C) and accounting for volatilization losses (resulting in actual inflow concentrations below prepared levels)—was approximately 12 mg. With outflow fluxes in T groups being < 0.03 mg, the combined toluene degradation and adsorption in column systems reached ∼12 mg. The observed mass discrepancy (> 10 mg) significantly exceeds the theoretically calculated toluene degradation amount (< 2 mg) presented above. However, the Fe2+ contents in Group C exhibited a trend opposite to that of toluene, with Fe2+ concentrations exceeding the TV across the 10–90 cm range in the later stage (after 33 days).



3.4 Spatial distribution of microbial community structure


3.4.1 Overall microbial profile

The sequencing results annotated via the Nr database identified a total of 229 phyla and 5,311 genera in T1 and T2 (Figure 7a and Supplementary Table 1). Comparative analysis of microbial communities between T1 and T2 revealed significant divergence despite strict experimental controls, including identical initial inocula, aquifer media, temperature, and hydraulic conditions over the 43-day experiment. This divergence manifested as distinct microbial assemblages between systems, with T1 and T2 samples clustering on opposite sides of the RDA1 axis (RDA1 = 0) in the ordination plot (Figure 7b).


[image: “(a) Bar chart displaying the percent of community abundance on a genus level for samples T1 and T2 at different depths from 0 cm to 50 cm, showing diversity in microbial composition. (b) Redundancy analysis (RDA) plot illustrating the relationship between microbial communities and environmental variables like Fe2+, toluene, and HCO3- for samples T1 and T2 across different depths. (c) Bar plot comparing the abundance percentages of various genera between T1 and T2, with statistical significance indicated by p-values for each genus.”]
FIGURE 7
Analysis of microbial community structure in the treatment groups. (a) Genus-level relative abundance of microbial taxa; (b) Redundancy analysis (RDA) plot; (c) Comparative analysis of differences between T1 and T2 groups.


Group difference analysis (Figure 7c) showed that both T1 and T2 contained the same top 10 most abundant taxa, but their relative abundances varied substantially. Pseudarthrobacter dominated in T1 but was nearly absent in T2, whereas Thiobacillus and Methanomethylovorans were enriched in T2 but scarce in T1. Other taxa (e.g., Shinella, Hydrogenophaga, Devosia, Pseudomonas, Nocardioides, Ramlibacter, Massilia) showed no significant differences.

Microbial community structure also varied with distance. Near the contaminant inlet (10 cm), T1 and T2 exhibited similar compositions, but divergence increased along the flow path (RDA2 axis).

Analysis of iron-related gene abundance (Supplementary Figure 1) revealed a significant difference in total abundance between T1 and T2 groups (p < 0.05). Within each group, the standard deviation across different sampling distances was less than 6%, indicating no significant spatial variation in iron-related gene abundance—i.e., inter-group differences outweighed intra-group variations, demonstrating microbial consistency within each system. Although T1 and T2 exhibited statistically significant differences, the magnitude of divergence was minimal, with a relative deviation of about 16%. Despite the initially higher toluene degradation in T1 compared to T2, the toluene concentration profiles along the sampling distances were nearly identical for both groups at the time of microbial sampling (Figure 3 43 days).



3.4.2 Iron-reducing related microorganisms

From the aforementioned microbial community structure, taxonomic annotation of microorganisms containing iron redox genes identified 46 phyla and 446 genera of iron redox microorganisms (Supplementary Table 2), with their genus-level composition shown in Figure 8. Analysis revealed that in this system, iron redox-functional microorganisms accounted for only 20% of total phyla and 8% of genera. However, the dominant genera exhibited high consistency with the overall microbial community: all top 5 most abundant microorganisms were iron redox-functional genera. Among the top 10 most abundant genera overall, iron redox-functional microorganisms occupied seven positions, specifically Thiobacillus, Hydrogenophaga, Shinella, Pseudomonas, Pseudarthrobacter, Nocardioides and Methanomethylovorans. Therefore, this simulated system can be considered an iron reduction-dominated ecosystem.


[image: Three-part composite image depicting microbial data analysis: (a) Stacked bar chart of microbial community abundance at various depths for sites T1 and T2, highlighting diverse bacterial genera. (b) Redundancy analysis (RDA) plot displaying environmental variables such as dissolved oxygen (DO), oxidation-reduction potential (ORP), and chemical properties influencing microbial distributions at different depths. (c) Box plot comparing relative abundance of specific bacteria between T1 and T2, with Thiobacillus and Hydrogenophaga indicated, among others, showing variations in abundance percentages.]
FIGURE 8
Analysis of iron redox-functional microbial community structure in experimental groups (T). (a) Genus-level relative abundance of microbial taxa; (b) Redundancy analysis (RDA) plot; (c) Comparative analysis of differences between T1 and T2 groups.


Redundancy analysis (RDA) of each sample revealed that the community structure of iron redox microorganisms evolved with the reaction systems (T1 and T2) and sampling distances, demonstrating consistent compositional shifts with the overall microbial community (Figure 8b). Inter-group difference analysis (Figure 8c) showed that the significantly differentiated genera between T1 and T2 groups remained consistent with those observed in the total microbial community, namely Pseudarthrobacter, Thiobacillus, and Methanomethylovorans.



3.4.3 Identification of functional microorganisms for toluene degradation

By referring to the KEGG metabolic pathway database, we systematically searched for key enzyme genes involved in the toluene degradation pathway. Among them, the key enzyme for the first step of anaerobic degradation, benzoyl-CoA synthase (BSS) (Rabus et al., 2016), mainly corresponds to EC 4.1.99.11 (benzoyl-CoA synthase), EC 1.97.1.4 (benzoate cobalamin-dependent decarboxylase), and EC 4.3.99.4 (benzoate hydrolase) according to existing KEGG annotations. The key enzymes in the aerobic degradation pathway include EC 1.14.13.243 (toluene dioxygenase), EC 1.14.12.11 (catechol 1,2-dioxygenase), EC 1.14.13.236 (3-methylcatechol 2,3-dioxygenase), and EC 1.14.15.26 (toluene methyl monooxygenase).

The abundance statistics of various toluene degradation enzyme genes are shown in Figure 9a, revealing the following patterns: (1) Horizontal comparison: The abundance of aerobic degradation genes in sample T1 is significantly higher than that of anaerobic genes, while sample T2 shows the opposite trend; (2) Vertical comparison: At the same treatment distance, the abundance of aerobic genes in T1 is always higher than that in T2, and the abundance of anaerobic genes is higher in T2 than in T1.


[image: Panel (a) shows a bar chart of microbial abundance at different depths (10cm, 20cm, 50cm, 90cm) with aerobic and anaerobic classifications. Panel (b) depicts stacked bar charts with the percentage of community abundance at various depths for location T1, highlighting diverse microbial genera. Panel (c) presents similar data for location T2, with varied microbial compositions at each depth. Each bar is segmented by color, representing different microbial genera, with a legend provided.]
FIGURE 9
Functional gene abundance statistics based on KEGG (a), along with annotation results of genus-level microorganisms harboring anaerobic toluene degradation genes (b) and those harboring aerobic degradation genes (c). “Others” represents a collection of genera with an abundance ranking below 20.


From the microbial community structure identified through toluene degradation functional genes (Figures 9b, c and Supplementary Tables 4, 5), it can be observed that microorganisms involved in iron reduction, such as dominant species Thiobacillus, Hydrogenophaga, Pseudomonas, and Methanomethylovorans, also participate in the toluene degradation process, indicating the co-occurrence of iron reduction and toluene degradation processes.

Among them, Thiobacillus and Methanomethylovorans, which exhibited significantly lower abundances in T1 compared to T2 (Figure 8c), are dominant species in anaerobic degradation, consistent with the anaerobic degradation process dominated by T2 (Figure 9a). In contrast, the dominant aerobic degradation species Hydrogenophaga was distributed in both T1 and T2 groups. Of course, these findings are all based on comparisons with existing databases, and in reality, there may be more microorganisms involved in iron reduction coupled with toluene degradation.





4 Discussion


4.1 Spatiotemporal distribution of toluene

The significant difference in toluene concentrations between the experimental group (T) and the control group (C) clearly demonstrates the inhibitory effect of microbial degradation and retention on pollutant migration. The peak concentration in the experimental group was lower than that in the control group and did not exceed the threshold value (TV), validating the effectiveness of microbial degradation. The pattern of concentration in the experimental group, which first increased and then decreased, reflects the dynamic process of microbial proliferation: initially, the microbial biomass was insufficient, resulting in weak degradation capacity and a rise in concentration; as the microorganisms proliferated, their degradation capacity enhanced, leading to a decline in concentration. During the experiment, the concentrations at most points were not stable, indicating that the degradation potential was still being released and that long-term operation might further reduce the concentrations.

On Day 1, the migration distance of pollutants (8 cm) was shorter than the detection range (detected beyond 10 cm), confirming the existence of dispersion. The differences in dispersion capacity among different systems stemmed from the randomness of packing density and wall effects, suggesting the presence of uncontrollable microscopic heterogeneity in the experimental system, which might affect the repeatability of results (Hung et al., 2022).

The observed discrepancies between T1 and T2 in the early stage (0–10 days) at distant locations (60–90 cm) might be attributed to random variations in column packing density (affecting water flow pathways), which could also explain the concentration differences between control groups C1 and C2. Alternatively, despite identical initial microbial inoculation, significant differences might have developed between the microbial communities in T1 and T2 due to minor variations in flow distribution conditions (Wang et al., 2024).

On Day 23, the concentration in C2 increased with distance, suggesting possible microbial contamination. After re-sterilization, the monitoring data (no toluene degradation, no detectable Fe2+) were completely consistent with the pre-contamination baseline data and the data from the uncontaminated parallel control groups. Furthermore, this minor deviation was temporally isolated and its magnitude was several orders of magnitude lower than the consistently strong degradation signals observed in the experimental groups. On Day 23,the concentration in T1 remained below 10 μg/L, dropping below the detection limit beyond 60 cm. Meanwhile, the concentration in T2 initially increased and then decreased with distance. This pattern may be attributed to the substantial population of degradative bacteria that developed at the influent end due to primary toluene exposure, resulting in rapid pollutant concentration reduction. In the middle section, the shorter toluene exposure time and prior accumulation of high toluene concentrations created a relatively high-concentration zone, followed by a gradual decrease with distance, exhibiting the general distribution pattern of a contaminant plume.

After Day 30, the differences between T1 and T2 diminished. This convergence likely resulted from consistent supplies of nutrients and toluene, indicating that under fixed environmental capacity conditions with certain maximum microbial degradation capacities, all systems progressively approached their respective maximum degradation potentials as the experiment continued (Cui et al., 2021), thereby reducing inter-group variations. At the final sampling time point, the concentration reduction exceeded 99% compared to the control groups, demonstrating the tremendous pollutant degradation potential of this system.

In the later stage (33–43 days), the concentrations in T1 and T2 fluctuated within one order of magnitude. A possible explanation is that pollutants were almost entirely degraded by 10 cm, and the subsequent measured concentrations resulted from weak preferential flow due to wall effects in the experimental system (Fathiganjehlou et al., 2023). The C1 group showed nearly constant concentrations with distance, indicating that the C1 system had reached adsorption equilibrium, with effluent concentrations matching influent concentrations. In contrast, the C2 group exhibited decreasing concentrations with distance, possibly due to microbial contamination during the experiment or incomplete sterilization, leading to pollutant degradation at the effluent end. Alternatively, microbial activity before Day 23 may have reduced concentrations at the influent end, and after re-sterilization on Day 23, the re-introduced pollutants had not yet reached a steady state during migration through the column. These observations suggest that even identical experimental treatments may result in different internal structures and wall effects, leading to variations in hydrodynamic conditions (El-Aswad et al., 2024). Nevertheless, clear differences between experimental and control groups could still be discerned.



4.2 Spatiotemporal distribution of iron

The abnormally high Fe2+ values observed at 30–50 cm depth on the first day of the experiment may be attributed to two possible causes: firstly, contamination during the layered packing of the soil column, which may have inadvertently introduced Fe2+-containing material around the 40 cm depth; secondly, localized biogeochemical reactions occurring at this depth. As shown in the 40 cm profile in Figure 4, these anomalous values gradually diminished in subsequent experiments and did not affect the final outcomes. This reduction may be due to factors such as dilution from water movement and the regulation of ecological niches through subsequent sterilization or microbial addition. The disappearance of this anomaly suggests that it originated from initial experimental setup or short-term localized processes, rather than the biogeochemical mechanisms under investigation.

Combined with the toluene concentration monitoring results during the experiment, it was found that biogeochemical reactions took place between toluene and iron minerals in the aquifer within this simulated system. Toluene underwent degradation, while Fe(III) in the iron minerals was reduced to Fe(II) and dissolved to form Fe2+. Based on this mechanism, the toluene degradation capacity in T1 was higher than that in T2, leading to a greater release of Fe2+ in T1 compared to T2. In contrast, no biological activity occurred in the control group, so no Fe2+ was produced, which is consistent with the experimental observations.

By the end of the experiment (43 days), unlike the temporal variation in toluene concentration, the toluene levels in the T1 and T2 groups were nearly identical. However, the Fe2+ concentration in T1 was significantly higher than that in T2 and showed an increasing trend. This discrepancy arises because, in the aforementioned biogeochemical process, intermediate products are generated during toluene degradation. These intermediates can continue to react with Fe(III), causing the processes of toluene degradation and Fe2+ production to be asynchronous and resulting in a lag in Fe2+ generation. This observation is consistent with the results of our previous static batch experiments (Di et al., 2024).

Compared to organic pollutants like toluene, Fe2+ demonstrates lower bioavailability but greater stability in reducing environments. Due to its weak adsorption capacity, Fe2+ is less likely to be retained by aquifer soil particles, maintaining high mobility (Irawan, 2014; Zhou et al., 2017). Consequently, Fe2+ in this experiment exhibited a significantly broader range of threshold value (TV) exceedance, with its concentration accumulating over both distance and time.

Experimental results indicate that although significant toluene degradation occurred at the inflow end, a high-concentration Fe2+ plume persisted at the outflow end with fluctuating concentrations over time. The fundamental cause of this phenomenon may lie in the system’s sustained strongly reducing environment. The continuous anaerobic degradation of toluene consumed electron acceptors (e.g., O2), resulting in consistently low oxidation-reduction potential (ORP) and near-zero dissolved oxygen (DO) concentrations (Supplementary Table 3). The absence of essential electron acceptors for oxidation fundamentally inhibited the re-oxidation pathway of Fe(II) (Sheng et al., 2023). Consequently, the accumulation of Fe(II) was not due to excessively high concentrations but rather because the environmental conditions prevented its oxidation. This reducing-dominated geochemical environment is an inherent characteristic of iron-reducing degradation processes. However, it also highlights a potential risk of natural attenuation—the degradation of primary contaminants may be accompanied by the generation of highly mobile secondary inorganic pollutants (e.g., Fe2+), which must be fully considered in risk assessments and monitoring protocols.



4.3 Stoichiometric relationship analysis

The significant difference between solid-phase Fe(II) and dissolved-phase Fe2+ clearly indicates that this finding aligns with the dissolution-precipitation parameters of Fe(II) (Chapelle et al., 2009). Relying solely on dissolved-phase data would severely underestimate the degradation amount (by 1%–2%). Solid-phase Fe(II) serves as a more reliable indicator of degradation because it reflects the long-term accumulation of reduced products, whereas the dissolved phase is easily influenced by transient conditions (such as pH and redox potential). This finding holds methodological significance for research on pollutant degradation driven by iron reduction, and it is recommended that subsequent studies prioritize the use of solid-phase indicators.

The mass difference of toluene (> 10 mg) exceeds the theoretical degradation amount (< 2 mg), suggesting the presence of other removal mechanisms: (1) adsorption of toluene by the column matrix materials, or (2) incomplete degradation of toluene within the system, or more probably (3) part of the toluene underwent aerobic degradation. The specific reasons require further investigation.



4.4 Microorganism variations

The identified iron-reducing related microorganisms were predominant (accounting for 7 out of the top 10 genera), confirming that the system operated under an iron-reduction-driven metabolic mode. The identified iron-transforming microorganisms spanned: well-studied reducers [Thiobacillus (Robertson and Kuenen, 2006), Pseudomonas (Schalk and Perraud, 2023)], occasionally reported genera [Hydrogenophaga (Yan et al., 2017)], and scarcely documented taxa (Shinella, Pseudarthrobacter, Nocardioides, and Methanomethylovorans). Although this system simulated toluene degradation under iron-reducing conditions and the microbial inoculum was derived from iron-reducing enrichment cultures, these non-iron redox bacteria may either form symbiotic relationships with iron-reducing bacteria or provide essential metabolites. On the other hand, iron redox functionality is often mediated by non-specific enzymes. Despite our extensive compilation of iron redox-related enzymes from existing literature, numerous enzymes with iron redox functionality and their encoding genes have yet to be incorporated into databases and published literature, resulting in limited identification of iron redox-functional microorganisms (Jahn et al., 2005; Abu Laban et al., 2010; Rabus et al., 2016; Castro et al., 2022; Di et al., 2025).

The distribution characteristics of toluene degradation functional genes indicate that T1 has more pronounced aerobic metabolic features, which is positively correlated with the dissolved oxygen (DO) monitoring data (Supplementary Table 3), as the T1 group indeed exhibits higher DO consumption. It is noteworthy that although T2 has a higher abundance of anaerobic degradation genes, its Fe(II) production is lower than that of T1. The possible reasons for this are speculated to include: (1) Multi-step reaction mechanism: There may be a cascade reaction in toluene oxidation (Jindrová et al., 2002), meaning that the intermediate products generated in the initial aerobic degradation stage are more easily utilized by iron-reducing microorganisms; (2) Database limitations: Some novel anaerobic degradation functional genes have not yet been included in public databases such as KEGG; (3) Metabolic coupling hypothesis: The iron reduction process may generate reactive oxygen intermediates, indirectly promoting the aerobic degradation pathway (Castro et al., 2022).

Existing research has found that in systems where iron reduction is coupled with organic matter degradation, aerobic functional genes often exhibit unexpectedly high abundance (Jahn et al., 2005; Abu Laban et al., 2010; Rabus et al., 2016; Castro et al., 2022). This may stem from: (1) Oxygen leakage in the experimental system: Even strictly controlled batch experiments cannot completely avoid the participation of trace amounts of oxygen; (2) Microbial metabolic characteristics: Some iron-reducing bacteria are facultative anaerobes and carry aerobic functional genes simultaneously; (3) Cross-talk in metabolic pathways: Intermediates such as superoxide radicals generated during iron reduction may participate in the aerobic degradation process. The above hypotheses still require experimental verification, and no direct evidence has been reported so far.

Among the microorganisms identified based on toluene degradation genes, Thiobacillus (Sun et al., 2021), Hydrogenophaga (Aburto and Peimbert, 2011), Pseudomonas (Di Martino et al., 2012), Methanomethylovorans (Luo et al., 2016), have all been reported in the literature to be associated with toluene degradation. Dominant bacteria in our experimental system, such as Shinella, have not been recognized as dominant toluene degraders, but have been identified as iron reducers. According to the literature, this genus also possesses the ability to degrade toluene (Chen et al., 2023), which may be attributed to the incomplete database of existing iron reduction-coupled toluene degradation pathways.

While the initial inoculum and experimental conditions were identical, the development of distinct microbial assemblages in T1 and T2 is likely a result of stochastic initial colonization events amplified by subtle, inherent physical heterogeneities in the packed porous media. These minor differences in flow paths and substrate distribution, which are unavoidable even in carefully controlled column experiments, can create distinct micro-environments that select for different microbial taxa (Sheng et al., 2021). Crucially, however, our metagenomic analysis confirms that this structural divergence did not propagate to the system’s functional output. The total abundance of genes coding for key iron-reduction enzymes showed no significant difference between T1 and T2 (p > 0.05). This is consistent with the principle of functional redundancy in microbial ecology, where different combinations of species can perform the same ecosystem function (Louca et al., 2018). The convergent, near-identical performance of both columns in toluene removal efficiency and Fe(II) production demonstrates that the system’s biogeochemical function was robust against variations in community composition. In summary, the community differences likely originated from stochastic assembly but were constrained by the deterministic pressure to perform the core biogeochemical reactions of iron reduction and toluene degradation.

This finding carries significant implications for in situ natural attenuation: Functional redundancy ensures process stability—although notable differences in microbial community composition were observed between T1 and T2, both columns demonstrated highly consistent contaminant degradation efficiency and Fe(II) production profiles, indicating that distinct microbial assemblages can perform equivalent ecological functions. Monitoring strategies should accordingly shift in focus from taxonomic composition to functional genes, with greater emphasis placed on the abundance and expression of critical functional genes (e.g., those encoding iron reductases and toluene-degrading enzymes) rather than on the presence or absence of specific indicator microorganisms. From a practical management perspective, it is essential to account for natural heterogeneity—site assessments should acknowledge spatial variations in microbial communities and evaluate remediation effectiveness using integrated geochemical indicators such as contaminant removal rates and secondary metabolite concentrations.

It should be noted that this study did not perform DNA sampling or sequencing analysis on the control group (Group C) columns or the initial inoculum. While this limits direct microbiological characterization of the sterile controls and initial microbial composition, the geochemical data—specifically, the complete absence of toluene degradation and Fe(II) production in HgCl2-treated controls—confirm the effectiveness of microbial inhibition throughout the experiment. Thus, the core conclusions regarding iron reduction-coupled toluene degradation and secondary Fe(II) mobilization remain robust, as they are primarily derived from reproducible geochemical contrasts between treated and sterile systems. Future work will incorporate comprehensive microbial community analyses across all experimental groups to further resolve successional dynamics and potential contamination source.



4.5 Implications

Natural geological formations contain abundant iron-bearing minerals that exhibit significant potential for organic contaminant degradation. In this experiment, a mere 10 cm iron-rich stratum demonstrated remarkable attenuation capacity, retaining over 99% of toluene (at concentrations reaching several 1,000 μg/L) for more than 40 days. These finding contrasts sharply with conventional assessments that typically underestimate iron-mediated natural attenuation. Our analysis reveals that previous evaluations only accounted for dissolved Fe(II)-associated degradation, while dissolved Fe2+ represents merely 2% of total generated Fe(II), leading to substantial underestimation of iron’s actual remediation potential. While dissolved Fe2+ remains indispensable for real-time tracking of plume dynamics, solid-phase Fe(II) provides a critical benchmark for accurately assessing natural attenuation efficacy. We may propose an integrated monitoring framework combining spatial coverage with targeted verification: maintain the advantage of high-frequency dissolved Fe2+ monitoring in routine operations, while incorporating solid-phase Fe(II) analysis through core sampling during critical phases. Laboratory-based selective extraction can effectively quantify distinct fractions such as adsorbed and carbonate-bound iron. The accumulated solid-phase Fe(II) not only reflects historical iron reduction fluxes but also serves as irreversible evidence of biogeochemical processes. This tiered monitoring approach preserves the real-time advantages of conventional methods while significantly improving the accuracy of natural attenuation assessments through solid-phase calibration, thereby providing a more scientific basis for risk management at contaminated sites.

Furthermore, we must recognize that iron-reducing degradation of organic compounds can generate secondary groundwater contaminants - specifically mobile iron. At organic contamination sites, even when downstream monitoring shows compliance with water quality standards for primary pollutants, biogeochemical byproducts like iron may still cause exceedances. This necessitates comprehensive monitoring programs that track not only characteristic contaminants but also secondary indicators arising from biogeochemical processes, ensuring complete protection of downgradient groundwater resources.

Importantly, the common practice of attributing groundwater iron exceedances solely to natural geological backgrounds (as prevails in current research) requires reevaluation. Given the ubiquitous presence of iron-bearing minerals in strata - which remain insoluble under natural conditions - elevated iron levels may instead indicate secondary contamination from organic pollutant degradation. This paradigm shift in interpretation has crucial implications for both contamination source identification and remediation strategy development.

While this study demonstrates significant attenuation potential and concomitant secondary risks within iron-rich systems, these laboratory findings must be contextualized within field conditions. Our experimental system employed synthetic aqueous media consisting of quartz sand amended with a highly reactive iron source (ferrihydrite), inoculated with a pre-enriched microbial consortium under controlled hydraulic and geochemical conditions. In contrast, natural aquifers exhibit greater complexity, including: (1) Mineralogical Heterogeneity: Natural iron oxides are often more crystalline (e.g., goethite, hematite) and less bioavailable than the ferrihydrite used in this study, potentially leading to slower degradation rates, though similar long-term accumulation trends for reduced iron species may occur. (2) Geochemical Complexity: The presence of competitive electron acceptors (e.g., nitrate, sulfate, manganese oxides), diverse microbial communities, and complex groundwater chemistry will all influence the efficiency of iron reduction and the fate of the generated Fe(II). (3) Physical Heterogeneity: Aquifer heterogeneity can create preferential flow paths, potentially reducing contact time between contaminants and iron oxides, resulting in more uneven spatial distribution of both degradation and Fe(II) plumes.

Consequently, the rates and absolute magnitudes observed in this column experiment should not be directly extrapolated to field sites without site-specific calibration. However, the core processes—the coupling of hydrocarbon degradation and solid-phase Fe(III) reduction, the dominance of solid-phase Fe(II) over dissolved Fe2+, and the potential risk of dissolved Fe2+ exceeding water quality standards—remain critically relevant. This study provides a mechanistic proof-of-concept and a quantitative benchmark, emphasizing the necessity of assessing these risks when evaluating and monitoring natural attenuation at hydrocarbon-contaminated sites with substantial iron content.




5 Conclusion

This study employed column experiments combined with hydrochemical monitoring and metagenomic sequencing to investigate the biogeochemical processes (primarily organic degradation coupled with iron transformation and mobilization) of toluene as a model organic contaminant in iron-bearing aquifers. The results indicate that in aquifers enriched with iron-reducing microorganisms (e.g., Thiobacillus, Hydrogenophaga, Shinella, and Pseudomonas) associated with toluene degradation, the contaminant has limited potential for long-distance migration at high concentrations due to microbial degradation. However, the biogeochemical interactions between toluene and iron minerals generate highly mobile Fe2+, potentially causing extensive secondary contamination throughout the aquifer system.

These findings provide critical insights: (1) Iron-rich geological formations (which are widely distributed) show significant natural attenuation potential for toluene and similar organic contaminants; (2) Groundwater quality monitoring and risk assessment should extend beyond characteristic pollutants to specifically address secondary contamination risks arising from biogeochemical processes. The study highlights the necessity of developing comprehensive evaluation frameworks that account for both primary contaminant removal and secondary pollution formation in aquifer remediation strategies.
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