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A B S T R A C T    


Currently, corrosion rates (CR) and/or corrosion products (CP) obtained for methanogen-induced microbiolog-
 ically influenced corrosion (Mi-MIC) on carbon steel are mainly analyzed from static-incubations. By using a 
 multiport-flow-column,  much  higher  CRs  (0.72  mm/yr)  were  observed,  indicating  static-incubations  are  not 
 suitable for determining the corrosive potential of Mi-MIC. With the combination of various analytical methods 
 (ToF-SIMS/SEM-EDS/SEM-FIB)  and  contrary  to  previously  published  data,  we  observed  that  CPs  contained 
 phosphorus,  oxygen, magnesium, calcium and  iron but  lacked carbon-related species (e.g. siderite). Overall, 
 siderite nucleation is disrupted by methanogens, as they convert aqueous bicarbonate into carbon dioxide for 
 methanogenesis resulting in increased localized corrosion.   


1. Introduction 


Corrosion is a costly phenomenon found in several industries as it 
 often leads to detrimental infrastructure breakdowns, i.e. pipeline fail-
 ures and eventual spills. The annual global cost of corrosion is estimated 
 to be 3 % to 4 % of each country’s Gross Domestic Product (GDP), or US 


$2.5  trillion  [1],  not  including  costs  associated  with  environmental 
 consequences, i.e. remediation costs [2]. To establish effective preven-
 tative strategies, all areas of corrosion science, including material sci-
 ence, electrochemistry and biology must be considered. One limiting 
 factor for effective corrosion monitoring is microbiologically influenced 
 corrosion (MIC). In this sense, carbon steel (>98 % Feo) is one of the 
 most used infrastructure materials due to its favorable properties and its 
 low-cost [3]. Under anoxic conditions, carbon steel is highly susceptible 
 to MIC, for instance by serving as an electron donor [4,5]. Due to the 
 diverse microbial communities and complex environmental condition, i. 


e. temperature, pH and pressure, MIC is a highly unpredictable process 
 [4,5].  Only  in  the  last  years  several  key  microorganisms,  next  to 
 sulfate-reducing  bacteria  (SRB)  have  been  identified,  including 


iron-reducing bacteria, iron-oxidizing bacteria, acetogenic bacteria and 
 methanogenic archaea [4–10]. Moreover, to the present, two types of 
 MIC have been proposed: indirect MIC and direct MIC [5]. Indirect MIC 
 occurs when microorganisms produce metabolites which are corrosive 
 to the metal, like acids from fermentative microorganisms or H2S from 
 SRB [5]. In direct MIC, microorganisms use the metal as an electron 
 donor, i.e. carbon steel [5]. MIC is often identified through the forma-
 tion of pits, which are localized and difficult to predict [11]. 


For lithotrophic SRB or direct MIC-SRB, electrons are directly with-
 drawn from the steel surface through membrane-bound redox proteins 
 for sulfate reduction (Eq. 1) [5].  


4Feo +SO42− +3HCO3- +5H+→ FeS +3FeCO3 +4H2O       (1) 
 The formation of iron sulfide (FeS) can increase the corrosion rate by 
 generating localized corrosion cells on the steel surface [12]. In addition 
 to SRB, methanogens are also capable of direct MIC by using elemental 
 iron as an electron source for methanogenesis (Eq. 2) [6,13–16]. How-
 ever  limited  information  is  available  on  the  corrosion  mechanism  of 
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(3)methanogen-induced MIC (Mi-MIC).  


8H++4Feo +CO2 → CH4 +4Fe2++2H2O      (2) 
 Recently, corrosion mechanisms of Methanococcus maripaludis OS7 
 and  KA1  were  proposed  by  comparing  genomic  differences  between 
 iron-grown strains and hydrogen-grown strains [16], where a corrosive 
 genomic island or MIC-island was identified [16]. The MIC-island was 
 identified to be an unstable 12 kb gene segment encoding a secretion 
 system and a [NiFe] hydrogenase, which is supposed to attach to the 
 metal  surface  upon  secretion,  allowing  direct  metal  oxidation  and 
 hydrogen  production  (Eq.  3)  [16,17].  Produced  hydrogen  is  further 
 consumed in the process of methanogenesis [16].  


2H++Feo ↔ H2 +Fe2+ (3) 


However, the production and secretion of genes encoded in the MIC- 
 island by corrosive methanogens were only proposed for members of 
 M.  maripaludis.  Other  corrosive  methanogens,  such  as  members  of 
 Methanobacterium and  Baltic-Methanosarcina [13,18,19],  can  directly 
 utilize elemental iron for methanogenesis with low H2-affinity, but the 
 mechanism remains unclear [18,20]. Unlike SRB-induced MIC, Mi-MIC 
 was  often  seen  as  minimal  or  preventative  due  to  the  formation  of 
 proposed corrosion products: siderite (FeCO3) [15,21]. 


Siderite is an electrically insulating mineral and is proposed to be the 
 sole corrosion product of Mi-MIC [20–23]. The low corrosion rates re-
 ported for Mi-MIC (between 0.02 to 0.065 mm/yr), in different labo-
 ratories grown as static culture [6,15,24] further reinforced siderite as 
 the main culprit for the low corrosivity of methanogens. However, the 
 formation of siderite is directly dependent on the availabilities of ferrous 
 and carbonate ions in the environment (Eq. 4) [25–27]. The stability of 
 the siderite structure is based on the solubility factor or supersaturation 
 level (Ksp; Eq. 4) [26]. 


S=
 [Fe2+][


CO2−3 ]


Ksp (4) 


Siderite nuclei can only be formed above the saturation level and 
 continuously to nucleate if supersaturation is maintained [26]. Stability 
 of the supersaturation level relies heavily on several factors, including 
 pH,  pressure,  temperature,  flow  and  salinity  [25–27].  For  example, 
 higher ionic strength results in delayed nucleation formation of siderite 
 due to increase in the supersaturation factor (Eq. 4). Furthermore, in 
 anoxic,  iron-rich,  CO2-rich  and  seawater  conditions,  i.e.  ancient 
 Archaeon sea, additional ferric compounds such as magnetite (Fe3O4) 
 and greenalite ((Fe2+, Fe3+)2−3Si2O5OH4.) will form [28]. Under these 
 conditions, siderite compounds could be partially replaced by magnetite 
 (Eq. 5) [28]:  


3FeCO3 +H2O → Fe3O4 +3CO2 +H2       (5) 
 In CO2-rich environments without microbial influences, additional 
 crystalline  solid  phases  such  as  magnetite  and  chukanovite  are  also 
 formed  [25,27]  due  to  the  changes  in  the  supersaturation  level  of 
 siderite. In the presence of other ions, i.e. Mg2+and Ca2+, nucleation of 
 the siderite crystal structure will transform, resulting in the formations 
 of magnesium carbonate (MgCO3), calcium carbonate (CaCO3), or Fe- 
 (Mg or Ca)-x solid phases [25,27]. Thus, formation of solely siderite as a 
 biogenic corrosion product for Mi-MIC remains highly questionable. 


Currently, all identified corrosive methanogens are marine archaea 
 and at this salinity, the formation of siderite or the saturation index (Eq. 


4) should be affected. Only recently it was realized that MIC should be 
 investigated under dynamic conditions since static enrichments might 
 not simulate the natural conditions. In a study recently published, we 
 showed that the marine methanogenic strain Methanobacterium-like IM1, 
 grown under dynamic conditions, leads to higher corrosion rates than 
 previously assumed (0.52 mm/yr). Based on this, the purpose of the 
 following contribution is to realize if 1) similar patterns are observed for 
 other  corrosive  methanogens,  2)  methanogens  indeed  only  produce 


siderite as the corrosion product and 3) the resulting corrosion products 
 differ when grown under static or dynamic conditions. To answer those 
 questions and to verify the corrosion products of methanogens, experi-
 ments conducted using the flow system were compared with traditional 
 serum bottle enrichments. Additionally, multiple surface analysis tech-
 niques were incorporated to create a comprehensive overview on the 
 corrosion products. Overall, the results of the study provided an inter-
 esting perspective on the corrosion mechanisms of methanogens with 
 increased geochemical, biological and industrial benefits. 


2. Materials and method 


2.1. Strains, media and culturing conditions 


Two  methanogenic  archaea  strains  Methanococcus  maripaludis 
 Mic1c10 (NBRC #105639, NITE Biological Resource Center, Japan) and 
 M. maripaludis KA1 (NBRC #102054, NITE Biological Resource Center, 
 Japan) were grown in anoxic artificial sea water medium (ASW) [29] at 
 30 ◦C buffered with CO2/HCO3− under anoxic headspace (80 % N2 and 
 20 % CO2, v/v). Additional supplements were added post-autoclaving 
 and  were  described  previously  [17]  and  reduced  using  cysteine  (1 
 mM) and sodium sulfide (1 mM) [29]. Acid-sterilized (NACE protocol 
 SP0775-2013) steel coupons (Table 1) and carbon steel beads (Table 1; 


average weight: 55.22 mg ±0.011 mg) were used as electron donors. 


Each culture bottle (50 mL ASW) contained three pre-treated coupons 
 and biological replicates were conducted in triplicates (abiotic controls 
 were conducted in duplicates) for 14 days at 30 ◦C. Growth was moni-
 tored by measuring the methane concentration in headspace (8890 GC 
 System equipped with a thermal conductivity detector, Teckso GmBH, 
 Germany), using methods previously described [17]. The fully-grown 
 cultures (30–35 %) were used to inoculate the multiport flow columns 
 (MFC). 


2.2. Multiport flow-column set-up and corrosion rate calculation 
 A multiport flow column (MFC) set-up was constructed as previously 
 described [17]. The carbon steel beads served as the electron donors (20 
 sterile beads per section). The beads were acid sterilized using the same 
 NACE protocol [30]. Each section of the column was separated using 
 glass beads of similar sizes to carbon steel beads. Additionally, a steril-
 ized carbon steel  coupon was inserted between  Sections 2 and 3 for 
 surface analyses. The pore volumes (PV) of the columns were calculated 
 based on the differences in weights between the media-flooded columns 
 and the dry columns [17]. Around 0.5 PV of cultures were used as the 
 inocula. In order for the cells to establish an initial biofilm on the iron 
 surface, the columns were incubated anaerobically for 3.5 days at 30 ◦C 
 without any flow. After 3.5 days, fresh medium (ASW) were continu-
 ously  introduced  into  the  columns.  The  columns  incubated  with 
 methanogens were conducted in triplicates and abiotic controls were 
 conducted in duplicates. The daily flow rate of the system was 45 mL, or 
 1.2 PV. To measure methane concentration, a sealed serum bottle was 
 connected to the effluent port of the columns and the headspace was 
 analyzed  using  the  same  gas  chromatography.  Post  experiment,  the 
 columns were sectionally deconstructed. The beads were cleaned using 
 the same NACE protocol [31]. The corrosion rates of the carbon steel 
 beads were calculated using the weight loss method by subtracting the 
 final weight with the initial weights of each bead. The rates were then 
 calculated with the same formula as described previously [17]. Statis-
 tical  analyses  (Origin  (Pro),  Version  2020  OriginLab  Corporation, 
 Northampton, MA, USA) of corrosion rates were performed [17] 


2.3. Surface analyses and corrosion product identification 
 2.3.1. Time of flight - secondary ion mass spectrometry (ToF-SIMS) 


At the end of each batch culture experiment and flow-through system 
experiment, coupons were washed once with filter sterilized PBS/dH2O 



(4)(1:2, v/v), then incubated overnight at 4 ◦C in 1 mL 2.5 % glutaralde-
 hyde solution for fixation of microorganisms. Subsequently, the coupons 
 were washed first with filter sterilized PBS/dH2O (1:2, v/v) for 5 min, 
 then for another 5 min in sterilized dH2O. The dehydration of coupons 
 was carried out using different ethanol dilutions (30 % [30 min], 50 % 
 [30 min], 70 % [30 min], 80 % [60 min], 90 % [60 min] (v/v) and 
 absolute [60 min]) and dried with N2 gas. 


The exposed surface of the coupon was sputtered with gold (15 nm, 
 Quorum  Technologies,  UK).  The  coupons  were  then  horizontally 
 embedded in epoxy resin and polished with SiC paper with increasing 
 grits (grit 320 to grit 2000) to observe the cross section. The gold layer 
 served as a reference point to distinguish between the corrosion layer 
 and the epoxy for the ToF-SIMS analyses of the cross-sections. 


ToF-SIMS analyses were carried out using a ToF-SIMS IV instrument 
 (IONTOF GmbH, Münster, Germany). Investigations were performed in 
 the collimated burst alignment (CBA) mode using a 25 kV Bi1+as pri-
 mary ion source, enabling a good spatial resolution down to 100 nm per 
 pixel [32]. The analyses were performed in the negative and positive 
 polarities. The region of interest (ROI) of 100 ×100 (μm) was scanned in 
 sawtooth mode with 512 ×512 pixels and one shot/pixel. The analyzed 
 region was sputtered for 120 s with another specie before each analysis 
 in order to remove surface contaminations and to enhance the secondary 
 ion yield in each analysis mode. For the negative mode, the ROI was 
 sputtered with a 3 kV Cs+ions and for the positive mode with 3 kV O2+


ions. The sputtered crater size was adjusted to 500 ×500 (μm), where 
 the analyzed region is in the center. For charge compensation, a low 
 energy electron flood gun (20 V) was used after standard readjustment 
 of the surface potential for the measurement. 


2.3.2. SEM and FIB-SEM 


Metal  coupons coated with gold  (15 nm)  were used  for scanning 
 electron microscope imaging (SEM; Zeiss EVO MA10; 12 kV). Energy 
 dispersive  X-ray  spectroscopy  (EDS)  measurements  were  conducted 
 using  the  Pathfinder  Basecamp  EDS  system  (Thermo  Scientific,  Ger-
 many) equipped with silicon-drift detector (area: 30 mm2, resolution 
 129 eV, UltraDry EDS detector, Thermo Scientific, Germany). A separate 
 set  of  metal  coupons  were  subjected  to  focused  ion  beam  scanning 
 electron microscopy (FIB-SEM). The metal coupons were coated with 
 gold (15 nm) to increase surface electric conductivity. Platinum (~5 nm) 
 was  then  deposited  on  each  cross-section  using  ion  beam  induced 
 deposition  (30  kV,  Ga+ions)  as  part  of  the  standard  FIB  procedure. 


Cross-sections were sliced by FIB (FEI 200xP, Thermo Fisher Scientific, 
 Germany) and imaged by SEM at an angle of 52◦to the surface (5 kV, 
 secondary electron detector). 


2.4. Data analysis 


2.4.1. Principal component analysis (PCA) and data fusion 


ToF-SIMS  data  were  processed  using  ImageLab  (Epina 
 Softwareentwicklungs-und Vertriebs-GmbH, Retz, Austria). The appli-
 cation of principal component analysis (PCA) enabled to extract a cor-
 relation between the different fragments (e.g. m/z =1, H, m/z =13, CH, 
 m/z =14, CH2, etc.). PCA has been applied on the data from the analyses 
 acquired  in  the  negative  mode.  For  each  dataset,  several m/z were 
 selected in order to build the spectral descriptors-list for the PCA. Before 
 performing PCA, the raw data were normalized to the total intensity to 
 minimize  matrix  effects  and  the  image  data  was  shift  corrected  to 
 remove the drift during the analyses. In addition, the data was scaled 
 and mean centered prior to PCA. ImageLab was then used for the fusion 


of the data with the SEM images taken from the same region on the 
 cross-section. 


3. Results 


3.1. Corrosion rate distribution and surface analyses of M. maripaludis in 
 multiport flow test column 


Corrosion capacities of M. maripaludis KA1 and Mic1c10 were eval-
 uated using the unique multiport flow system [17]. Direction of the flow 
 was unidirectional from bottom to top (Sections 1–6). Average corrosion 
 rate for the abiotic control of the whole column was 0.063 ±0.054 
 mm/yr, with highest corrosion rates at Sections 1 and 6 (Fig. 1). At the 
 fastest, beads lost more than 1% of their initial weight and at the slowest 
 beads lost less than 1% of their initial weight. Proportions were further 
 calculated  [17],  and  three  sections  of  the  abiotic  control  had  0%  of 
 fast-corroding  beads  (data  not  shown).  In  comparison,  the  average 
 corrosion rate for M. maripaludis KA1 was 0.081 ±0.074 mm/yr with 
 the highest corrosion rates in Sections 5 and 6 (Fig. 1). The beads with 
 the highest individual corrosion rates were 0.36 and 0.38 mm/yr, which 
 were identified from the regions with the highest average corrosion. 


Average corrosion rates of M. maripaludis KA1 at Sections 5 and 6 were 
 0.10 ±0.11  mm/yr  and  0.14 ± 0.098  mm/yr,  respectively  (Supple-
 mentary Table 1). Sections 5 and 6 also had the highest proportions of 
 fast-corroding beads, which were 21 % and 28 %, respectively (data not 
 shown).  Surface  analyses  of  corroded  beads  appeared  visual  severe 
 roughness  and  pitting,  in  comparison  to  the  beads  with  0  mm/yr 
 (Fig.  2A–F).  Other  sections  were  predominately  slow-corroding  bead 
 (78–97 %) and were statistically significantly different from the control. 


On the  contrary, carbon  steel  beads  were  mostly corroded  at  the 
 bottom sections of the columns incubated with M. maripaludis Mic1c10 
 (Fig. 1). The average corrosion rate of M. maripaludis Mic1c10 was 0.14 


± 0.1  mm/yr,  which  is  1.7  and  2.2  times  more  than  that  of 
 M.  maripaludis KA1  and  abiotic  control,  respectively.  All  sections  of 
 M. maripaludis Mic1c10 were dominated by fast-corroding beads (>50 


%) and highest in section 6 (81.7 %, data not shown). Sections 1, 2, and 
 6 had the highest corrosion, with corrosion rates of 0.15 ±0.12 mm/yr, 
 0.18 ±0.17 mm/yr and 0.15 ±0.045 mm/yr, respectively. The beads 
 with the highest corrosion rates were in Sections 1 and 2 with 0.60 and 
 0.72 mm/yr, respectively. Surface morphology of these beads showed 
 severe pitting and roughness (Fig. 2G–J). Corrosion rates of all Mic1c10 
 column sections were statistically different from the control, indicating 
 minimal abiotic corrosion. 


3.2. Cross-section comparisons between static and column carbon steel 
 coupons 


Cross sections of abiotic control, M. maripaludis KA1 and Mic1c10 
 were compared between static and flow column treated carbon steel 
 coupons (Fig. 3). FIB-SEM images were used to examine and compare 
 subsurface structures close to the metal surface. In the abiotic controls a 
 very thin corrosion layer was observed under both static and flow con-
 ditions (Fig. 3A and D); the layer thickness was at maximum 1 μm in 
 both cases. One clear difference between the controls was the surface 
 structure of the corrosion layer which appeared to be flat. In compari-
 son, the surface under flowing conditions appeared to be uneven and 
 rough. Similar roughness has been observed with M. maripaludis KA1 
 under flow conditions. However, the thickness of the corrosion deposits 
 was significantly higher, and reached a thickness of 12 μm. This layer 
 Table 1 


Iron specimen chemical properties according to manufacturer data.  


Iron specimen  Fe (%)  Mn (%)  Si (%)  C (%)  P (%)  S (%)  Dimension  Company 


Carbon steel coupon  99.5  0.3  0.1  <0.08  <0.04  <0.05  0.8cm ×0.8cm x 0.8 x cm  Goodfellow GmbH, Hamburg, Germany 
Carbon steel bead  99.18− 99.62  0.3− 0.6  <0.1  0.08−0.13  <0.04  <0.05  Ø =0.238 cm  Simply bearings, England  



(5)was not compact but rather multi-layered porous and contained large 
 number of cavities. These cavities were partially connected to each other 
 and appeared to have a connection from the metal surface to the external 
 medium  through  an  open  tunnel.  The  transition  from  the  corrosion 
 product  layer  to  the  metal  surface  appeared  to  be  uneven  as  well 
 (Fig. 3E), which might indicate that here pitting corrosion is a preferable 
 process. Under static conditions, the corrosion layer of M. maripaludis 
 KA1, which was only a few μm in size, can rather be described as a 
 uniform/  two-layer  matrix  interface  (Fig.  3B).  This  appearance  was 
 comparable  to  that  described  earlier  by  Uchiyama  et  al.  [21].  In 
 M. maripaludis Mic1c10 the corrosion layer had a unique appearance. 


The thickness of the layer in both cases, static and flow, was the highest 


compared to  all other  samples with  10 and 15 μm respectively.  The 
 deposits on the metal appeared to be dense and compact in both cases 
 (Fig. 3C and F). In the case of M. maripaludis Mic1c10 under flow con-
 ditions, the transition to the metal could not be visualized due to the 
 corrosion layer thickness (Fig. 3F). In the case of M. maripaludis Mic1c10 
 under flow conditions (Fig. 3F), a hollow free volume has been observed, 
 indicating that below the compact top-layer a more porous-layer could 
 be  present.  The  most  prominent  feature  of M.  maripaludis Mic1c10, 
 under  both  static  and  flow  conditions,  is  that  the  deposits  appeared 
 uneven as well. 


Fig. 1. Corrosion rates distribution (mm/yr) of M. maripaludis KA1 (A; green area) and M. maripaludis Mic1c10 (B; orange area) along the different sections (1–6) 
 compared with abiotic control (red areas). Each column was separated using glass beads. The multiport-flow columns (MFC) were incubated with M. maripaludis KA1 
 or M. maripaludis Mic1c10 without flow (3.5 days). Post incubation, fresh artificial seawater was continuously injected into MFCs for 14 days. Individual bead 
 corrosion rates for biological replicates (N =3) were compared against abiotic control in the forms of corrosion rate distribution, mean, median and outliers. (For 
 interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article). 


Fig. 2.SEM micrographs of the most-corroded carbon steel beads from M. maripaludis KA1 (C-F) and M. maripaludis Mic1c10 (G-J), in comparison to non-corroded 
beads (A and B). Carbon steel beads with corrosion rates 0.36 mm/yr (C and D) and 0.38 mm/yr (E and F) of M. maripaludis KA1 and beads with corrosion rates 0.60 
mm/yr (G and H) and 0.72 mm/yr (I and J) are shown. 



(6)3.3. Surface chemical analyses with ToF-SIMS and EDS 


The corrosion layers of the coupons incubated with M. maripaludis 
 KA1 under flow conditions contained oxygen, phosphorus, magnesium 
 and iron (Fig. 4D, E, G and H). The correlation between oxygen, phos-
 phorus, magnesium and partially iron at the same location, has indicated 
 a possible underlying interaction between these elements. These signals 
 were equally distributed in the corrosion layer of the coupon incubated 
 in  the column system with M. maripaludis KA1, resulting in regional 
 accumulations (Fig. 4E, G and H). For the samples under flow condi-
 tions, EDS measurements revealed no calcium signals for the coupon 
 incubated with M. maripaludis KA1 (Fig. 4C). ToF-SIMS measurement in 
 the positive mode showed for the same spot signals for the m/z =40, 
 which is attributed to calcium (Supplementary Fig. 5A). The corrosion 
 layer of the samples incubated with M. maripaludis KA1 under static 
 culture  conditions  were  unequally  distributed  with  several  regions 
 enriched with phosphorus, oxygen and magnesium (Fig. 5E, G and H). 


Whereas, EDS as well as positive ToF-SIMS measurements showed, that 
 the corrosion layer of the coupon incubated with M. maripaludis KA1 
 from the static culture contains calcium (Fig. 5C and Supplementary 
 Fig. 5B). 


On the contrary, the corrosion layers of the coupon incubated with 
 M.  maripaludis Mic1c10  contained  oxygen,  phosphorus,  magnesium, 
 iron  and  calcium  (Fig.  6C–E,  G,  H  and Fig.  7C–E,  G,  H).  ToF-SIMS 
 measurements  (shown  in  the  Supplementary  Fig.  6A,  B)  further 
 confirmed that calcium was present in the corrosion layer of the coupon 
 incubated with M. maripaludis Mic1c10. Magnesium has been detected 
 to a lower extent by ToF-SIMS (m/z =23) and appeared to be present in 
 the corrosion layers (Supplementary Fig. 6A, B). A correlation between 
 oxygen, phosphorus, magnesium, iron and calcium has been observed at 
 the same location, similar to the coupons incubated with M. maripaludis 
 KA1. The distribution of the elemental signals has indicated a possible 
 relationship between these elements. EDS images of coupons incubated 
 with M. maripaludis Mic1c10 revealed that regions with high magnesium 
 Fig. 3.Images taken by Focused-ion beam scanning electron microscope (FIB-SEM) of control (A and D), M. maripaludis KA1 (B and E) and M. maripaludis Mic1c10 
 (C and F). Coupons from static incubations (top row) and flow column (bottom row) are shown. Yellow stars indicate platinum deposits. Blue arrows indicate the line 
 separating the corrosion product and the iron surface. Red arrow indicates a porous layer between the carbon steel coupon and the compact corrosion layer. (For 
 interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article). 


Fig. 4. Images of the coupon incubated for 14 days with M. maripaludis KA1 in the column system by secondary electron micrograph and SEM-EDS. (A) Secondary 
electron micrograph of the coupon cross-section. The solid, light grey structure on the bottom is the metal substrate, the light grey structure above is the corrosion 
layer embedded in the epoxy resin (dark grey). (B-H) SEM-EDS images for the relevant elements. 



(7)Fig. 5. Images of the coupon incubated for 14 days with M. maripaludis KA1 in the static culture by secondary electron micrograph and SEM-EDS. (A) Secondary 
 electron micrograph image of the coupon cross-section. The solid, light grey structure on the bottom is the metal substrate, the grey structure above is the corrosion 
 layer embedded in the epoxy resin (dark grey). (B-H) SEM-EDS images for the relevant elements. 


Fig. 6.Images of the coupon for 14 days with M. maripaludis Mic1c10 in the column system by secondary electron micrograph and SEM-EDS. (A) Secondary electron 
 micrograph image of the coupon cross-section. The solid, light grey structure on the bottom is the metal substrate, the grey structure above is the corrosion layer 
 embedded in the epoxy resin (dark grey). (B-H) SEM-EDS images for the relevant elements. 


Fig. 7.Images of the coupon incubated for 14 days with M. maripaludis Mic1c10 in the static culture by secondary electron micrograph and SEM-EDS. (A) Secondary 
electron micrograph image of the coupon cross-section. The solid, light grey structure on the bottom is the metal substrate, the grey structure above is the corrosion 
layer embedded in the epoxy resin (dark grey). (B-H) SEM-EDS images for the relevant elements. 



(8)and  phosphorus  content  did  not  show  calcium  and  iron  signals 
 (Fig.  7C–E  and  G).  The  corrosion  layers  of  the  abiotic  controls  also 
 contained oxygen and phosphorus (Fig. 10, Supplementary Fig. 1G, H). 


The corrosion products of the abiotic controls formed under static con-
 ditions,  appeared  to  contain  magnesium  (Fig.  10,  Supplementary 
 Fig. 2E) as opposed was calcium, detected in the sample of the column 
 system (Fig. 10, Supplementary Fig. 1E). 


The  examination  of  the  corrosion  products  by  EDS  showed  that 
 carbon  is  present  in  the  samples  incubated  with M.  maripaludis KA1 
 under static conditions (Fig. 5B). Contrary to the previously published 
 studies, which described siderites as the only corrosion product of the 
 methanogens, no carbon could be detected for M. maripaludis Mic1c10, 
 under both tested conditions (Figs. 6B and 7 B), and for M. maripaludis 
 KA1 under column conditions (Fig. 4 B). Contradictory to the above- 
 mentioned EDS result with M. maripaludis KA1 in the column system, 
 the ToF-SIMS results showed carbon in the corrosion products. How-
 ever, in this case it is assumed to be associated with hydrogen, which has 
 been confirmed by Principal Component Analysis (PCA) (Supplemen-
 tary Fig. 3). These analyses indicated that the C–H compounds are un-
 evenly distributed within the corrosion layer. 


Contrary  to  the  coupons  from  the  static  system,  analyses  of  the 
 coupon incubated with M. maripaludis KA1 in the column system showed 
 by both ToF-SIMS and EDS measurements no correlation between the 
 signals of carbon and oxygen (Fig. 4B, H). The measurements of static 
 incubated M. maripaludis KA1-coupons indicate that there are areas in 
 the corrosion layer, where carbon and oxygen could be associated with 
 each other (Fig. 5B, H). For the M. maripaludis Mic1c10, ToF-SIMS and 
 EDS images indicated that in the column incubated coupon the corrosion 
 layer does not contain carbon (Figs. 6B and 9 B) whereas the corrosion 
 layer of the static incubated coupon a correlation between carbon and 
 oxygen has been observed (Fig. 7B, H). 


Sulfur  has  showed  distinct  differences,  using  both  ToF-SIMS  and 
 EDS. In this case, in the column system with M. maripaludis KA1, cou-
 pons showed accumulations of sulfur at certain regions (Figs. 4F and 8  
 A). These regions are visible in the metal bulk and in the intermediate 
 space of the oxygen-rich corrosion layer. The EDS images also show that 
 sulfur and iron are associated with each other, which can be concluded 
 from  the  correlation of  both  signals  (Fig. 4 D,  F  and  Supplementary 
 Fig. 4). As another observation by EDS and ToF-SIMS, sulfur is present to 
 a very low extent in the coupons incubated under static conditions with 
 M. maripaludis KA1 (Figs. 5F and 8 B). For coupons in the column system 
 and static system, which were incubated with M. maripaludis Mic1c10, 


EDS images showed an even distribution of sulfur in the corrosion layer 
 (Figs. 6F and 7 F). However, this could not be confirmed by ToF-SIMS 
 analysis  (Fig.  9A  and  B).  In  all  abiotic  controls  no  sulfur  has  been 
 detected (Supplementary Figs. 1F and 2F. A and B). 


4. Discussion 


Results of the corrosion analyses of M. maripaludis KA1 and Mic1c10 
 suggest  high  corrosion  potential  under  flow  conditions  compared  to 
 static  incubations.  This  finding  resonates  previous  reports  on Meth-
 anobacterium IM1  [17].  Both  results  suggest  that  microbiologically 
 influenced corrosion induced by methanogens (Mi-MIC) were ineffec-
 tively represented by static incubations. 


MIC  is  a  local  and  highly  unpredictable  process.  This  corrosion 
 process might be manifested differently in each region of the metal, in 
 other words, one region of the metal might be affected differently from 
 the others. Thus, surface sensitive techniques such as ToF-SIMS, focusing 
 on elemental mapping of the corrosion layer are more suitable to study 
 the formed corrosion layers within the MIC process. ToF-SIMS provides 
 a qualitative information about the distribution of all elements at the 
 surface. Despite the ability to detect light elements, ToF-SIMS analysis 
 conducted in the CBA mode has a relatively low mass resolution which is 
 compromised in the present work by SEM-EDS measurements. EDS can 
 provide a quantitative elemental distribution of iron, magnesium and 
 calcium with a better mass resolution but limited with the detection of 
 organic molecules, light elements and related fragmentation of mole-
 cules containing heavier elements. 


ToF-SIMS and EDS measurements of Mi-MIC corrosion layers, have 
 shown  that  the  composition  is  much  more  complex  than  previously 
 described  [21].  ToF-SIMS  measurements  indicated  that  all  corrosion 
 layers  (including  the  abiotic  controls),  contain  phosphorus-oxygen 
 compounds,  such  as  phosphate  (PO4−).  The  corrosion  mechanism  of 
 M. maripaludis has been assumed to be stimulated by the secretion of 
 MIC-associated hydrogenase through the TatA/TatC pathway encoded 
 in the ‘MIC island’ genomic region [16,33,34]. The MIC hydrogenase 
 has not been isolated, but the cell-free supernatant of M. maripaludis on 
 iron showed hydrogen production [33]. The specific secretion mecha-
 nism of MIC hydrogenase and its presence in M. maripaludis Mic1c10 
 remain  under  investigation.  However,  regardless  of  the  secretion 
 pathway, the presence of extracellular hydrogenase stimulates the for-
 mation of iron-phosphate species containing vivianite [35]. The rela-
 tionship  between  hydrogenase  and  iron-phosphorus  compounds  are 


Fig. 8.ToF-SIMS images acquired in the negative mode of carbon steel coupon cross-sections incubated with M. maripaludis KA1 (A-B). All images have a 100 ×100 
μm2 FoV and are normalized to the total ion intensity. (A) Total ion image of the cross-section KA1 coupon from the column system, (A1) m/z =12, C−, (A2) m/z =
16, O-, (A3) m/z =32, O2- or S- and (A4) m/z =63, PO2-. (B) Total ion image of the cross-section KA1 coupon from the static culture, (B1) m/z =12, C-, (B2) m/z =
16, O-, (B3) m/z =32, O2- or S-, and (B4) m/z =63, PO2-. 



(9)even  more  complicated  due  to  the  instability  of  hydrogenase  under 
 different  environmental  conditions  i.e.  phosphate  concentration,  hy-
 drogenase  concentration  or  environmental  stress  [35].  PO4− ions  are 
 complex ions and can be ionized to several species [36,37]. When PO4− is 
 ionized, various forms of phosphoric ions will be produced, mostly PO2- 
 and PO3- [36,37]. In addition, one must consider the fragmentation that 
 occurs during ToF-SIMS analysis and the probability to detect each of 
 these species. Therefore, PO4− ions were mostly undetected unlike PO2−


and PO3−. Additionally, Fe-P-O fragments such as Fe (1–3) PO (1–4)− could 
 not be detected, because of the complexity of these ions, which are often 
 ionized into several species, similarly to PO4− ions. Currently, there is a 
 limited number of reports on the involvement of extracted hydrogenase 
 on iron corrosion [33,35,38,39], and little information is available on 
 any corrosion product implications. Nonetheless, the presences of PO2−


and PO3− has indicated on the formation of phosphoric corrosion species 
 that were unknown previously for methanogen-induced MIC. 


Signals from other elemental species, including sulfur, magnesium, 


calcium and oxygen were detected throughout the corrosion layers. EDS 
 measurements  showed  that  all  corrosion  layers  except  the  corrosion 
 layers of the abiotic controls, contained sulfur. Accumulations at the 
 metal-corrosion interface have been detected for carbon steel coupons 
 which were incubated with KA1 extracted from the multiport column 
 system. The sulfur accumulation has been confirmed by ToF-SIMS an-
 alyses, with sulfur/dioxygen showing different behaviors. All measure-
 ments have shown that iron and sulfur are associated with each other 
 (Supplementary Fig. 4) and possibly forming FeS fragments, a conduc-
 tive compound [40]. Furthermore, EDS measurements have indicated an 
 abundance of oxygen signals. With regards to that, it was reported that 
 under anaerobic aqueous conditions, magnetite (Fe3O4) will be formed 
 abiotically  (Fig.  11)  [25],  which  is  considered  as  a  semi-conductive 
 oxide  often  formed  close  to  the  metal  surface  [25].  Based  on  the 
 FIB-SEM images of the M. maripaludis KA1 and Mic1c10 (Fig. 3), the 
 corrosion layer close to the metal surface appear differently than the 
 layer above and separated by large intermittent gaps. Additionally, it 
 Fig. 9.ToF-SIMS images acquired in the negative mode of carbon steel coupon cross-sections incubated with M. maripaludis Mic1c10 (A-B). All images have a 100 ×
 100 μm2 FoV and normalized to the total ion intensity. (A) Total ion image of the cross-section Mic1c10 coupon from the column system, (A1) m/z =12, C−, (A2) m/z 


=16, O−, (A3) m/z =32, O2- or S− and (A4) m/z =63, PO2-. (B) Total ion image of the cross-section Mic1c10 coupon from the static culture, (B1) m/z =12, C−, (B1) 
 m/z =16, O−, (B3) m/z =32, O2- or S− and (B4) m/z =63, PO2-. 


Fig. 10. ToF-SIMS images acquired in the negative mode of carbon steel coupon cross-sections of abiotic control (A-B). All images have a 100 ×100 μm2 FoV and 
normalized to the total ion intensity. (A) Total ion image of the cross-section abiotic control coupon from the column system, (A1) m/z =12, C−, (A2) m/z =16, O−, 
(A3) m/z =32, O2- or S− and (A4) m/z =63, PO2-. (B) Total ion image of the cross-section Mic1c10 coupon from the static culture, (B1) m/z =12, C−, (B2) m/z =16, 
O−, (B3) m/z =32, O2- or S− and (B4) m/z =63, PO2-. 



(10)was reported that under flow conditions, the presence of ligands, such as 
 phosphate, led to the mineralization of magnetite [41]. The oxidation 
 and reduction processes of magnetite in marine environments is also 
 closely related to anaerobic biofilms [42]. Generally, magnetic level in 
 marine sediments is closely related to the concentration of magnetite, 
 which  decreases  drastically  at  the  sulfate-methane  transition  zone, 
 where methane concentration depletes [43]. In this context, it is known 
 that  the  presence  of  magnetite  greatly  enhances  methanogenesis 
 [43–45]. However, further investigations on the  involvements of hy-
 drogenase and methanogen on magnetite production are necessary. 


Carbonate (CO3−), similar to phosphorus-oxygen compounds, is also a 
 ligand molecule capable of ionizing into different species as a function of 
 pH and enzymatic activities [41]. In this context, signals of (FeCO3) 
 were represented by CO− (m/z =28), CO2− (m/z =44), CO3− (m/z =60) 
 ions, as well as the Fe-associated carbon-oxygen compounds. However, 
 precise CO (1–3) – signals could not be obtained in any of the ToF-SIMS 
 measurements. Considering the CBA analysis mode in the SIMS mea-
 surements,  CO− and  Si-  have  similar  masses  (m/z = 28)  and  might 
 overlap  in  the  spectrum,  in  addition,  the  carbon  steel  coupons  are 
 assumed to contain traces of silicon originating from the sample prep-
 aration. Due to the high sensitivity of ToF-SIMS to trace elements, the 
 distinction between these two fragments was difficult. Also signals of 
 magnesium and calcium did not coincide with carbon. It was reported 
 that under carbonated conditions, mineral scales containing MgCO3 and 
 CaCO3 can also form. Presences of divalent cations also stimulate the 
 formation of compounds such as chukanovite (Fe2(OH)2(CO3)), allow-
 ing a transient formation of (Fe,Mg,Ca)CO3 solid solutions [26], which 
 could not be detected. Nevertheless, no correlation was concluded be-
 tween carbon and oxygen indicating siderite is not the main corrosion 
 product of Mi-MIC contrary to previous publications [21]. 


In the present, siderite is known as the sole corrosion product of 
 M. maripaludis or Mi-MIC. However, as shown here, signals of carbon, 
 carbon-oxygen and iron-carbon were lacking. The formation of siderite 


is dependent on several factors, including the concentrations of CO2, 
 HCO3−, pH, salinity, temperature and flow [25,27]. The supersaturation 
 state  of  iron-carbonate  is  critical  for  the  formation  of  siderite  by 
 allowing the nucleation of the crystallized structure and sub sequential 
 particle growths [26]. If supersaturation state is not reached, dissolution 
 of  partially  formed  Fe-CO3 [26]  will  occur.  Under  abiotic  CO2-rich 
 conditions  [46],  formation  of  mild  carbonic  acid  will  result  in  iron 
 dissolution at the anode causing corrosion. An excess of Fe2+and CO32- 


leads to the formation of siderite [26,46]. The precipitation of siderite is 
 susceptible to external disturbances and its nucleation requires a long 
 induction time [47]. Based on presented data, under CO2 supplemented 
 methanogenic conditions, signals of carbon-oxygen were detected to a 
 low extent. This result correlates with previous findings, where siderite 
 formation was considered to be a possible corrosion product of corrosive 
 methanogens  under  stable  laboratory  conditions  [21].  However,  the 
 detected  signals  of  iron-carbon-oxygen  were  very weak  in  stationary 
 cultures and were mostly absent in flow-column samples. The goal of the 
 multiport-column experiment was to mimic natural marine conditions 
 by  supplementing  in-situ  methanogenic  cells  with  artificial  seawater 
 containing bicarbonate. Based on our current results, a corrosion prod-
 uct deposition mechanism for methanogens is proposed (Fig. 11).  


CO2 +H2O ↔ H2CO3 ↔ H++HCO3− ↔ 2H++CO32-        (7) 
 Typically, CO2 dissolves into bicarbonate and carbonic acid upon 
 entrance into the aquatic system (Eq. 7) [43] and the lack of available 
 gaseous  CO2 will  require  the  activities  of  the  carbonic  anhydrase  to 
 revert bicarbonate back to CO2 for methanogenesis (Fig. 11). Increased 
 activities of methanogens may disrupt the level of available aqueous 
 carbonate for siderite nucleation, hence the lack of iron-carbonate sig-
 nals. However, the corrosion mechanism of methanogens require further 
 experimental  verifications  as  many  of  the  important  aspects  are  still 
 unknown, such as the impact of environmental fluctuations, i.e. pH and 
 temperature  changes,  on  the  corrosion  product  formation. 


Fig. 11. Schematic overview of microbiologically influenced corrosion by methanogens (Mi-MIC) in neutral seawater conditions. Possible biotic and abiotic re-
 actions involved are also shown. Please note, the reactions illustrated may occur simultaneously and only the reactions of Mi-MIC are shown. Specialized adaptations 
 of corrosive Methanococcus maripaludis strains are shown in reactions 1 to 3, secretion of redox enzymes, such as hydrogenases (3), produce the hydrogen needed for 
 methanogenesis (1). Carbonic anhydrase will then convert between bicarbonate and carbon dioxide when needed for methanogenesis (2). Previously proposed 
 corrosion product of Mi-MIC is siderite (FeCO3) is formed through two different pathways (4), and strictly dependent on the supersaturation of crystal nucleation. 


Presence of siderite was not detected in low CO2 or rich HCO3− conditions, i.e. flow conditions, due to the conversion of HCO3− into CO2 for methanogenesis. Other 
corrosion products of Mi-MIC may form (5), though the specific orientation and crystallized forms are unknown. 



(11)Incorporations of microsensors that identifies near surface reactions, i.e. 


hydrogen evolution, will be highly beneficial to uncover any underlying 
 mechanisms. Additionally, genetic mutants of M. maripaludis lacking the 
 carbonic anhydrase enzyme will further verify the role of carbonates on 
 the corrosion mechanism of methanogens. Lastly, techniques allowing 
 continuous  surface  imaging  under  anaerobic  condition,  such  as 
 specialized  anaerobic  flow  cell  chambers  for  confocal  microscopy  or 
 environmental scanning electron microscopy (ESEM) will be useful to 
 study the corrosion mechanisms of Mi-MIC. 


5. Conclusion 


Overall,  methanogen-induced  microbiologically  influenced  corro-
 sion  is  a  highly  versatile  process  with  complex  underlying  corrosion 
 mechanisms. Our multiport-flow columns indicated that methanogens 
 exhibit  high  corrosion  potential  while  producing  complex  corrosion 
 products independent from siderites. Additional analyses of the corro-
 sion  products  as  a  function  of  distance  from  the  injection  site  are 
 required to uncover the corrosion mechanisms of Mi-MIC. Therefore, 
 there is a clear need for a future work with the focus on integrating in- 
 situ measurements  of  methanogen-induced  MIC  under  SEM  using 
 extracted MIC hydrogenases and cells. 
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