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Abstract
To study the mechanism of bio-clogging in a porous medium during the
reinjection of geothermal water and to improve reinjection efficiency, an indoor one-dimensional reinjection experiment was conducted based on the geological model of the geothermal reinjection demonstration project in Dezhou
City. The biological process of porous media clogging was investigated by
analyzing the variation of permeability within the medium, the main indexes
of nutrient salts, and the content of extracellular polymeric substances (EPS).
High-throughput sequencing, based on 16S rRNA, was used to analyze the
characteristics and succession of microbial communities during the reinjection of geothermal water. The results of the study show that significant bioclogging occurs during the reinjection of geothermal water, with an increase
in the heterogeneity of the thermal reservoir medium, and a decrease in permeability. The extent of clogging gradually reduces with an increase in seepage path. Thus, thermal reservoir clogging is more serious closer to the water inlet. With an increase in the duration of reinjection, the permeability of
the porous medium undergoes three stages: “rapid”, “decline-slow”, and “decrease-stable”. The results show that the richness and diversity of the bacterial
community increase and decrease, respectively, during the reinjection process.
Bacterial community succession occurs, and the bacterial communities mainly
include the Proteobacteria and Bacteroidetes phyla. Pseudomonas and Devosia are respectively the dominant bacteria in the early and late stages of geothermal water reinjection.
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1. Introduction
As a new type of green environmental protection resource, geothermal reinjection has a great prospect for development and utilization [1]. With the largescale exploitation of geothermal water, thermal and chemical pollution, wastage
of water resources and thermal energy, the decline of geothermal water levels,
and geological disasters, the depletion of resources have become increasingly
conspicuous [2]. Geothermal reinjection is a feasible measure that avoids thermal and chemical pollution caused by the direct discharge of geothermal wastewater. It plays an important role in maintaining thermal reservoir pressures and
ensures the technical conditions necessary for geothermal field exploitation [3].
However, during the reinjection process, clogging increases the reinjection pressure and reduces the reinjection rate, which in turn, affects the sustainable development and utilization of geothermal resources. The need to address the problem of reinjection clogging is urgent for thermal reservoirs worldwide.
During reinjection, clogging of the aquifer can be categorized as physical, chemical, and bio-clogging [4]. It can result from natural physicochemical processes
caused by filtration of suspended solids in reinjection water or biological reactions in porous soil media caused by the accumulation of bacterial cells and the
production of extracellular polysaccharides [5] [6]. Among them, bio-clogging
often leads to a reduction in the hydraulic conductivity of aqueous media by
several orders of magnitude [7] [8] [9]. Some studies [10] [11] [12] [13] have
found that biofilms formed by bacterial cells and extracellular polymeric substances (EPS) from biodegradation processes occupy the pores of the soil, and
have a significant impact on the permeability of porous media [14] [15], resulting in bio-clogging. Factors that affect bio-clogging include the concentration of
organic carbon (DOC, TOC), nitrogen, phosphorus, and other nutrients in reinjection water, and the temperature, pH, and EH of the underground environment [16] [17] [18] [19]. Moreover, some experiments have shown that the bioclogging of reinjection systems mostly occurs within a few centimeters of the
surface layers of the infiltration areas [20] [21] [22] [23]. Allison [24] observed
the seepage process in a saturated porous packing under the action of microorganisms, and found that the hydraulic conductivity of the packing decreased with
time, which was attributed to the clogging of the pores by microorganisms and
their products, secreted mucus, and polysaccharides. Baveye et al. [25] pointed
out that the mechanism of microbial clogging is as follows: 1) accumulation of
cells in pore spaces; 2) production of extracellular polymers; 3) release of gaseous
byproducts in pore spaces; 4) microbially mediated accumulation of insoluble
precipitates. Although research in this field has progressively matured in recent
years, there are few studies on the identification of dominant microbial flora that
cause clogging, from the perspectives of molecular biology and genetics, and there
is a lack of in-depth research on the heterogeneity of the different seepage sections that occur during the clogging process.
In this paper, a seepage simulation experiment was conducted to study the
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dynamic changes in the permeability of different seepage sections in porous media, and the utilization of nutrients by microorganisms in different seepage sections was analyzed. The biological diversity of samples was analyzed by highthroughput sequencing technology, and the dominant microbial groups that
cause clogging in porous media were identified. The process and mechanism of
bio-clogging in a porous medium are discussed in this paper. This analysis also
provides a reliable basis for the prevention and control of bio-clogging in geothermal reinjection.

2. Materials and Methods
2.1. Experimental Apparatus and Materials
The experimental apparatus consists of four parts: a percolation column, a
header tank, an effluent tank, and a hydraulic head measuring plate (Figure 1).
The percolation column was made of plexiglass (6 cm I.D. × 37 cm height) with
an effective sand height of 18 cm. A water distribution plate was placed just below the sand to achieve a uniform flow, and a fine gauze was inserted between
the sand and the plate to prevent sand grains from entering the plate. An overflow port was installed 3 cm below the top of the column, and sampling ports
were installed at 13 and 29 cm from the top. On the diametrically opposite side
of the ports, piezometer ports were placed at 13, 15, 17, 19, and 29 cm from the
top. The inner diameter of the piezometer tubes was 6 mm, and silicone tubes
were used to connect the piezometer ports to a hydraulic head measuring plate.
To eliminate chemical clogging due to the chemical composition of the aquifer
and the uncertainty caused by its heterogeneity, standard quartz sand was used for
this study. The SiO2 content of quartz sand is above 99%, and the particle sizes are
in the range of 0.125 - 0.180 mm. Before being packed, the sand was washed
three times with deionized water and sterilized in a drying oven at 121˚C for 6 h.

Figure 1. Schematic diagram of the experimental apparatus.
DOI: 10.4236/jwarp.2021.132008

141

Journal of Water Resource and Protection

J. G. Feng et al.

A simulated nutrient solution containing C6H12O6, NH4Cl, and K2HPO4 as the
sole sources of carbon, nitrogen, and phosphorus, respectively, was prepared
based on the composition and properties of geothermal water. Before being injected into the percolation column, the nutrient solution was sterilized at 121˚C
and 0.987 atm for 15 min. The composition and pH of the simulated reinjection
water are shown in Table 1.

2.2. Experimental Procedure
The percolation column was filled with a certain volume of sterilized tap water,
followed by several repeated loadings with the same amount of sterilized quartz
sand. The height of each sand loading was 2 cm. The sand loading was then
compacted, and the process repeated for successive sand loadings until an effective height of sand in the column was obtained. The sand was saturated with
water for 72 h to ensure that there were no bubbles in the column. Field geothermal water was collected from the demonstration project base of the geothermal reinjection in Dezhou City, Shandong Province, China, and was used to
inoculate the percolation column. The inoculum was continuously injected into
the percolation column at a flow rate of 20 mL/min using the peristaltic pump
for 4 hours. The inlet and outlet valves were then closed and microbial culture
was carried out for 12 h to complete the bacterial inoculation process. A heating
device was used to ensure that the temperature of the nutrient solution was
maintained at 35˚C ± 2˚C. The nutrient solution was pumped into the sand
column using the peristaltic pump to simulate the reinjection of geothermal water and to conduct a seepage experiment with constant hydraulic head and flow
rate. During the experiment, the water head reading of each piezometer was recorded at different times, and the flow rate was measured with a stopwatch and
measuring cylinder. Based on Darcy’s law, the saturated hydraulic conductivity
(K) of the seepage column is calculated according to Equation (1):
K=

Q⋅L
A∆H

(1)

where Q is the effluent flow rate (mL/s), L is the distance between any two piezometer tubes where the hydraulic head was measured (cm), A is the cross-sectional
area of the percolation column (cm2), and ΔH is the difference in hydraulic head
between the corresponding piezometer tubes (cm).
At the beginning of the experiment, the initial hydraulic conductivity K0 is
calculated and recorded after the stabilization of the hydraulic head. To determine
the extent of clogging during the experiment, the relative hydraulic conductivity is
Table 1. Water composition and pH of field geothermal water and simulated reinjection
water.

DOI: 10.4236/jwarp.2021.132008

Samples

pH

COD (mg/L)

NH4-N (mg/L)

PO34− (mg/L)

simulated reinjection water

7.27 ± 0.08

6 ± 0.20

1.17 ± 0.07

0.06 ± 0.01

field geothermal water

7.75 ± 0.01

5.9 ± 0.06

0.93 ± 0.03

0.10 ± 0.01
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calculated according to Equation (2):
K′ =

K
K0

(2)

During the experiment, water samples were collected at regular intervals from
the inlet chamber, outlet, and two sampling ports for detecting COD, NH4-N,
total nitrogen, and PO34− . When the relative permeability coefficients were 1,
0.86, 0.63, 0.36, and 0.14, surface sand samples at the inlet were collected for
determining EPS. When the relative permeability coefficients were 1 and 0.01,
surface sand samples at the inlet were collected for high-throughput sequencing.
Water quality indexes were determined using a Hach DR/2800 portable spectrophotometer. The concentrations of COD, NH4-N, and total nitrogen were
determined using digestion colorimetry, a salicylic acid method, and an alkaline
potassium persulfate digestion-ultraviolet spectrophotometric method, respectively. The concentration of PO34− was determined by an ascorbic acid method.
10 ml of sterilized Pb buffer solution was added to the surface sand sample
and vibrated for 1 min with a vortex shaker. Sterilized Pb buffer was then added
to the supernatant and washed to 20 ml, and then centrifuged at 4000 × g for 15
min. 0.15 ml formaldehyde was then added to the supernatant, and stirred at
4˚C for 1 h. This was followed by the addition of 8 ml NaOH at a concentration
of 1 mol/L and the solution was stirred at 4˚C for 3 h. The solution was then
centrifuged at 12,000 × g at 4˚C for 15 min. The supernatant was then filtered
through 0.45 μm and 0.22 μm membranes successively, followed by dialysis at
4˚C for 24 h through a dialysis membrane. The polysaccharide and protein contents of the solution were then determined by the phenol sulfuric acid coloration
and Coomassie brilliant blue methods, respectively.
0.5 g sand sample on the surface of the column was collected with a sterilizing
spoon and placed in a 10 ml sterilizing centrifuge tube. The sand sample was sealed
with a sealing membrane and stored in dry ice and sent to Shanghai Majorbio BioPharm Technology Co., Ltd. after pretreatment, for DNA extraction, PCR (Polymerase Chain Reaction) amplification, fluorescence quantification, and miseq sequencing. Genomic DNA was extracted and detected with 1% agarose gel electrophoresis. The amplification primers 338F (5'-ACTCCTACGGGAGGCAGCAG-3')
and 806R (5'-GGACTACHVGGGTWTCTAAT-3') were selected to perform PCR
amplification on the V3 - V4 variable region. The amplification process is as follows: pre-denaturation at 95˚C for 3 minutes, followed by 30 cycles (denaturation at 95˚C for 30 s, annealing at 55˚C for 30 s, and extension at 72˚C for 45 s),
and finally extended at 72˚C for 10 minutes (PCR instrument: ABI GeneAmp®
9700). The amplification system used a 20 μL mixture containing 4 μL 5 ×
FastPfu buffer, 2 μL 2.5 mM dNTPs, 0.8 μL primer (5 μM), 0.4 μL FastPfu polymerase, and a 10 ng DNA template.
The PCR products of the samples were mixed and detected using 2% agarose
gel electrophoresis. The AxyPrep DNA Gel Extraction Kit (AXYGEN) was used
DOI: 10.4236/jwarp.2021.132008
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to cut the gel to recover the PCR products, which were eluted with Tris-HCl; and
detected by 2% agarose electrophoresis. Subsequently, referring to the preliminary quantitative results of electrophoresis, the PCR products were detected and
quantified with a QuantiFluor™-ST Blue Fluorescence Quantitative System (Promega), and then mixed in proportions corresponding to the sequencing volume
requirements of each sample. The Miseq PE300 platform of Illumina was used
for sequencing. The raw data was uploaded to the NCBI database.
The PE readings obtained by Miseq sequencing were first spliced according to
the overlapping relationship, and the sequence quality was controlled and filtered simultaneously. After distinguishing the samples, an OTU cluster analysis
and species taxonomy analysis were performed. Based on the results of the OTU
cluster analysis, a variety of diversity index analyses and detection of sequencing
depths were performed. Also, based on taxonomic information, community structure statistical analyses were performed at each classification level.

3. Results and Discussion
3.1. Spatiotemporal Variations of Permeability in the Percolation
Column
Based on the experimental data obtained, the actual saturated hydraulic conductivity (K) and relative hydraulic conductivity (K') of the inlet (0 - 2 cm), middle
(2 - 4 cm and 4 - 8 cm), and lower half (8 - 18 cm) of the percolation column and
the whole column (0 - 18 cm) were calculated, and a line plot of the relative hydraulic conductivities was obtained (Figure 2).
It can be seen from Figure 2 that there are spatial differences in the permeabilities of a geothermal reservoir medium at different layers, in the reinjection
experiment. The overall value of K' decreased by 76.93%, of which, the K' of the

Figure 2. Spatiotemporal variations in the relative hydraulic conductivity (K') of the layers of the medium at various distances from the top of the percolation column.
DOI: 10.4236/jwarp.2021.132008
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inlet, middle, and lower half of the column decreased by 95.19%, 28.40%, and
13.13% respectively. These values show that while the hydraulic conductivity of
each seepage layer decreases, the reduction at the inlet is the most significant,
and is the main reason for the decrease in the overall hydraulic conductivity; in
contrast, the change is not significant in the lower half of the column. The clogging rate at the inlet is much higher than at other seepage layers, which makes
the media heterogeneous. During the process of reinjection of the nutrient solution, most microorganisms are intercepted on the surface of the thermal reservoir medium. With ongoing bacterial metabolism, various metabolic secretory
substances adhere to the surface layer and clog the pores of the medium at the
surface [26] [27]. The effective porosity and permeability of the surface layer are
therefore reduced, resulting in bio-clogging. Bacteria exist throughout the porous medium, because the surface bacteria preferentially use carbon, nitrogen,
and phosphorus in the reinjection water, and the environment is good for bacterial growth. The hydraulic conductivity of the surface layer decreases rapidly
where the clogging is more substantial, compared with fewer bacteria in the
middle and bottom layers where their impact is not significant.
From a temporal point of view, the values of K' at the different seepage layers
of the thermal reservoir medium show a continuous decreasing trend during the
reinjection process. The change is significant at the inlet section, where the clogging process can be divided into three stages: “rapid”, “decline-slow”, and “decrease-stable”. The value of K' decreased rapidly during the initial stage of reinjection. In the first 25 hours of the experiment, K' decreased from 1 to 0.1, which
was a significant decrease; in the middle stage, K' decreased gradually from 0.1 to
0.04 at 76 hours after the start of the experiment, and tended to be stable thereafter. Except at the inlet, the values of K' showed fluctuations and gradual decreases, and the changes were not significant. The results indicate that the reinjection water used in this experiment provides sufficient nutrients for the logarithmic growth, reproduction, and metabolic activities of bacteria [28]. As the
bacteria grow and reproduce in large numbers, biofilms are formed on the surface of the medium, clogging the connecting channels and pores, resulting in a
significant decrease in permeability. During the later stages of reinjection, with
further bacterial growth and metabolism, factors such as reduced media porosity
and insufficient oxygen limit the normal growth and vitality of microorganisms
[29], leading to a decrease in the bacterial reproduction rate. The extent of clogging of the pores of the thermal reservoir medium does not change significantly
thereafter, hence the relative hydraulic conductivity remains stable.

3.2. Analysis of Nutrient Index
In this experiment, water samples were collected during reinjection at 11.5 h, 18
h, 26.5 h, 27.5 h, and 126.5 h, from the inlet chamber, sampling port 1, sampling
port 2, and the outlet, for COD, NH4-N, total nitrogen (TN), and PO34− nutrient index tests (Figure 3).
DOI: 10.4236/jwarp.2021.132008
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During the experiment, the concentration of active phosphorus decreased
slightly, and the change was not significant. The test results were in the range of
0.02 - 0.06 mg/L (i.e., within the range of accuracy of the instrument), and the
concentration of the inlet section was slightly higher during the early stage of
reinjection. The COD concentration showed an overall decreasing trend as the
reinjection progressed. The concentration at the inlet section was the highest after 16 h of reinjection, indicating that the consumption of glucose and other nutrients by organisms was the highest and that the biomass was at its maximum at
this time. With further progress of the experiment, the microbial growth was limited, the biomass was slightly reduced and reached a state of equilibrium, and
the COD concentration decreased and was stable. The concentration of COD
near the inlet was higher overall, indicating that there was more biomass closer
to the inlet. The concentration of NH4-N showed an overall downward trend,
with a higher concentration and greater variation at the inlet section than at the
outlet. The TN content during the experiment decreased overall, albeit with
large fluctuations.

3.3. Analysis of EPS
Extracellular Polymeric Substances (EPS), are the components of biological aggregates and include proteins, polysaccharides, nucleic acids, lipids, humic acids,
and other extracellular polymers [30], of which protein and polysaccharides are

Figure 3. Spatiotemporal variations of nutrient salt indexes in a porous medium.
DOI: 10.4236/jwarp.2021.132008
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the main components [31]. The change in hydraulic conductivity is affected by
the growth and reproduction of bacteria due to the production and secretion of
EPS. Thus, the value of K of the porous medium is closely related to the EPS content during the reinjection process. For K' values of 1, 0.86, 0.63, 0.36, and 0.14,
surface sand samples were obtained to test the protein and polysaccharide content
and to determine the EPS content for different extents of clogging (Figure 4).
Figure 4 shows that the polysaccharide content of the five samples is higher
than the protein content, and the ratio of polysaccharide to protein (PS/PN) is in
the range of 1.87 - 3.20. As the value of K' drops from 1 to 0.86, the EPS content
of the surface sand sample shows a continuous increase, along with an increase
in the PS/PN ratio; this represents a period of continuous growth. When the
value of K' drops to 0.63, the EPS content decreases, and the reduction in the
polysaccharide content is greater than that of protein; this period is thus a consumption period. When the value of K' drops further to 0.14, the EPS content
continues to rise; this represents a period of autolysis.
When the value of K' is 1, the bacteria begin to adapt to the new environment
after static culture by secreting EPS to supplement their own nutritional needs.
Upon the commencement of reinjection, the bacteria enter the growth stage due
to an increase in nutrient sources. After a while, due to the increase in the number of bacteria and the relative lack of nutrients, the bacteria enter the stage of
attenuating endogenous respiration [32], and EPS as a cellular nutrient is degraded and consumed by the bacteria. In the later stage of reperfusion, the phenomena of cell senescence and autolysis occur, and a resultant increase in cell
autolysates causes the EPS to rise.

3.4. Analysis of Bacterial Community
A dilution curve can be used to verify whether the amount of sequencing data in
a microbial diversity analysis is sufficient to reflect the diversity of the species in

Figure 4. Variation of EPS with the extent of clogging in the porous medium.
DOI: 10.4236/jwarp.2021.132008
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the sample, and can be used to evaluate the coverage of the sequencing data and
richness of the species. When the curve becomes flat or reaches a plateau, it can
be considered that the sequencing depth has covered all species in the sample; in
other words, it means that there are more species in the sample that have not
been detected by sequencing. The Sobs, Chao, and Ace indexes reflect the richness of the community, while the Shannon and Simpson indexes reflect the diversity of the community. A higher value of coverage indicates a higher probability that the sequence in the sample is detected, while a lower probability implies that the sequence is not detected. As shown in Table 2 and Figure 5, the
coverage values in the samples are all greater than 0.99, and the dilution curve
tends to be flat, indicating that the sequencing results can convey the true conditions of the microorganisms in the samples. When compared with the indexes at
the beginning of the reinjection, the Chao, Ace, Sob, and Simpson indexes all
showed an upward trend at the end of the experiment. However, the Shannon
index decreased, indicating that while the community richness increased during
the reinjection process, the community diversity decreased.
An analysis of the community composition of the two samples with K' values
of 1 and 0.01 shows that the samples include 10 phyla, 16 classes, 40 orders, 72
families, 121 genera, and 149 species. Those with a relative abundance of less
Table 2. The α-diversity indexes of the bacterial community during geothermal water
reinjection
Samples

Sobs

Shannon

Simpson

Ace

Chao

Coverage

S1

118

2.956069

0.094941

123.963188

120.8125

0.999697

S2

144

2.778699

0.152343

147.895484

145.75

0.999803

Note: S1 and S2 are the samples taken when the K' values of the percolation column are 1 and 0.01, respectively.

Figure 5. Rarefaction curves.
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than 0.01 were grouped as “others”.
During the reperfusion process, the dominant bacterial species changed. From
an analysis of the community composition, it can be found that at the level of
phylum classification, the main phyla are Proteobacteria, Bacteroidetes, and Actinobacteria. The dominant phylum during the reinjection period is Proteobacteria. Studies have found that the proportion of Proteobacteria, which is the
largest phylum of bacteria, in the biofilm flora is generally higher [33]. At the
level of genus classification, the bacterial genera in the geothermal reservoir medium changed greatly during the reinjection period. Figure 6(a) shows that at
the end of the experiment, the relative abundance of Pseudomonas, Sphingobium, and Flavobacterium, which are the dominant genera in the early stage of
reinjection, decreases. The unclassified_f_Microbacteriaceae under the phylum
Actinobacteria, Massilia, and Novosphingo-bium under the phylum Proteobacteria also decreased significantly. Compared with the initial stage, Devosia has a
huge increase, and has a clear advantage in the later stages of reperfusion. The
relative abundance of Acidovorax, norank_f_Sphingomonadaceae, Rhodobacter,
and Pseudorhodoferax under the phylum Proteobacteria, and Algoriphagus under the phylum Actinobacteria also increased. Studies have found that Devosia is
an aerobic bacteria and a phosphate accumulating organism [34] [35], and
Pseudomonas is an aerobic and facultative anaerobic bacteria [36]. Both of these
are dominant bacteria that cover the entire reinjection process, resulting in the
continuous reduction of active phosphorus and COD content. As a denitrifying
bacteria [37] [38], denitrification by Pseudomonas leads to a decrease in the TN
content at the initial stage of reinjection. As the experiment progresses, the amount
of Devosia increases and its nitrogen fixation and nitrification increase the
TN content [39] [40], However, the growth of most microorganisms, including

Figure 6. Relative abundance of community structures at the phylum level (a) and the genus level (b) in different samples.
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Devosia, was limited due to the clogging of the surface layer in the later stages,
which became the main factor causing the decrease of the TN content.

4. Conclusions
Characterizing bacterial communities has great significance for targeted control
of bacteria-induced clogging during geothermal Water Reinjection. Indoor onedimensional experiment was carried out to test the bio-clogging during groundwater reinjection in porous medium. Replace the field geothermal water with the
simulated reinjection water which has similar characteristics. Based on the 16s
rRNA High-throughput sequencing technique, the diversity and structural characteristics of microbial community were analyzed, and the characteristics of microbial community and its succession were revealed at the molecular level in the
process of aquifer clogging, provide a theoretical basis for the prevention and
treatment of bio-clogging of groundwater reinjection.
Bio-clogging mainly occurs near the water inlet of a porous medium, and the
differences in the permeabilities of each layer enhance the heterogeneity of the
medium. Surface clogging undergoes three stages of permeability: “rapid”, “decline-slow”, and “decrease-stable”, which significantly decreases the relative hydraulic conductivity at the inlet compared to a gradual decrease in other seepage
layers.
As the reinjection progresses, the EPS content increases, and the polysaccharide content remains higher than the protein content throughout the process. It
is noted that when the relative permeability coefficient is 0.63, microorganisms
enter the endogenous respiration stage, and the EPS content decreases slightly at
this stage before continuing an increasing trend with decreasing values of the
permeability coefficient.
The bacteria attached to porous media mainly belong to Proteobacteria and
Bacteroidetes phyla, and 13 genera including Pseudomonas, Sphingobium, Fla-

vobacterium, and Devosia. During the reinjection process, the community richness increases, but the community diversity decreases. In this study, Proteobacteria was the dominant phylum in the sample population, and the dominant bacteria genus changed from Pseudomonas to Devosia during the reinjection process,
the succession of bacterial community structure occured; the growth and reproduction of bacteria and the secretion of EPS during the experimental process led
to bio-clogging.
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