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Abstract 28 

The microbial biocenosis in highly saline fluids produced from the cold well of a deep geo-29 

thermal heat store located in the North German Basin was characterized during regular plant 30 

operation and immediately after plant downtime phases. Genetic fingerprinting revealed the 31 

dominance of sulfate-reducing bacteria (SRB) and fermentative Halanaerobiaceae during 32 

regular plant operation, whereas after shut-down phases, sequences of sulfur-oxidizing bacte-33 

ria (SOB) were also detected. The detection of SOB indicated oxygen ingress into the well 34 

during the downtime phase. High 16S rRNA and dsrA gene copy numbers at the beginning of 35 

the restart process showed an enrichment of Bacteria, SRB, and SOB during stagnant condi-36 

tions consistent with higher concentrations of dissolved organic carbon (DOC), sulfate, and 37 

hydrogen sulfide in the produced fluids. The interaction of SRB and SOB during plant down-38 

times might have enhanced the corrosion processes occurring in the well. It was shown that 39 

scale content of fluids was significantly increased after stagnant phases. Moreover, the sulfur 40 

isotopic signature of the mineral scales indicated microbial influence on scale formation. 41 
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Introduction 62 

Deep terrestrial aquifers contain diverse microbial communities. Analyses of 16S rRNA genes 63 

and cultivation-based analyses of anoxic habitats have revealed a wide variety of phylogeneti-64 

cally and physiologically diverse microorganisms, including nitrate reducers, iron reducing 65 

bacteria, sulfate reducing bacteria (SRB), fermentative organisms, homoacetogens, 66 

methanotrophs, hydrogenotrophic, and aceticlastic methanogens (Stevens and McKinley 67 

1995; Pedersen 1997; Amend and Teske 2005). For deep marine subsurfaces and terrestrial 68 

groundwater environments, differences in the community composition and structure can be 69 

correlated with physical-chemical conditions, such as temperature, salinity, pH, sulfate con-70 

centration, and the availability of organic matter (Griebler and Lueders 2009; Molari et al. 71 

2012). However, factors controlling the spatial and temporal dynamics of microbial communi-72 

ty composition are poorly documented for deep terrestrial aquifers. Thus, the quantification of 73 

these species and determination of the mutual relationships and interactions might be a chal-74 

lenging task for the present and prospective use as well as planning and monitoring of the 75 

subsurface (Bauer et al. 2013). 76 

Microbial communities in aquifers catalyze a broad range of geochemical reactions that can 77 

adversely affect the infrastructure and operation of geothermal plants, which access the aqui-78 

fer through boreholes (or 'wells'). These reactions can lead to corrosion and scaling (Valdez et 79 

al. 2009; Javaherdashti 2011). Therefore, the detrimental effect of microbes on geothermal 80 

plant components has increasingly attracted attention. Indeed, several studies have been con-81 

ducted to identify the organisms responsible for phenomena such as scaling, biofouling, and 82 

plant infrastructure corrosion (Sand 2003; Valdez et al. 2009; Lerm et al. 2011a; b; Lerm et al. 83 

2013), as these microbial induced processes can lead to plant downtimes and the cost-84 

intensive replacement of plant components (Gallup 2009; Valdez et al. 2009; Miranda-85 

Herrera et al. 2010). 86 

Corrosion leads to the degradation of construction materials and functional loss of technical 87 

components, e.g., well casing and submersible pumps. Due to their high chloride concentra-88 

tion, brines themselves are very corrosive fluids and cause pitting corrosion. Many studies 89 

have identified different genera of SRB as one of the main factors accelerating corrosion 90 

(Hamilton 1985; Lee et al. 1995; Javaherdashti 2011). The effect of SRB activity on the cor-91 

rosion processes is well known and can significantly increase the steel corrosion rate (Valdez 92 

et al. 2009). In addition, organic and inorganic acids produced by bacteria, such as fermenta-93 

tive and sulfur-oxidizing bacteria (SOB), adversely affect metal surfaces and might contribute 94 

to the corrosion of metallic construction materials (Javaherdashti 2008). However, questions 95 
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concerning the underlying mechanism remain (Enning and Garrelfs 2014).  96 

Scaling in geothermal plants primarily reflects pressure decreases, temperature changes, 97 

and/or corrosion, changing the physicochemical conditions in the fluid (Corsi 1986). In addi-98 

tion to reducing the efficiency of pumps, heat exchangers, and turbines, scaling influences the 99 

effectiveness of wells, as iron and other metallic cations are enriched through precipitation, 100 

leading to the formation of amorphous or crystalline structures that contribute to a continuous 101 

decrease in pumping capacity and eventual clogging of the well (Houben and Weihe 2010; 102 

Van Beek 1989). Biofouling refers to the accumulation of microorganisms that produce extra-103 

cellular polymers and form complex biofilms with mineral deposits and adversely affect the 104 

hydraulic characteristics of water flow by causing a decrease in the matrix pore spaces in shal-105 

low groundwater aquifers (Howsam 1988).  106 

Deep geothermal reservoirs of the North German Basin typically have high temperatures and 107 

saline formation waters, creating harsh conditions for the plant equipment. These characteris-108 

tics can be associated with high corrosion rates consistent with plant downtimes (Fichter et al. 109 

2011).  110 

The fluid samples analyzed in this study were taken from the geothermal heat store in Neu-111 

brandenburg, Germany operated at temperatures ranging from 47 °C to 87 °C. Lerm et al. 112 

(2013) revealed distinct microbial communities in geothermal fluids produced from the cold 113 

and the warm side of the aquifer. In addition, despite short retention times in the heat ex-114 

changer a shift in the microbial community composition and higher bacterial gene copy num-115 

bers were observed in fluids in consequence of heat extraction. This is regarded as a result of 116 

biofilms that established on the heat exchanger plates as well as the downstream piping due to 117 

the temperature decrease and were detached with the fluid flow (Lerm et al. 2013).  118 

In the present study, we focused on plant downtimes and monitored variations in microbial 119 

communities in the fluids produced from the cold well and the effects of plant downtimes on 120 

microbial induced corrosion (MIC). Fluids and filter bags were sampled before and after 121 

downtime phases over a period of four years. Shifts in the microbial community structures of 122 

the fluids produced after downtime phases were monitored using 16S rDNA-based finger-123 

printing and quantitative PCR. Consistent with geochemical and mineralogical data, these 124 

molecular analyses facilitated the identification of specific microbial metabolic groups that 125 

benefited from shutdown phases and provided insight into the processes occurring downhole 126 

with respect to corrosion and scaling.  127 

 128 

 129 
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Materials and methods 130 

Site description and plant design 131 

The investigated geothermal plant, located in Neubrandenburg (North German Basin, Ger-132 

many), is used for seasonal heat storage since 2004. The target sandstone formation is situated 133 

at 1,228 - 1,268 m depths and is accessed using a geothermal doublet. The distance between 134 

the two wells (GtN 1/86, GtN 4/86) used for both fluid production and injection is approxi-135 

mately 1,300 m.  136 

Fluid from well GtN 4/86 was charged with excess heat from a local gas and steam cogenera-137 

tion plant during summer (April till November) and subsequently injected via well GtN 1/86 138 

into the aquifer (charge mode). This area is called the “warm well” as the fluid temperature in 139 

the aquifer surrounding well GtN 1/86 increased from 54 °C to a final temperature of 87 °C 140 

during geothermal plant operation. The second well, GtN 4/86, is called the “cold well” due to 141 

the operational caused temperature decrease. During winter time (November till April), fluid 142 

produced from the warm well that is used for district heating was subsequently injected into 143 

the “cold well” with a temperature of 45 °C to 54 °C (discharge mode).  144 

Both wells and the topside facility were maintained under nitrogen pressure (~10 bar) to re-145 

duce precipitation, degassing, and oxygen ingress. Upstream of the heat exchanger, filter sys-146 

tems are installed on the cold as well as on the warm side to retain solid particles emerging in 147 

the well and transported with the produced fluid from the aquifer. Furthermore, pumps as well 148 

as production and injection pipes are installed on both sides. The average fluid flow rate dur-149 

ing regular operation in the plant was 80 m³ h-1, while the fluid flow rate during plant restart 150 

was remarkably lower and varied between 20 m³ h-1 and 60 m³ h-1. The borehole volume is 35 151 

m3. Further information dealing with plant operations and energetics is provided in Kabus and 152 

Wolfgramm (2009) and Obst and Wolfgramm (2010). In 2008, 2009, and 2011, plant opera-153 

tion was impaired due to the corrosion damage of a submersible pump in the cold well and the 154 

decreased injection rate in the cold well resulting from precipitation and scaling, which led to 155 

downtime phases lasting up to three months. Based on the observations in 2008 and 2009, 156 

restart processes occurring in 2011 were intensively monitored. 157 

 158 

Sample collection  159 

Fluid and filter samples were taken over a period of four years from the two wells and from 160 

filter devices at the topside facilities of the heat store. This period included phases of regular 161 

plant operation with charge and discharge mode and plant downtime phases lasting up to three 162 

months.  163 
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Filter samples were collected to analyze the content of solids in the transported fluids and to 164 

characterize the scales. Filters were placed in a filter device that contained 2 x 4 filters (Eaton 165 

DuraGaf POXL-1-P02E-20l, Lenntech, Delft, Netherlands) with 1-micron ratings. Filters 166 

were regularly replaced after a certain filter lifetime (definite volume of fluid passed through). 167 

If the injection pressure increased, e.g., due to high particle loading rate after plant restart fil-168 

ters were replaced more often, independent of the passed fluid volume. 169 

Fluid samples of 1 to 2 liter were collected in sterile Schott Duran glass bottles (Wertheim, 170 

Germany).  171 

Sampling was performed once a day in September 2007, April 2008, June 2009, and July 172 

2009. An intense monitoring was done after 23 days of plant downtime in September 2011. 173 

During that monitoring, eight fluid samples were initially collected every 15 m3 after plant 174 

restart and finally at an interval of 385 m3. We particularly focused on samples collected after 175 

the exchange of one borehole volume to observe the effects in the filter screens and the near 176 

borehole area. 177 

 178 

Geochemical and mineralogical analyses  179 

The fluid temperature and pH were determined on-site using a pH/mV/temperature meter 180 

(WTW, Weilheim, Germany) during the sampling procedures. Redox potential was measured 181 

using an electrode installed in a flow-through chamber (BWG, Neubrandenburg, Germany). 182 

The characterization and quantification of the DOC was performed according to Huber and 183 

Frimmel (1996) using size-exclusion-chromatography with subsequent ultra violet and infra-184 

red detection through a liquid chromatography organic carbon detection (LC–OCD, Toso, 185 

Japan) device as described in Vetter et al. (2012).  186 

Fluid-soluble anions and cations, including ion balance, were calculated as shown in Lerm et 187 

al. (2013). In the present study, we focused on the ions involved in redox processes relevant 188 

for microbial activity present in the geothermally used fluid. The sulfate and iron concentra-189 

tions were quantified according to DIN EN ISO 17294-2 (E29) and DIN EN ISO 10304-1 190 

(D19) as described in Lerm et al. (2013). The dissolved gas volume was quantified on-site 191 

using a mobile degasser (BWG, Neubrandenburg, Germany) and a drum-type gas meter (Rit-192 

ter, Bochum, Germany), while the gas composition was analyzed using a gas chromatograph 193 

with a thermal conductivity detector (TCD) (SHIMADZU, Duisburg, Germany). The gas 194 

measurements were carried out according to DIN 1343. The dissolved hydrogen sulfide con-195 

centration was determined using an amperometric H2S micro-sensor (AMT 196 

Analysenmesstechnik GmbH, Germany). This method allows for increased sensitivity com-197 
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pared with the methylene blue method, with an accuracy of ± 1% and a lower detection limit 198 

of 50 µg l-1.  199 

The sulfur isotopic composition was measured using an NC 2500 elemental analyzer connect-200 

ed to a Thermo Quest Delta+XL mass spectrometer (Thermo Fisher Scientific, Waltham, 201 

USA) and is expressed as a delta-notation; δ34S=(34S/32S)sample/(
34S/32S)CDT−1. The carbon iso-202 

topic composition was determined using a DELTAplusXL mass spectrometer (Thermo Fisher 203 

Scientific, Waltham, USA) and is expressed as a delta-notation; 204 

δ13C= (13C/12C)sample/(
13C/12C)PDB−1. 205 

The particle load in filters from the topside facility was determined using the scale Kern KB 206 

650-2MN (Kern Scales Technic, East Sussex, UK) with an analytical accuracy of 0.01 g. The 207 

residues in the filters were analyzed as described in Lerm et al. (2013).  208 

 209 

Genetic fingerprinting  210 

Genetic fingerprints of bacterial communities in fluids were performed at AMODIA Bioser-211 

vice GmbH (Braunschweig, Germany), based on the filtration of 1 liter of fluid using a cellu-212 

lose acetate filter with a 0.22 µm pore size (Sartorius, Goettingen, Germany), and single-213 

strand conformation polymorphism (SSCP) fingerprinting according to Schwieger and Tebbe 214 

(1998). Due to long-term monitoring, genetic profiles were partly generated individually and 215 

subsequently arranged. Partial 16S rRNA genes were PCR-amplified by using the universal 216 

bacterial primer set F519/ R926-ph (Schwieger and Tebbe 1998).  217 

The SRB community was analyzed through polymerase chain reaction-denaturing gradient 218 

gel electrophoresis (PCR-DGGE) (Muyzer et al. 1993) as described in Lerm et al. 2013 using 219 

the DCode System (Bio-Rad, Hercules, USA). The sequencing of the reamplified dsrB gene 220 

fragments was performed at GATC Biotech AG (Konstanz, Germany). The nucleotide se-221 

quences obtained after DNA sequencing were analyzed using the ClustalW Multiple align-222 

ment tool (Thompson et al. 1994) and the Basic Local Alignment Search Tool (BLAST) of 223 

the NCBI database (Altschul et al. 1990) and the Ribosomal Database Project (RDP) Classifi-224 

er of the RDP database (Wang et al. 2007). Taxonomic assignment was performed by the 225 

RDP Classifier and a confidence threshold of 80%. The sequences in this study are available 226 

in the NCBI database under the GenBank accession numbers KJ689383 - KJ689423. The se-227 

quences deposited under the GenBank accession numbers JQ291339 - JQ291348 were already 228 

published in Lerm et al. (2013).  229 

 230 

 231 
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Quantification of Bacteria, SRB, and sulfur-oxidizing Halothiobacillus using real-time 232 

PCR 233 

Abundances of Bacteria, SRB, and sulfur-oxidizing Halothiobacillus were determined in 234 

eight samples collected from the cold well during plant restart in September 2011, after 23 235 

days of downtime, with respect to cumulative produced fluid volume. Quantitative real-time 236 

PCR (qPCR) analyses of total 16S rRNA, dsrA genes for SRB and specific Halothiobacillus 237 

16S rRNA genes were performed using a StepOnePlusTM real-time PCR (Applied 238 

Biosystems, Carlsbad, USA). For bacteria, the primer pair Uni331F/Uni797R (Nadkarni et al. 239 

2002) was applied. The cloned full-length 16S rRNA gene of Escherichia coli strain JM109 240 

was used as the standard. Total SRB were quantified as described in Lerm et al. (2013) using 241 

the primers DSR1F/DSR500R (Wagner et al. 1998, Wilms et al. 2007). Halothiobacillus sp. 242 

quantification was performed using the primer pair 385F (5´AAA GCA CTT TTA TCG GGG 243 

AA 3´) and 555R (5´AGA CTT AAG CTT CCG CCT AC 3´) amplifying a 16S rRNA specif-244 

ic gene fragment. Primers were designed using NCBI Primer BLAST (Ye et al. 2012). The 245 

specificity of the primer set was assessed by applying them to the sample material followed 246 

by sequencing. The cloned 385F-555R 16S rRNA gene fragment of Halothiobacillus sp. 247 

(DSMZ 15074) was used as a standard for quantitative analysis. DNA concentration of plas-248 

mid and plasmid dilutions from 10-1 to 10-8 served as the template for the qPCR standard 249 

curves.  250 

Each PCR reaction (20 µL) contained 10 µL Power SYBR® Green Master Mix (Life Tech-251 

nologies, Carlsbad, CA, USA), 0.2 µM of each primer, 10 µg BSA, and 1 µL of DNA tem-252 

plate. The reaction conditions for amplification of total bacterial, SRB, and Halothiobacillus 253 

DNA comprised a 10 min initial denaturation step at 95 °C, followed by 35 cycles of amplifi-254 

cation with 10 s of denaturation at 95 °C, annealing for 20 s at 60 °C, 58 °C, and 59 °C, re-255 

spectively, and elongation at 72 °C for 30 s, 30 s, and 20 s, respectively. After each run, a 256 

melting curve was gathered between 60 °C, 58 °C, 59 °C, respectively, and 95 °C to distin-257 

guish between specific amplicons and unspecific signals. The qPCR amplification factor for 258 

the determination of the total bacterial, SRB, and Halothiobacillus sp. gene copy number was 259 

1.98, 2.1, and 1.9, respectively. The limit of detection was 9x102 for total bacterial 16S rDNA, 260 

4 x102 for Halothiobacillus specific 16S rDNA, and 2x103 for the dsr gene fragments. 261 

Quantitative PCR measurements were done in triplicates. The standard deviations of the repli-262 

cates were one power of ten lower than the measured value.  263 

 264 

 265 
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Results 266 

Geochemical characteristics of the geothermal fluid 267 

The geochemistry of the fluids produced from the cold and warm well of the geothermal plant 268 

was analyzed with respect to relevant microbial parameters including electron donors and 269 

acceptors, reflecting the potential activity and abundance of different microbial communities 270 

(Table 1).  271 

 272 

Table 1: Temperature, pH, ferrous iron concentration and gas content in fluids collected from the cold and warm 273 

well during regular operation from 2007 to 2011, shown with standard deviations. 274 

T [°C] pH [-]
Fe2+         

[mg l-1]

CO2  

[Vol%]
N2           

[Vol%]
H2S   

[Vol%]
H2            

[Vol%]

CH4      

[Vol%]

2007 46.3 ± 0.3  6.1 ± 0.2  16.2 ± 0.6 - - - - -
2008 47.0 ± 0.0  6.1 ± 1.0  15.0  - - - - -
2009 46.9 ± 0.9  6.1 ± 0.1  16.6 ± 1.3 - - - - -
2010 47.1 ± 0.5  6.1 ± 0.1  18.4 ± 0.4 - - - - -
2011 46.7 ± 0.3  6.1 ± 0.1  21.8 ± 9.3  86.8 ± 0.6  12.8 ± 0.5  0.2 ± 0.03  0.2 ± 0.05  0.02 ± 0.005
2012 46.7 ± 0.4  6.1 ± 0.0  18.4 ± 3.2  86.0 ± 0.1  13.2 ± 0.5  0.74 ± 0.08  0.003  0.02 ± 0.004
2007 74.2 ± 0.0 5.9 ± 0.0  13.2  - - - - -
2008 71.6 ± 0.9 5.9 ± 0.1  13.1 ± 0.4  86.6  13.1 b.d.l.  0.03 0.02 
2009 70.8 ± 5.2 6.0 ± 0.0  14.3 ± 1.9 - - - - -
2010 70.8 ± 3.2 6.0 ± 0.1  14.3 ± 1.1 - - - - -
2011 76.9 ± 0.8 6.0 ± 0.1  14.7 ± 1.0  83.9  15.9 b.d.l.  0.005 0.019 
2012 76.8 ± 0.6 6.0 ± 0.1  15.4  83.3  16.5 b.d.l. <0.01  0.024 
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 275 
Oxygen, nitrate and nitrite concentration were below the limit of detection, - not determined 276 

 277 

The salinity of the geothermal fluids was determined as 130 g l-1 and classified as high and of 278 

the Na-Cl type, with a pH of 6. The redox potentials (standard hydrogen electrode, SHE) in 279 

fluids produced from the warm and the cold well reflected reducing conditions, with values 280 

ranging from 1 to -60 mV depending on the operation mode. Concentrations of potential elec-281 

tron acceptors such as SO4
2− and electron donors such as Fe2+, HS−, and H2 differed between 282 

fluids from the warm and the cold well, whereas CO2 concentrations (86 Vol%) and DOC 283 

values (3.5 mg C l-1(Vetter et al. 2012)) were in the same range during regular operation. The 284 

sulfate concentration in fluids from the cold well was 912 mg l-1 on average and was approx-285 

imately 8% lower compared with fluids produced from the warm well (Fig. 1). Oxygen, ni-286 

trate and nitrite concentrations were below the limit of detection.  287 

 288 
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 289 
Fig. 1: Box plot diagram of sulfate and hydrogen concentrations in the fluids produced from the cold well and 290 

the warm well during regular operation from 2007 to 2011. The sulfate values were directly measured af-291 

ter changing the operation mode, and the fluid flow direction was excluded. 292 

 293 

Average concentrations of ferrous iron and hydrogen sulfide were higher in the cold fluids 294 

(Fe2+ 17.9 mg l-1, H2S 0.41 Vol%) compared with warm fluids (Fe2+ 14.7 mg l-1, H2S below 295 

detection limit). The total gas content was 76 ml l-1 on the cold side and 75 ml l-1 on the warm 296 

side. Traces of methane (CH4) were detected in the cold and the warm fluids at a concentra-297 

tion of 0.02 Vol%. The total hydrocarbon content was below 0.001 ml l-1. 298 

The isotopic signature of 34S in fluids produced from the warm well in September 2011 was 299 

32.1 ‰ CDT, and that for fluids produced from the cold well in August 2010 was 32.2 ‰ 300 

CDT. Mineral scales collected from filter bags during regular operation revealed 34S values 301 

between 8 ‰ CDT and 12 ‰ CDT. In contrast, FeS minerals sampled from a filter bag after 302 

23 days of a downtime phase in September 2011 showed a two-fold higher 34S value of 303 

25 ‰ CDT. The carbon isotopic signature of the calcites d13CCO2 differed between the warm 304 

well (-10 ‰ PDB) and the cold well (-13 ‰ PDB). 305 

To investigate the effects of plant downtime, the SO4
2- - S2- - H2S system was studied in detail 306 

in September 2011. Relevant microbial parameters of the fluids produced from the cold well 307 

at production of one borehole volume (<35 m3) and fluid production from the reservoir 308 

(> 35 m3) are shown in figure 2. At the beginning of the recharge mode in September 2011 309 

and before plant downtime, the H2S concentration was 220 µg l-1. In addition, the ferrous iron 310 
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concentration was 33 mg l-1 and the sulfate concentration was approximately 980 mg l-1. After 311 

23 days of plant downtime, the H2S concentration was 375 µg l-1 after producing approxi-312 

mately 10 m3 of fluid. This value decreased significantly to 180 µg l-1 within one day, after 313 

producing 510 m3 of fluid. A similar trend was observed for the sulfate concentration, show-314 

ing a maximum of 1,600 mg l-1, followed by a decreased after production of 510 m3 of fluid to 315 

980 mg l-1. The ferrous iron concentration was 22 mg l-1 at the beginning of the restart and 316 

decreased to 17 mg l-1 with ongoing fluid production. Additionally, increased DOC values of 317 

up to 98.8 mg C l-1 were observed in the fluids collected immediately after restart and subse-318 

quently decreased to values observed during regular operation (DOC 3.5 mg C l-1) after the 319 

production of one borehole volume. Volatile fatty acids like acetate were only barely detected 320 

after plant restart (data not shown). Temperature (45.4 °C ± 0.8) and pH (6.2 ± 0.07) stayed in 321 

a similar range during restart.  322 

 323 

 324 
 325 

Fig 2: Sulfate, ferrous iron, hydrogen sulfide, and DOC concentrations determined in fluids collected from the 326 

cold well during plant restart in September 2011. One borehole volume amounts to 35 m3. Short stop 327 

of operation (<3 h).  19 hour stop of operation. 328 

 329 

Quantification and characterization of scales in filters  330 

The particle load in the fluids was calculated based on the amount of scales collected in filters 331 

of the topside facility in reference to the fluid volume produced. The particle load in the fluids 332 

varied during the recharge mode and regular plant operation. At the beginning of the recharge 333 

mode in 2009, 2010, and 2011, the particle load was between 1,000 and 9,000 g m-3 and con-334 
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tinuously decreased to 0.01 g m-3 during the production of approximately 14,000 m3 of fluid 335 

(Fig. 3). In contrast, after plant downtime in September 2011 and subsequent restart, the parti-336 

cle load was 50,000 g m-3. During the further production of 80,000 m3 fluid, the particle load 337 

decreased to 0.01 g m-3. 338 

 339 

0 100,000 200,000 300,000
Produced fluid [m3]

100

101

102

103

104

105

P
ar

tic
le

 lo
ad

 [
g 

m
-3
]

 340 
 341 

Fig. 3: Particle loading rate in filters installed in the topside facility of the geothermal plant during the charge 342 

mode in 2009 ( ), 2010 ( ), 2011( ) and at the plant restart after the 23 day downtime period in 2011 343 

( ). 344 

 345 

During regular plant operation and fluid production from the warm well, the majority (80%) 346 

of mineral precipitates in filters comprised calcium carbonate crusts and thin iron sulfide 347 

crusts. After heat extraction to temperatures of approximately 46 °C, the mineral precipitates 348 

accumulated in filters before reinjection were predominantly crusts of iron sulfide (FeS). FeS 349 

was also the main mineral residue (~ 90%) in filters during recharge mode before and after 350 

heat extraction. The mineral phases in filters during regular plant operation have been previ-351 

ously described (Lerm et al. 2013). 352 

After a downtime of 23 days and fluid production from the cold well, the mineral precipitates 353 

mainly consisted of black, fine-grained particles of FeS (97%) (Fig. 4). The rough particles in 354 

these filters comprised FeS-scales and reservoir materials, such as quartz, clay, and CaCO3.  355 

 356 
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 357 
 358 

Fig. 4: Mineral scales in the filters at the topside facility in Neubrandenburg collected in September 2011, (A) 359 

increased amounts of black, fine grained particles in a filter, (B) back-scatter picture of iron sulfide scales 360 

with growing CaCO3 crystals. 361 

 362 

Microbial communities in geothermal fluids during regular operation and restart events 363 

after plant downtimes  364 

From September 2007 to July 2009, SSCP analyses revealed complex microbial communities 365 

in fluids collected from the cold well, during regular operation and subsequent to plant down-366 

times. The SSCP profiles differed in the abundance and intensity of bands (Fig. 5). Two plant 367 

downtime events, lasting six days (April 2008) and three months (June 2009), led to a differ-368 

ent banding pattern with a higher microbial diversity.  369 
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 370 
Fig. 5: SSCP analysis of bacterial 16S rRNA gene fragments using DNA extracted from fluids produced from 371 

the cold well from September 2007 until July 2009. RO: Regular Operation, D: Downtime (duration [d]). 372 

The arrows indicate the positions of sequenced bands. (SSCP profiles retrieved from fluids collected in 373 

September 2007, April 2008, and July 2009 were previously published in Lerm et al. 2013).374 

 375 

The fluids produced from the cold well during regular operation (September 2007, April 376 

2008, and July 2009) contained organisms affiliated with the phylum Firmicutes and classes 377 

of Beta-, Delta-Proteobacteria (Fig. 5, Table 2).  378 

 379 

 380 

 381 
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Table 2: Closest relative of partial bacterial 16S rRNA gene sequences and GenBank accession numbers re-382 

trieved from SSCP-profiles of fluids collected from the cold well during regular plant operation and af-383 

ter downtime phases  384 

 385 

Plant 
Operation

Sample Band Class Closest relative, (Genbank accession number)
Similarity 

[%]

GenBank 
Accession 
Number

Regular 
operation

Sep 07 1 Delta-Proteobacteria Desulfohalobium utahense, strain EtOH3 (DQ067421) 98 JQ291339

2 Delta-Proteobacteria Uncultured Desulfohalobiaceae bacterium, clone J2Dbac (DQ386183) 98 JQ291340

3 Firmicutes Desulfotomaculum sp., strain NA401 (AJ866942) 90 JQ291341

Regular 
operation

4 Delta-Proteobacteria Desulfohalobium utahense, strain EtOH3 (DQ067421) 98 JQ291342

5 Firmicutes Candidatus Desulforudis audaxviator  MP104C (NR_075067) 96 JQ291343

6 Firmicutes Uncultured Halanaerobiaceae  bacterium, clone L5Dbac (DQ386209) 95 JQ291344

7 Firmicutes Desulfotomaculum sp., strain NA401 (AJ866942) 90 JQ291345

After downtime 
(6 days)

Apr 08 8 Firmicutes Candidatus Desulforudis audaxviator  strain MP104C (NR_075067) 96 KJ689403

9 Firmicutes Uncultured Halanaerobiaceae  bacterium, clone L5Dbac (DQ386209) 95 KJ689404

10 Firmicutes Desulfotomaculum sp., strain NA401 (AJ866942) 90 KJ689405

11 Gamma-Proteobacteria Thiomicrospira  sp. L-12 (AF064544) 97 KJ689406

12 Gamma-Proteobacteria Thiomicrospira crunogena  XCL-2, (CP000109) 98 KJ689407

13, 14 Gamma-Proteobacteria Halothiobacillus sp.  HL7 (KC017786) 98, 99 KJ689408, 
KJ689409

15 Epsilon-Proteobacteria Uncultured Sulfuricurvum  sp. RIFRC-1 (CP003920) 98 KJ689410

After downtime 
(90 days)

Jun 09 16 Delta-Proteobacteria Desulfohalobium utahense, strain EtOH3 (NR_043521) 98 KJ689411

17 Firmicutes Candidatus Desulforudis audaxviator,  strain MP104C (NR_075067) 96 KJ689412

18 Firmicutes Uncultured Halanaerobium sp., clone AS-P4-Sed-48 (FM879114 ) 99 KJ689413

19 Firmicutes Uncultured Clostridia  bacterium clone b18-223 (JX576041) 90 KJ689414

20 Firmicutes Uncultured Halothermothrix  sp., clone RS39 (HQ397382) 98 KJ689415

21, 23 Firmicutes Desulfotomaculum sp. NA401, strain NA401 (AJ866942) 90, 86 KJ689416

22 Thermotogae Thermotogales  bacterium PhosAc3 (FN611033) 91 KJ689417, 
KJ689418

24, 28 Bacteroidetes Uncultured Anaerophaga  sp., clone TCB200x (DQ647171) 99, 98 KJ689419, 
KJ689423

25 Firmicutes Halanaerobium sp. L21-Ace-D5 (KC631810) 98 KJ689420

26 Firmicutes Halanaerobiaceae  bacterium Benz1(DQ386220) 98 KJ689421

27 Firmicutes Desulfotomaculum sp. TGB60-1 (JX183068) 94 KJ689422

Regular 
operation

29 Beta-Proteobacteria Comamonas sp. MZ_15 (JF690938) 100 JQ291346

30 Delta-Proteobacteria Desulfohalobium utahense , strain EtOH3 (DQ067421) 98 JQ291347

31, 32 Firmicutes Desulfotomaculum sp. NA401, strain NA401 (AJ866942) 90, 90 JQ291345, 
JQ291348

Apr 08

Jul 09

 386 

 387 

 388 
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Specifically, the genetic profile of fluids showed bands whose sequences were affiliated with 389 

Comamonas sp. (band 29), fermentative Halanaerobiaceae (band 6) as well as several SRB, 390 

such as Desulfotomaculum sp. (bands 3, 7, 31, 32), Candidatus Desulforudis audaxviator 391 

(band 5), and Desulfohalobium (bands 1, 2, 4, 30). Consistently, dsr gene-based fingerprinting 392 

specific for SRB also revealed sequences related to the family of Desulfohalobiaceae and the 393 

genus Desulfotomaculum.  394 

After six days of plant downtime (April 2008), additional bands appeared in the genetic pro-395 

file whose sequences were affiliated with the sulfur-oxidizing genera Thiomicrospira (bands 396 

11, 12), Halothiobacillus (bands 13, 14), and Sulfuricurvum (band 15). After three months of 397 

plant downtime, in June 2009, additional sequences affiliated with Halothermothrix (band 398 

20), Anaerophaga (bands 24, 28), Thermoactinomycetaceae (band 19), and Thermotogales 399 

(band 22) were detected.  400 

 401 

Intense monitoring - Microbial composition in fluids produced after plant downtimes in 402 

September 2011 403 

The microbial community of fluids produced from the cold well immediately after 23 days of 404 

plant downtime in September 2011 contained Clostridia, Delta- and Gamma- Proteobacteria, 405 

Bacteroidia, and Synergistia with sequences affiliated with Halanaerobacteriaceae, the gen-406 

era Desulfotomaculum, Halothiobacillus, Anaerophaga, and Thermovirga (Fig. 6, Table 3).  407 
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 408 
Fig. 6: SSCP analysis of bacterial 16S rRNA gene fragments using DNA extracted from the fluids 409 

produced from the cold well after plant restart in September 2011 with respect to time and pro-410 

duced fluid volume after restart. The arrows indicate the positions of the sequenced bands.  411 

 Short stop of operation (<3 h).  19 hour lasting stop of operation. 412 

 413 

 414 

 415 

 416 

 417 

 418 

 419 
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Table 3: Closest relative of partial bacterial 16S rRNA gene sequences and GenBank accession numbers re-420 

trieved from SSCP-profiles of fluids collected from the cold well after plant restart in September 2011.    421 

 422 

Band Class Closest relative, (Genbank accession number)
Similarity 

[%]

GenBank 
Accession   
Number

1 Clostridia Uncultured Halanaerobiaceae  bacterium, clone L5Dbac (DQ386209) 96 KJ689383
2 Clostridia Desulfotomaculum sp. Mechichi‐2001 (AY069974) 90 KJ689384

3-5 Gamma-Proteobacteria Halothiobacillus  sp. HL7 (KC017786) 99, 99, 100 KJ689385-KJ689387
6 Synergistia Uncultured Thermovirga  sp., clone TCB169x (DQ647105) 98 KJ689388
7 Delta-Proteobacteria Desulfohalobium utahense  strain EtOH3 (NR_043521) 98 KJ689389
8 Delta-Proteobacteria Uncultured Desulfohalobiaceae  bacterium, clone J2Dbac (DQ386183) 99 KJ689390
9 Clostridia Uncultured Halanaerobiaceae  bacterium, clone L5Dbac (DQ386209) 96 KJ689391
10 Clostridia Desulfotomaculum  sp. NA401 (AJ866942) 91 KJ689392

11,12 Clostridia Halothermothrix orenii  H 168 (NR_074915) 93, 93 KJ689393, KJ689394
13 Clostridia Halothermothrix orenii  H 168 (NR_074915) 90 KJ689395
14 Clostridia Halanaerobium  sp. S191 (FJ858788 ) 99 KJ689396
15 Clostridia Uncultured Halanaerobiaceae  bacterium, clone L5Dbac (DQ386209) 96 KJ689397

16, 17 Clostridia Desulfotomaculum  sp. NA401 (AJ866942) 91, 91 KJ689398, KJ689399
18, 19 Bacteroidetes Uncultured Anaerophaga  sp., clone TCB200x (DQ647171) 92, 96 KJ6899400, KJ689401

20 Gamma-Proteobacteria Halothiobacillus  sp. HL7 (KC017786) 99 KJ689402  423 

 424 

Sequences related to Desulfotomaculum (bands 10, 16, 17), Desulfohalobium sp. (band 7), 425 

Halothermothrix sp. (bands 11, 12, 13), and Halanaerobium (band 14), were present in all 426 

fluids, indicated as bands at the same position in the genetic profiles, resulting in a similar 427 

banding pattern, and the bands showed partial differences in intensities.  428 

Sulfur-oxidizing Halothiobacillus related species (bands 3, 4, 5) disappeared after the pro-429 

duced cumulative volume exceeded 20 m3. Short stops during restart (< 3 h) did not increase 430 

the band intensity of these species, whereas a 19-hour stop correlated with their re-appearance 431 

(band 20). Similar observations, but to a lesser extent, were obtained for Halanaerobacteri-432 

aceae (band 1) and Anaerophaga species (band 19), also showing a decrease in intensities 433 

with ongoing fluid production, but no changes were observed after short stops. Corresponding 434 

to the analyses of the total bacterial community, the SRB specific fingerprinting revealed se-435 

quences affiliated with the family of Desulfohalobiaceae and the genus Desulfotomaculum in 436 

all fluids.  437 

 438 

Intense monitoring - Quantification of Bacteria, SRB, and relatives of Halothiobacillus in 439 

fluids produced during plant restart in September 2011 440 

Total DNA, total bacterial 16S rRNA, dsrA, and Halothiobacillus sp. specific 16S rRNA gene 441 

copies were calculated as a quantitative measure of total biomass, to determine the abundance 442 

of Bacteria, SRB, and Halothiobacillus in the cold well during restart after 23 days of plant 443 

downtime in September 2011 (Fig. 7).  444 
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 445 

Fig. 7: (A)  Total DNA concentration and total abundance of Bacteria, (B) SRB, and Halothiobacillus sp., 446 

based on the  16S rRNA,  dsrA, and  specific 16S rRNA gene fragments, respectively, in fluids collect-447 

ed from the cold well after plant restart in September 2011 (23 d downtime) with respect to cumulative produced 448 

fluid volume after restart. Short stop of operation (<3 h).  19 hour lasting stop of operation. 449 

 450 

Halothiobacillus sp. abundance was included in the analyses, as this species was detected in 451 

the fluids directly collected after the initial plant restart and after the 19-hour stop during the 452 

restart event shown by genetic fingerprinting.  453 

Bacterial 16S rRNA and dsrA gene copy number decreased with the cumulative produced 454 

volume. At the beginning, 16S rRNA gene copies l-1 was 1x109 and varied during the produc-455 

tion of 50 m3 of fluid from 4x109, 6.5x107, and 2.6x108 copies l-1, respectively. With ongoing 456 

fluid production, 16S rRNA gene copy number finally decreased to 4.8x105 at 490 m3. The 457 
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SRB abundance in the first fluid produced after the downtime was 7x107 dsrA gene copies l-1. 458 

While producing up to 50 m3 of fluid, dsrA gene copy number varied between 6.2x107 and 459 

4.4x108. Subsequently, dsrA gene copy number decreased to 1.8x104 after 490 m3 fluid had 460 

been produced. Numbers of Halothiobacillus specific 16S rRNA gene copies decreased after 461 

plant restart from 3.3x108 to 4.7x103 corresponding to the production of 80 m3 of fluid. The 462 

short operational shut-down phases showed no effect on gene copy number, contrary to the 463 

longer shut down phase. The 19-hour stop correlated with an increase in Halothiobacillus-464 

specific gene copy numbers, again ranging up to 1.4x106 after production of 25 m3 from the 465 

intermediate restart or 105 m3 in total. With ongoing fluid production, Halothiobacillus-466 

specific gene copy number decreased again to 1x105 after 490 m3, indicating a slower dis-467 

charge than observed after the initial restart.  468 

 469 

Discussion 470 

Microorganisms in the highly saline fluid of the geothermal heat store  471 

We analyzed regular plant operation and in particular the effects of plant downtimes on the 472 

microbial community composition in the cold well of the geothermal heat store. Fluid samples 473 

collected before and after downtime phases revealed sequences affiliated with phyla typically 474 

described for habitats such as saline lakes and sediments (Jakobsen et al. 2006; Kjeldsen et al. 475 

2007; Mavromatis et al. 2009; Tourova et al. 2013), high-temperature oil fields (Dahle et al. 476 

2008; Sette et al. 2007), and fracture water from a gold mine (Chivian et al. 2008). 477 

As observed in a previous study (Lerm et al. 2013), 16S rRNA sequences affiliated with dif-478 

ferent SRB (Desulfohalobium sp., Desulfotomaculum sp., Candidatus Desulforudis audaxvia-479 

tor) and relatives of fermentative Halanaerobiaceae were detected in the 46 °C fluids pro-480 

duced from the cold well during regular plant operation. Consistently, the detection of dsrA 481 

gene sequences affiliated with Desulfohalobiaceae and species distantly related to 482 

Desulfotomaculum corroborated the finding that these species dominated the SRB communi-483 

ty. During regular operation, this microbial composition of SRB and fermentative bacteria 484 

was characteristic for the cold well affected by intense corrosion of the metallic installations. 485 

Furthermore, the community composition differed from that of fluids produced from the 486 

warm well and the cooled re-injected fluid (Lerm et al. 2013). The physiological characteris-487 

tics of detected SRB and fermentative bacteria corresponded to the aquifer conditions with 488 

respect to temperature, salt concentration, and pH. The lower carbon isotopic signature of the 489 

precipitated calcite (d13CCO2 -13 ‰ PDB) reflected the higher microbial activity in cold fluids 490 

and the degradation of organic substances to CO2. The abundance of SRB in cold fluids indi-491 
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cated by the genetic fingerprinting and dsrA genes correlated to an 8% lower sulfate concen-492 

tration. Based on the age curve of marine sulfates in geothermal fluids, 34S values of 13-493 

18 ‰ CDT would be expected without microbial activity (Holser 1977). Thus, the isotopic 494 

signature in the fluids of above 32 ‰ CDT indicated microbial turnover of sulfur components 495 

in the fluids. Due to the long-term operation of seven years, the alternating fluid flow direc-496 

tion, and the seasonally dependent longer charging period, the change in the isotopic signature 497 

was observed at both sides of the heat store, although higher sulfide content and the abun-498 

dance of SRB were observed at the cold well only.  499 

 500 

Effects of plant downtimes 501 

The results of the present study demonstrate that plant downtimes influence the microbial 502 

composition, whereby shifts in the microbial biocenosis were dependent on the duration of 503 

downtime. A 23 days downtime, led to an increase of the bacterial 16S rDNA and dsrA gene 504 

copy number by a factor of 103 and 104, respectively, compared to numbers detected during 505 

regular operation. The specific 16S rRNA gene copy number of the sulfur-oxidizing 506 

chemolithoautotroph Halothiobacillus even increased by a factor of 105 in consequence of 507 

plant downtime. 508 

These findings indicated an increase in the microbial abundance in fluids produced from the 509 

cold well directly after the downtime phase. Improved growth conditions probably led to an 510 

accelerated growth of microorganisms, specifically SOB. In addition, the lack of removal of 511 

microbial cells by the fluid flow during stagnant conditions resulted in a higher microbial 512 

abundance after plant downtime phases. This result is consistent with the findings of Van 513 

Beek (1989) who showed that clogging caused by microorganisms and mineral precipitates 514 

can be slowed down through continuous fluid production in water systems and groundwater 515 

wells as microbes and scales will be continuously removed. Whether microbial activity in the 516 

cold well is associated with the sporadically 28-fold higher DOC concentration in the fluid 517 

subsequent to plant downtime is not clear. Nevertheless, microbial metabolic processes were 518 

likely triggered through corrosion products, as corrosion of the well casing and the submersi-519 

ble pump supplied energy to the system during plant downtime.  520 

Enhanced corrosion processes during the downtime phase were indicated by the higher abun-521 

dance of SRB and SOB in fluids produced after plant restart. An enrichment of 522 

hydrogenotrophic SRB, such as Desulfotomaculum species reflected the increased availability 523 

of hydrogen. In addition, chemoheterotrophic sulfate reduction could have been favored 524 

through the enhanced availability of organic acids produced by co-existing fermentative bac-525 
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teria showing a higher diversity and abundance during downtime phases. However, volatile 526 

fatty acids like acetate were barely detected after plant restart. The enrichment of SOB likely 527 

had an important effect on corrosion. SOB metabolism produces sulfuric acid through either 528 

sulfur or sulfide oxidation; thus, SOB are often involved in the enhanced corrosion of steel 529 

(Javaherdashti 2008). Changes in pH and temperature, as decisive factors for shifts in micro-530 

bial community composition, could not be detected in the fluids produced after plant down-531 

time, probably due to the high flow rate. However, temperature changes could have occurred 532 

in the topside facility and wellbore during plant downtime, becoming particularly relevant 533 

during long-term downtimes of more than 19 hours, likely favoring the growth of microbes.  534 

After the six days of plant downtime, SRB, fermentative Halanaerobiaceae and sequences 535 

affiliated with the sulfur-oxidizing genera of Thiomicrospira, Halothiobacillus, and Sulfu-536 

ricurvum were detected in the fluids produced from the cold well. Organisms belonging to 537 

these genera have been isolated from various hypersaline habitats, including lakes and shal-538 

low and deep-sea hydrothermal environments (Ruby and Jannasch 1982; Takai et al. 2004; 539 

Sorokin et al. 2006; Sievert et al. 2000), lake sediments (Nelson et al. 2007), sulfidic caves, 540 

and springs (Porter and Engel, 2008) as well as an underground crude-oil storage cavity (Ko-541 

dama and Wantanabe 2004). Sequences affiliated to Sulfuricurvum were also observed in a 542 

shallow low mineralized aquifer in the North German Basin used for subsurface cold storage 543 

(Lerm et al. 2011a).  544 

The abundance of strictly aerobic and facultative anaerobic SOB suggested oxygen ingress in 545 

the wellbore during plant downtime, although the wells and the topside facility were main-546 

tained under pressure during regular plant operation (5 to10 bar) and downtime phases (2 bar) 547 

to prevent the precipitation of iron oxides or hydroxides and carbonate minerals due to degas-548 

sing processes and oxygen ingress. However, after plant shut down the hanging water column 549 

in the production tubing caused an absolute pressure near 0.2 bar in the tubing itself and the 550 

near wellhead installations until pressure was manually recovered. Until the pressure recov-551 

ery, it is presumed that oxygen was drawn into the system through leaking equipment and 552 

diffused via the wellbore into the anoxic system.  553 

The 5,000,000-fold increased particle load dominated by iron sulfides indicated SRB activity 554 

and the enrichment of microbial products due to the stagnant well conditions during down-555 

time. Plant downtime affected also the isotopic composition of sulfur (34S/32S) in mineral 556 

scales as a result of microbial conversion of sulfur compounds. Iron sulfide minerals sampled 557 

from a filter bag after the 23 days downtime phase showed a 34S value of 25 ‰ CDT, a two-558 

fold higher isotopic signature compared with mineral scales obtained during regular opera-559 
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tion. This result highlights the microbial contribution to scale formation. In addition to the 560 

increased mineral content in fluids produced after stagnant phases, the re-suspension of solids 561 

was enhanced, reflecting the presence of microbial metabolites, such as sulfuric acid from 562 

SOB metabolism, as indicated by the slightly increased ferrous iron concentration in the first 563 

fluids produced after downtimes.  564 

Immediately after restart, the hydrogen sulfide concentration in fluids was high and then de-565 

creased within the production of two borehole volumes to values similar to those during regu-566 

lar operation, demonstrating potential corrosion activity in the well during stagnant condi-567 

tions. Moreover, elevated sulfate concentrations at the beginning of the restart process indi-568 

cated the activity of SOB in the wellbore. To facilitate the effective exchange of sulfur com-569 

pounds, SOB and SRB are likely associated in biofilms, generating redox conditions suitable 570 

for both metabolic pathways. The oxygen ingress during plant downtime did not prevent the 571 

growth of SRB, as the oxygen consumption of SOB retained anoxic micro-niches (Dillon et 572 

al. 2011). Gamma-Proteobacteria, which comprise the genera Halothiobacillus and 573 

Thiomicrospira, are known to co-exist with SRB in biofilms and were additionally linked to 574 

corrosion processes of metal surfaces (Kjellerup et al. 2003). Analyses of biofilm structures 575 

formed on coupons of mild and stainless steel, which were exposed to the geothermal fluid 576 

under plant operation conditions (Würdemann et al. 2014) corroborated the findings of an 577 

ongoing biofilm formation on the metallic plant components. Synthrophic SRB and SOB 578 

were found to be present within the biofilms (unpublished data). The density of biofilms is 579 

dependent on the hydrodynamic conditions during formation and maturation. In simulated 580 

drinking water systems biofilms showed a lower density, when the shear stress decreased 581 

(Paul et al. 2012).  582 

 583 

Intense monitoring after plant downtime - discharge of SOB and SRB  584 

After the 23 days of plant downtime, the sequences affiliated with sulfur-oxidizing 585 

Halothiobacillus species were detected through genetic fingerprinting until one borehole vol-586 

ume was produced. Correspondingly, qPCR revealed the fast decrease of Halothiobacillus 587 

specific gene copy numbers by a factor of 105. The rapid disappearance of Halothiobacillus 588 

indicated that these organisms were primarily associated with wellbore fluids and the upper 589 

part of the wellbore. Consistently, no SOB were observed through genetic fingerprinting after 590 

fluid production of 10 borehole volumes after a three month downtime phase.  591 

In contrast to the rapid decline of SOB, the abundance of SRB decreased much slower with 592 

increasing fluid production, as the gene copy number of SRB was only reduced by half after 593 
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the production of 14 borehole volumes, indicating that SRB were much more widespread in 594 

the well and the reservoir than SOB. Consistently, the fraction of SRB of the total Bacteria 595 

remained in a more similar range, while the SOB fraction rapidly decreased. A subsequent 596 

plant downtime lasting 19 hours correlated with a second increase of Halothiobacillus specif-597 

ic gene copies, while three shut down phases of less than three hours showed no enrichment. 598 

Hence, short-term downtimes had no visible effect. This effect likely reflects the growth rates 599 

of the Halothiobacillus representatives. Moreover, no increase was observed for SRB subse-600 

quent to less than 19-hour downtime phases, suggesting that the effects were primarily associ-601 

ated with the upper wellbore favoring the growth of SOB, whereas SRB abundance was af-602 

fected only after even longer plant downtime phases lasting several days. Interestingly, the 603 

fluid volume necessary to discharge the SOB was 8 times higher after the 19-hour downtime 604 

compared with the restart after 23 days of downtime. It is suggested that the differences in the 605 

fluid production rate during restart that had caused varying flow turbulences and thus led to 606 

different rates of biofilm detachment before returning to levels of regular operation (Choi and 607 

Morgenroth 2003). 608 

In summary, oxygen ingress during stagnant conditions favored microbial abundance and 609 

diversity in the cold well as indicated by chemical and biological parameters. Additionally, 610 

the oxygen ingress might have enhanced corrosion processes triggered by biofilms. Increased 611 

concentrations of corrosion and precipitation products resulting from processes mediated 612 

through SRB and SOB, such as iron sulfides, hydrogen sulfide, and sulfate and an altered sul-613 

furic isotopic signature of precipitates and scales provided evidence for microbial activity and 614 

the microbial influence on scale formation, respectively. The abundance of SOB in the highly 615 

reduced system indicated corrosion-enhancing oxygen ingress into the well when the pressure 616 

was below ambient air pressure immediately after the shut-down of the pump. The increase of 617 

SOB during downtime and the fast decline after plant restart can be regarded as an evidence 618 

for the exclusive effect on the upper wellbore. To minimize corrosion and precipitation pro-619 

cesses due to oxygen-dependent SOB growth, technical adjustments are required to reduce 620 

plant downtimes and sufficiently maintain the pressure in the geothermal plant.  621 
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