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Abstract

Corrosion in pipelines and reservoir tanks in oil plants is a serious problem in the global 

energy industry because it causes substantial economic losses associated with frequent 

part replacement and can lead to potential damage to entire crude oil fields. Previous 

studies revealed that corrosion is mainly caused by microbial activities in a process 

currently termed microbiologically influenced corrosion (MIC) or biocorrosion. 

Identifying the bacteria responsible for biocorrosion is crucial for its suppression. In this 

study, we analyzed the microbial communities present at corrosion sites in oil plant 

pipelines using comparative metagenomic analysis along with bioinformatics and 

statistics. We analyzed the microbial communities in pipelines in an oil field in which 

groundwater is used as injection water. We collected samples from four different facilities 

in the oil field. Metagenomic analysis revealed that the microbial community structures 

greatly differed even among samples from the same facility. Treatments such as biocide 

administration and demineralization at each location in the pipeline may have 

independently affected the microbial community structure. The results indicated that 

microbial inspection throughout the pipeline network is essential to prevent biocorrosion 

at industrial plants. By identifying the bacterial species responsible for biocorrosion, this 

study provides bacterial indicators to detect and classify biocorrosion. Furthermore, these 

species may serve as biomarkers to detect biocorrosion at an early stage. Then, 

appropriate management such as treatment with suitable biocides can be performed 

immediately and appropriately. Thus, our study will serve as a platform for obtaining 

microbial information related to biocorrosion to enable the development of a practical 

approach to prevent its occurrence.

Keywords: bacteria; biocorrosion; metagenome; microbial community; oil field
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1 Introduction

In the inland oil fields of oil industries, groundwater is predominantly used as 

injection water. Several studies have revealed the microbial communities present at 

corrosion sites of groundwater pipelines (Rajala et al. 2015, Rajala et al. 2017, Lenhart et 

al. 2017) and have suggested that microbial communities largely differ among corrosion 

sites. Dinh et al. (2004) and Uchiyama et al. (2010) indicated that hydrogenotrophic 

methanogens could contribute to biocorrosion, and Mand et al. (2011) suggested the vital 

role of acetogens in biocorrosion. Thus, more information is necessary to reveal the 

mechanism of microbiologically influenced corrosion (MIC) in groundwater pipelines to 

gain comprehensive knowledge. In addition, corrosion remains a problem in pipelines as 

well as in industries employing corrosive materials. Oil plants have many facilities, and 

these facilities are also plagued by corrosion. The microbial communities present at 

corrosion sites are expected to differ among facilities. Therefore, it is crucial to 

characterize microbial communities in each facility to control and suppress biocorrosion 

in oil plants.

This study aimed to characterize microflora in the facilities of an inland oil 

plant to obtain a comprehensive view of MIC at the facility level. To achieve this, we 

studied an inland oil field in which groundwater is used as injection water as a model 

case. We collected samples from four facilities in the oil field and generated metagenomes 

to reveal MIC-related microflora.

2 Materials and methods

2.1 Sampling sites and sample collection

The oil field is a sandstone reservoir that started production in August 1994. 

The average reservoir temperature is 71°C, and its thickness ranges from 45 to 60 m 

(Figure 1). In this field, groundwater collected from water supply wells (WSWs) is 

transferred to remote injection stations (RISs) and then transferred to water injection wells 

(IWs). The water–oil mixture from the reservoir transported through water production 

wells is collected at the field control center (FCC), where the mixture is separated into 

water and oil before transferring them to oil plants. We collected nine water samples and 

two water–oil mixture samples from WSWs, RISs, IWs, and FCC (Table 1).
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2.2 Filtration and DNA extraction

We used nitrocellulose membranes (50 mm in diameter, MFTM-MEMBRANE 

FILTERS, Merck Millipore Ltd.) for filtration. We filtered the water samples through 

0.2- and 5-μm filters and used the resultant filtrates for DNA extraction. The volumes of 

water samples used for filtration are shown in Table 1. DNA extraction was conducted 

using DNeasy PowerLyzer PowerSoil kits (QIAGEN) following the manufacturer’s 

instructions.

2.3 16S rRNA amplicon library construction and sequencing

The extracted DNA was used as a template to amplify 16S rRNA genes by 

polymerase chain reaction using a universal forward primer (5′-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-

3′) and a reverse primer (5′- 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTA

ATCC-3′). TaKaRa Ex Taq Hot Start Version (TaKaRa) was used to perform 

amplification, and the protocol consisted of denaturation at 95℃ for 5 min; 30 cycles of 

95℃ for 30 s, 60 ℃ for 30 s, and 72℃ for 1 min; and a final extension step at 72℃ for 

7 min. 16S rRNA amplicon libraries were prepared using the 16S Metagenomic 

Sequencing Library Prep guide (Illumina).

Sequencing was performed on an Illumina MiSeq platform using the paired-

end read mode and 300 cycles for each end for a total of 600 cycles. Taxonomic 

assignment was performed using the QIIME1 version 1.9.1 bioinformatics pipeline 

(http://qiime.org/). Operational taxonomy unit (OTU) picking was conducted using the 

de novo OTU picking method of QIIME1.

2.4 Statistical analysis

Hierarchical clustering analysis was conducted using the relative amount of 

species (genus level) of each metagenome. Distances between samples were calculated 

using the Euclidean method with “dist” in R version 3.5.1 package (https://www.r-

project.org/). Clustering was conducted using Ward’s method with “hclust” in R. 

Principal component analysis (PCA) was also performed using R.

http://qiime.org/
https://www.r-project.org/
https://www.r-project.org/
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3 Results

3.1 Structure of the oil field and sample collection

We collected 11 water samples from four facilities (WSW, RIS, IW, and FCC) 

in the inland oil field (Figure 1). In the general process of this oil field, groundwater 

pooled in WSW is first collected at RIS and then transferred to IW. Groundwater in IW 

is injected into oil reservoirs as production water, and the resultant oil–water mixture is 

then separated at FCC into water and oil fractions (Figure 2A). This oil field recycles 

production water, as shown in Figure 2B. Groundwater in WSW is transferred to RIS-B 

and RIS-C (Figures 1 and 2A), whereas the production water separated at FCC is returned 

to RIS-A and RIS-D (Figures 1 and 2B).

WSW-812, WSW-809, RIS-C, IW-129, and FCC were located on the same 

water flow network, and RIS-A and IW-161 were included in the same recycling system 

of oil production (Figure 3). Various types of pipeline treatments are used to suppress 

biocorrosion (Figure 3). For example, nitrates, which suppress the activities of sulfate-

reducing bacteria (SRB) by enhancing the growth of nitrate reducers, were used at RIS-

C. Conversely, the pipeline responsible for production water recycling between FCC and 

RIS-A was treated with a scale inhibitor, corrosion inhibitor, and biocide.

3.2 Analysis of microbial community composition

We extracted microbial DNA from 11 water samples collected from four 

facilities (IW, RIS, WSW, and FCC) and conducted metagenomic analysis. We obtained 

two types of DNA from each water sample, i.e., DNA from microbial cells collected using 

5- and 0.2-μm filters (see Materials and methods). Hierarchal analysis (Figure 4) 

indicated that microbial communities that were not filtered through 0.2- and 5-μm filters 

from the same sample were clustered together. Because 5.0-μm filters were expected to 

trap biofilm, which is essential for microorganisms to cause biocorrosion, we discussed 

microbial communities using metagenomes from 5.0-μm filter samples only.

3.3 Microbial communities in WSW samples

We collected samples from two WSWs, namely WSW-809 and WSW-812 

(Table 1). Although WSWs pool natural groundwater, there were large differences in the 

dominant species between WSW-809 and WSW-812 (Table 2) despite the absence of 

substantial differences in the chemical properties of the samples (Table 3). As presented 
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in Table 3, species belonging to Marinobacter were the most dominant (48%) in WSW-

809, followed by Rhodobacteraceae (17%), Pseudomonas (16%), and Rhodospirillaceae 

(9%). These species are known to thrive in marine environments (Pujalte et al. 2014, 

Baldani et al. 2014). In contrast, WSW-812 was highly dominated by Desulfonatronum 

species, which are SRB (72%). Desulfovibrio species, which are also SRB, comprised 

1.1% of microbes in WSW-812. In addition to SRB, Flexistipes species comprised 3% of 

the microbes in this sample.

3.4 Microbial communities in RIS samples

We obtained four metagenomes from four RISs, namely RIS-A, RIS-B, RIS-

C, and RIS-D (Table 1). The dominant taxa and chemical properties in each RIS are 

presented in Tables 5 and 6, respectively. The microbial communities in RIS-B and RIS-C 

were very similar to each other, particularly the high prevalence of Desulfonatronum 

species (14% and 16%, respectively) and Ectothiorhodospiraceae species (12% and 15%, 

respectively; Table 4). The former species are SRB, whereas the latter group comprises 

purple sulfur bacteria that prefer anaerobic environments. Halothiobacillaceae species 

commonly dominated in RIS-A and RIS-D (29% and 45%, respectively), 

Helicobacteraceae species dominated in RIS-A (42%), and Marinobacter species were 

prevalent (27%) in RIS-D. Halothiobacillaceae and Helicobacteraceae species are 

(micro)aerobic organisms (Kelly and Wood, 2005). Chemical analysis revealed that RIS-

B and RIS-C contained approximately 6,000 ppm of sulfate ions, whereas their 

concentration in RIS-A and RIS-D was approximately 1200 ppm (Table 5). These results 

suggest a massive difference in both microbial community structures and environments 

between RIS-A/D and RIS-B/C in terms of the levels of sulfate ions and oxygen. Our 

findings clearly reveal the correspondence to the functional differences of RISs, as 

mentioned previously (Figures 1–3).

3.5 Microbial communities in IW samples

Two metagenomes from IWs (IW-161 and IW-129) were examined (Table 1). 

The dominant taxa and chemical properties in the IW samples are presented in Tables 6 

and 7, respectively. The microbial communities in IW-161 and IW-129 greatly differed 

from each other (Table 6). Syntrophobacter species were predominant in the microbial 

community of IW-161 (35%). Petrotoga species were also highly prevalent in IW-161 
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(17%). These species have been described as strict anaerobes. In addition, SRB species 

(Desulfoglaeba, Desulfococcus, Desulfacinum, and Desulfomicrobiaceae species) were 

observed to be dominant in IW-161 (4%, 4%, 3%, and 2%, respectively).

In IW-129, the most dominant species were Anaerolineaceae and 

Thermovirgaceae species, which are also strict anaerobes that have been detected in 

various anaerobic environments such as soils, wastewater treatment systems, animal 

gastrointestinal tracts, and oil wells (Yamada et al. 2018, Jumas-Bilak et al. 2009). 

Chemical analysis revealed that the sulfate concentration was approximately 1400 ppm 

in IW-161, whereas sulfate was not detected in IW-129 (Table 7). This finding suggests 

that the presence of sulfate ions explains the dominance of SRB in IW-161.

3.6 Microbial communities in FCC samples

FCC is the facility in which oil–water mixtures yielded by different oil wells 

are collected and separated into oil and water (Figure 2A). We collected samples from 

three distinct parts of the same FCC. FCC trunk line E (FCC.TE) and FCC trunk line F 

(FCC.TF) samples were collected from the pipelines containing oil–water mixtures. The 

FCC WOSEP OUT (FCC.W) sample was obtained after the separation of oil–water 

mixtures. The abundance of microbes and chemical compositions in each sample are 

listed in Tables 8 and 9, respectively.

Syntrophobacter species were dominant (>18%) in all three samples. SRB such 

as Desulfomicrobiaceae, Desulfoglaeba, Desulfacinum, Desulfovirgula, and 

Desulfococcus species were also highly prevalent (≥1%) in the samples (Table 8). 

FCC.TE and FCC.TF are pipelines containing oil–water mixture, whereas FCC.W is one 

of the water-intake sites following the separation of oil and water. However, although 

Lachnospiraceae and Desulfovibrio species were found only in the FCC.W sample, there 

were no large differences in the prevalence rates of other species between these two 

pipelines.

3.7 PCA

PCA was conducted to evaluate the difference or similarity of microbial 

community structures among metagenomes in the oil field (Figure 5). We observed at 

least three groups in the PCA plot. Group 1 comprised IW-161, FCC.TE, FCC.TF, and 

FCC.W. RIS-B and RIS-C were included in Group 2. RIS-A, RIS-D, and WSW-809 were 
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included in Group 3. The samples were not clustered by facility. However, the sulfate 

concentrations were approximately 1,200 ppm in Group 1, and 6,000 ppm in Group 2. In 

Group 3, the sulfate concentration in RIS-A and RIS-D was approximately 1,200 ppm, 

whereas that in WSW-809 was approximately 6,000 ppm. IW-129 and WSW-812 were 

shown to be separated from those three groups in the PCA plot. The sulfate concentrations 

in IW-129 and WSW-812 were <200 and 6,000 ppm, respectively. In addition to sulfate 

concentrations, all samples in Group 1 were located on the same pipeline network, i.e., 

recycling production water (Figure 5). However, although RIS-A was located on this 

network, it was included in Group 3 with RIS-D. WCW-812, WCW-809, RIS-C, and 

IW129 were also located on a separate pipeline network (Figure 5). These samples were 

dispersed in the PCA plot.

4 Discussion

In this study, we examined the microbial community structures of 11 samples 

collected from an inland oil field, in which pipelines and facilities have long exhibited 

biocorrosion. Our results indicated that the composition of the microbial communities 

was not determined by the facility. A factor that may have determined the community 

structure was sulfate concentration, as illustrated by PCA (Figure 5). Sulfate 

concentrations differed between RIS and IW samples. In these facilities, the microbial 

communities largely differed. In particular, the abundance of SRB was higher in samples 

with higher sulfate concentrations than in those with lower sulfate concentrations. 

Because SRB are among the main causative agents of biocorrosion (Jayaraman et al. 

1999), monitoring of both sulfate concentration and SRB is considered essential for 

protecting pipelines against corrosion. The results also revealed that the SRB species in 

IW (IW-161) and FCC samples differed from those in other facilities. Desulfoglaeba, 

Desulfacinum, and Desulfococcus species, which are SRB that use long fatty acids as 

electron donors for dissimilatory sulfate reduction (Kuever and Galushko 2014), were 

dominant in IW-161 and FCC samples. FCC is a facility that handles oil–water mixtures, 

and IW-161 uses the recycling water from FCC; this suggests that fatty acids present in 

the (residual) oil fraction are utilized by SRB as electron donors in FCC and IW-161. 

Notably, FCC and IW-161 are part of the same pipeline network in this oil field. These 

results indicate that the translocation and re-settlement of microbial species may occur 
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through this network in this oil field.

Conversely, the results suggest that sulfate concentration was not the sole factor 

determining the presence or absence of SRB. For example, the sulfate ion concentration 

in RIS-A and RIS-D was 1,200 ppm, which was similar to that in FCC. Nevertheless, 

SRB counts were sparse in these samples. Meanwhile, although the sulfate ion 

concentration in WSW-809 exceeded 6,000 ppm, SRB were not dominant in this facility. 

A previous study (Kelly and Wood 2015) revealed that Marinobacter, 

Halothiobacillaceae, and Helicobacteraceae species prefer (micro)aerobic conditions. 

We revealed that these species were dominant in these facilities, suggesting that aerobic 

conditions may be produced there. The presence of oxygen may suppress the growth of 

SRB. Moreover, RIS-A, RIS-D and WSW-809 were plotted very close to each other in 

the PCA plot, indicating that these microbial communities were formed following the 

disappearance of SRB because of the presence of oxygen in the pipeline.

To suppress biocorrosion, several treatments have been used in this field 

(Figure 3). We obtained results that indicated the effect of these treatments on microbial 

community structures. For example, nitrate ions were added to RIS facilities to enhance 

the growth of denitrifying bacteria and suppress the growth of SRB. In RIS samples, 

Pseudomonas species, which are well-known denitrifying bacteria, were dominant, 

implying that the prevalence of this species increased with the increase in nitrate ion 

concentration. However, SRB were still abundant in RIS-B and RIS-C samples. Chemical 

analyses revealed that nitrate was almost absent in these samples, suggesting that most 

nitrate ions added were consumed, allowing SRB to thrive in these facilities after 

treatment.

Moreover, a scale inhibitor, corrosion inhibitor, and biocide were used to treat 

pipelines between FCC and RIS-A/D (Figure 2B). RIS-A is located on the same pipeline 

network as IW-161 and FCC; nevertheless, the microbial community structure in RIS-A 

greatly differed from those in IW-161 and FCC. Although the detailed mechanisms of 

action of these treatments remain unclear, the treatments might explain the drastic 

changes in microbial community compositions, i.e., the decreased prevalence of SRB and 

subsequent dominance of aerobic microorganisms.

5 Conclusions
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Metagenomic analysis of samples acquired from an oil field revealed that 

microbial community structures differed even within the same facilities. The abundance 

of microorganisms, particularly SRB, appeared to be related to environmental factors 

such as sulfate concentration and aerobic/anaerobic conditions. These results suggest that 

biological and chemical monitoring across entire pipeline networks in oil fields is 

essential to properly understand the state of biocorrosion.
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Table 1. Samples collected from the inland oil field

Sample Sample information Content
Sampling 

date

Filtration 

amount

RIS-A Remote injection station A Water June 2017 0.8 L

RIS-B Remote injection station B Water June 2017 4 L

RIS-C Remote injection station C Water June 2017 4 L

RIS-D Remote injection station D Water June 2017 1L

IW-129 Injection well 129 Water June 2017 1 L

IW-161 Injection well 161 Water June 2017 2 L

WSW-809 Water supply well 809 Water June 2017 2 L

WSW-812 Water supply well 812 Water June 2017 2 L

FCC.W
Field control center 

WOSEP out
Water June 2017 2 L

FCC.TE Field control center trunk line E Water + oil June 2017 2.5 L

FCC.TF Field control center trunk line F Water + oil June 2017 2.5 L
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Table 2. Relative abundance of taxa in water supply well (WSW) samples 

Taxa WSW-809 WSW-812

Desulfonatronum 0.00980 0.72046

Marinobacter 0.48039 0.00023

Rhodobacteraceae 0.16667 0.00023

Pseudomonas 0.15686 0.00129

Gammaproteobacteria - 0.12850

Rhodospirillaceae 0.09804 0.00003

Flexistipes - 0.03079

Desulfovibrio - 0.01093
Taxa with more than 1% abundance are presented.
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Table 3. Chemical composition of water supply well (WSW) samples

 WSW-809 WSW-812

Ammonia as Nitrogen <1.00 mg/L <1.00 mg/L

Calcium 678 mg/L 676 mg/L

Copper <1.00 mg/L <1.00 mg/L

Iron 14.00 mg/L 10.00 mg/L

Magnesium 424 mg/L 420 mg/L

Manganese <1.00 mg/L <1.00 mg/L

Molybdenum <10.00 mg/L <10.00 mg/L

Nitrate <200 mg/L <200 mg/L

Nitrite <200 mg/L <200 mg/L

Sulfate 6666 mg/L 5328 mg/L

Total phosphate <0.050 mg/L <0.050 mg/L

Total phosphorus <0.050 mg/L <0.050 mg/L

Zinc <1.00 mg/L <1.00 mg/L
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Table 4. Relative abundance of taxa in remote injection station (RIS) samples

Taxa RIS-A RIS-B RIS-C RIS-D

Pseudomonadaceae 0.15297 0.40241 0.34808 0.08502

Halothiobacillaceae 0.28860 - 0.00002 0.45152

Helicobacteraceae 0.41896 0.00006 - 0.00018

Desulfonatronum - 0.13631 0.15794 -

Marinobacter 0.00458 0.00092 0.00017 0.27978

Ectothiorhodospiraceae - 0.12106 0.15282 0.00003

Pseudomonadaceae 0.00086 0.03643 0.04175 0.01438

Proteobacteria 0.00150 0.03429 0.04343 0.00552

Chromatiales 0.00002 0.03970 0.01019 0.00116

Parvibaculum - 0.00717 0.03397 -

Agrobacterium - - - 0.02937

Chromatiales spp1 0.00011 0.00931 0.01530 0.00426

Syntrophobacter 0.01027 0.00069 0.00010 0.01740

Desulfovibrio - 0.01111 0.01338 -

Pseudomonadaceae 0.00527 0.00522 0.00580 0.00504

Desulfurispora 0.00000 0.00989 0.01102 -

Desulfoglaeba 0.00663 0.00044 0.00014 0.01164

Paracoccus 0.00000 0.01084 0.00031 0.00426

Sulfurospirillum 0.00092 - - 0.01415

Taxa with more than 1% abundance are presented. Chromatiales spp1 was annotated as 

k__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Chromatiales;Other;Other, while 

Chromatiales was described as 

k__Bacteria;p__Proteobacteria;c__Gammaproteobacteria;o__Chromatiales;f__;g__.
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Table 5. Chemical composition of remote injection station (RIS) samples

 RIS-A RIS-B RIS-C RIS-D

Ammonia as 

Nitrogen 4.02 mg/L <1.00 mg/L <1.00 mg/L  5.31 mg/L

Calcium 690 mg/L 677 mg/L  683 mg/L 723 mg/L

Copper <1.00 mg/L <1.00 mg/L <1.00 mg/L <1.00 mg/L

Iron <1.00 mg/L 2.00 mg/L 1.00 mg/L <1.00 mg/L

Magnesium 87 mg/L 437 mg/L 436 mg/L 103 mg/L

Manganese <1.00 mg/L <1.00 mg/L <1.00 mg/L <1.00 mg/L

Molybdenum <10.00 mg/L <10.00 mg/L <10.00 mg/L <10.00 mg/L

Nitrate <200 mg/L <200 mg/L <200 mg/L <200 mg/L

Nitrite <200 mg/L <200 mg/L <200 mg/L <200 mg/L

Sulfate 1251 mg/L 6002 mg/L  5985 mg/L 1266 mg/L

Total phosphate <0.050 mg/L <0.050 mg/L <0.050 mg/L <0.050 mg/L

Total phosphorus <0.050 mg/L <0.050 mg/L <0.050 mg/L <0.050 mg/L

Zinc <1.00 mg/L <1.00 mg/L <1.00 mg/L <1.00 mg/L
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Table 6. Relative abundance of taxa in injection well (IW) samples

Taxa IW-161 IW-129

Anaerolinaeceae - 0.67629

Syntrophobacter 0.35079 0.00308

Thermovirgaceae 0.02618 0.16566

Petrotoga 0.17277 0.00149

Ruminococcaceae 0.07853 0.00149

Desulfoglaeba 0.04188 0.00230

Desulfococcus 0.03665 0.00108

Clostridium 0.03665 -

Syntrophobacteraceae 0.03141 0.00048

Actinobacteria - 0.03114

Desulfacinum 0.02618 0.00007

Desulfomicrobiaceae 0.02094 0.00019

Anaerobaculaceae - 0.01691

Coprothermobacter - 0.01223

Clostridiales 0.01047 0.00011
Taxa with more than 1% abundance are presented.
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Table 7. Chemical composition of injection well (IW) samples

 IW-129 IW-161

Ammonia as Nitrogen 23.1 mg/L 4.33 mg/L

Calcium 247 mg/L 667 mg/L

Copper <1.00 mg/L <1.00 mg/L

Iron 4.00 mg/L 8.00 mg/L

Magnesium 79 mg/L 98 mg/L

Manganese <1.00 mg/L <1.00 mg/L

Molybdenum <10.00 mg/L <10.00 mg/L

Nitrate <200 mg/L <200 mg/L

Nitrite <200 mg/L <200 mg/L

Sulfate 5328 mg/L 6666 mg/L

Total phosphate <0.050 mg/L <0.050 mg/L

Total phosphorus <0.050 mg/L <0.050 mg/L

Zinc <1.00 mg/L <1.00 mg/L
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Table 8. Relative abundance of taxa in field control center (FCC) samples

Taxa FCC.W FCC.TE FCC.TF

Syntrophobacter 0.18060 0.32012 0.18538

Flexistipes 0.05714 0.00415 0.35105

Desulfomicrobiaceae 0.10560 0.04881 0.06716

Clostridium 0.07749 0.09114 0.00056

Desulfoglaeba 0.05769 0.06896 0.03822

Desulfacinum 0.03260 0.08347 0.01487

Anaerobaculum 0.00928 0.07363 0.03313

Lachnospiraceae 0.09705 - -

Desulfovirgula 0.01471 0.01182 0.06441

Thermovirgaceae 0.03531 0.03499 0.01909

Desulfovibrio 0.07660 0.00000 -

Syntrophobacteraceae 0.01948 0.02584 0.01506

Petrotoga 0.01496 0.03827 -

Ruminococcaceae 0.00876 0.00320 0.03584

Thermoanaerobacter 0.00997 0.01287 0.01791

Anaerobaculaceae 0.00931 0.00961 0.01543

Thermoanaerobacterium 0.00220 0.00283 0.02594

Thermovirga 0.00633 0.02038 0.00094

Clostridiaceae 0.00220 0.01938 -

Clostridia 0.00321 0.01714 0.00062

Thermoanaerobacteraceae 0.00473 0.00154 0.01198

Porphyromonadaceae 0.00933 0.00474 0.00352

Clostridiales 0.00373 0.00196 0.01059

Desulfococcus 0.00966 0.00068 0.00154

Pelobacter 0.01037 0.00008 -
Taxa with more than 1% abundance are presented.
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Table 9. Chemical composition of field control center (FCC) samples

 FCC.W FCC.TE FCC.TF

Ammonia as N 4.16 mg/L 3.05 mg/L 1.97 mg/L

Calcium 720 mg/L 832 mg/L  810 mg/L

Copper <1.00 mg/L <1.00 mg/L <1.00 mg/L

Iron 13.00 mg/L <1.00 mg/L 9.00 mg/L

Magnesium 106 mg/L 131 mg/L 110 mg/L

Manganese <1.00 mg/L <1.00 mg/L <1.0 mg/L

Molybdenum <10.00 mg/L <10.00 mg/L  <10.00 mg/L

Nitrate <200 mg/L <200 mg/L <200 mg/L

Nitrite <200 mg/L <200 mg/L <200 mg/L

Sulfate  1105 mg/L 1456 mg/L 1023 mg/L

Total phosphate <0.050 mg/L <0.050 mg/L <0.050 mg/L

Total phosphorus <0.050 mg/L <0.050 mg/L <0.050 mg/L

Zinc <1.00 mg/L <1.00 mg/L  <1.00 mg/L
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Figure legends

Figure 1. Schematic map of the inland oil field in this study

Groundwater collected from water supply wells (WSWs) is transferred to remote 

injection stations (RISs) and then transported to water injection wells (IWs). The water–

oil mixture transported from the reservoir through water production wells was collected 

at a field control center (FCC). We collected nine water samples and two water–oil 

mixture samples from WSWs, RISs, IWs, and FCC (see Table 1). Red lines indicate 

pipelines.

Figure 2. The flow of water and oil through the facilities

(A) General flow and (B) flow at the producing water recycling system.

Figure 3. Schematic image of the chemical treatments

Figure 4. Hierarchical clustering of microbial composition

Euclidean distances between samples were calculated, and clustering was performed 

using Ward’s method in R package. In the labels, 5 µm and 0.2 µm denote the filter size 

used to obtain DNA.

Figure 5. Principal component analysis of metagenomic samples

Labels present the sample names, and colored circles denote their sulfate concentration. 

The black boxes present the possible grouping in this plot.
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Figure 1. Schematic map of the inland oil field in this study
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Figure 2. The flow of water and oil through the facilities
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Figure 3. Schematic image of the chemical treatments
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Figure 4. Hierarchical clustering of microbial composition
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Figure 5. Principal component analysis of metagenomic samples
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