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A B S T R A C T   

Bentonite is one of the materials used to construct engineered barriers in high-level radioactive nuclear waste 
geological disposal with its many advantageous features such as low hydraulic conductivity, self-sealing ability, 
durability, adsorption and immobilization of metals and radionuclides and reduction of microbial activity. Many 
of these properties are linked with the bentonite swelling capability. Transformations of indigenous microor
ganism communities from Wyoming-type bentonite and the Finnish repository site groundwater and their effects 
on the bentonite structural iron over five years were studied in repository relevant anoxic and oxic slurry con
ditions. Active sulfate reduction (0.06 nmol mL− 1 day− 1) was detected in the anoxic microcosm waters after a 
year, however after two years sulfate reduction was not active anymore. Microbial numbers determined by 
quantitative PCR in the bentonite slurry of both experiment types supported the finding of decrease of overall 
microbial activity after a year of incubation that was not maintained anymore by the dissolving organic carbon 
from the bentonite. Regular electron donor additions (final concentration of 2 mM for formate and acetate each, 
three times per year) activated the microbiome resulting in increasing numbers of bacterial 16S rRNA gene 
copies and sulfate reducers (dsrB gene copies) as well as detection of sulfide in the water phase of both exper
iment types. After 4.9 years the structural iron in the fine portion of the montmorillonite had become completely 
reduced in all microbial microcosms and minor smectite illitization was detected especially in anoxic micro
cosms. Dominating bacterial groups at the end of the experiment were mainly known sulfur/sulfate and iron 
reducers. Archaea and fungi constituted a minor part of the microbiomes. In originally oxic microcosms, the 
bacterial 16S RNA and dsrB gene copy numbers were lower than in the anoxic experiment but started to 
significantly increase after the electron donor additions. Microorganisms originating from the repository envi
ronment could reduce the bentonite structural iron in a few years to an extent likely to affect the bentonite 
swelling ability if sufficient amounts of suitable electron donors are available in localized areas where bentonite 
is not at high density and pressure in the geological disposal.   

1. Introduction 

Disposal of high-level radioactive nuclear waste into deep under
ground geological repository is a globally considered solution (Lloyd 
and Cherkouk, 2020; Sellin and Leupin, 2013; OECD, 2000). Geological 
disposal comprises an engineered multibarrier concept that includes a 
waste container, an engineered barrier, and the final geological barrier. 
In Finland the disposal of the nuclear waste into a geological repository 
has been planned to start already during 2020s. The Finnish concept 
consists of copper/iron waste canisters disposed in deposition holes 

drilled at around 400 m below the ground surface in originally anoxic 
crystalline bedrock, buffer bentonite to surround the canisters and 
backfill to line and seal the holes and tunnels of the repository. The 
disposal concept has mainly been planned considering the abiotic in
teractions within the canisters, sealant and bedrock, affecting the long- 
term safety of the system. However, during recent years a lot of research 
has shown that the microbial activity is a relevant factor in the system 
regarding to the bedrock (Bomberg et al., 2016; Bomberg et al., 2015; 
Sohlberg et al., 2015), bentonite (Maanoja et al., 2020; Grigoryan et al., 
2018; Masurat et al., 2010) and canisters (Carpén et al., 2018; Rajala 
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et al., 2015; Pedersen, 2010). 
The role of bentonite in nuclear waste geological disposal is to pro

tect the waste canisters and to seal off the disposal galleries from the 
shafts that lead to the surface (Sellin and Leupin, 2013). The main re
quirements for buffer material are low hydraulic conductivity to limit 
water movement, self-sealing ability to fill engineering gaps and 
extremely long-term durability properties (Sellin and Leupin, 2013). In 
addition, properties such as adsorbing and immobilizing selective metals 
and radionuclides (Dong, 2012; Pusch et al., 2012), ability to reduce 
microbial activity (Bengtsson and Pedersen, 2017) and low gas perme
ability are beneficial features. Microbial activity in bentonite is 
restricted only in water saturated high density conditions (Bengtsson 
and Pedersen, 2017). The loss of bentonite swelling capability even 
locally could have detrimental effects on the functionality and protec
tive magnitude of the bentonite barrier in such location. 

When bentonite has reached the final swelling pressure at the plan
ned density, microbial activity is negligible (Bengtsson and Pedersen, 
2017; Stroes-Gascoyne et al., 2011) as well as the movement of water 
and gas is minor. However, there can be areas in the repository, where 
bentonite density remains lower than planned, or water movement from 
water-carrying fracture host rock at the buffer interface can cause 
erosion (Stroes-Gascoyne et al., 2011). This can create localized points, 
where microorganisms are active for extended times. It has been sug
gested that microbial activity can affect bentonite by reducing sulfate to 
sulfide which abiotically reduces ferric iron to ferrous iron in bentonite 
(Pedersen et al., 2017) or directly by iron reduction by iron reducing 
bacteria (IRB). Some studies, in conditions supporting microbial activ
ity, have even indicated the possibility of smectite illitization (Kim et al., 
2004; Liu et al., 2012) that may result in notable changes in bentonite 
properties. The aim of this study was to examine in repository relevant 
anoxic and oxic slurry conditions that enable microbial activity the 
change over time in the structure of the indigenous bentonite and re
pository groundwater microbial communities and their effects on the 
bentonite. 

2. Materials and methods 

2.1. Materials 

2.1.1. Bentonite 
Bentonite used in experiments was room dry (91.5% dry matter 

content) Wyoming-type bentonite (American Colloid Company, USA) 
characterized earlier by Kiviranta and Kumpulainen (2011). The min
eral composition of the bentonite, was studied semiquantitatively with 

FE-SEM-EDS (Table 1). Well polished epoxy mount was prepared from 
the bentonite material that composed mainly of montmorillonite 
(92.2%), K-feldspar (2.7%), plagioclase (1.8%), quartz (1.3%) and 
calcite (1.0%). The cation exchange capacity (CEC) of the bentonite 
before the experiment was 0.85 meq g− 1 (milliequivalents g− 1; 
Table S1). 

2.1.2. Rock 
The rock material used in experiments was graphite-containing rock 

originating from Olkiluoto, the selected final disposal site of nuclear 
waste in Finland. The crushed rock contained mainly quartz (31.3%), 
plagioclase (22.5%), pyrrhotite (17.6%), graphite (10.9%), biotite 
(9.7%) and muscovite (3.9%) (Table 1) studied with FE-SEM-EDS from 
polished epoxy mounts. 

2.2. Experimental set-up 

Microcosms were set-up in sterile 100 mL headspace bottles, con
taining 5 g of room dry bentonite, 80 mL of water mixture and 5 g of 
crushed (2 to 5.6 mm) rock. The graphite containing crushed rock was 
added to support the endogenic chemotrophic microbial communities. 
Experiments were started from anoxic and oxic conditions to simulate 
the closure phase of the repository but also the later phase when oxygen 
has been consumed. For the anoxic microcosms, the dry bentonite was 
kept in open bottles in an anoxic glove box (N2:CO2:H2 80:10:10) for at 
least 21 days with occasional mixing to remove oxygen from bentonite. 
The water mixture used in the anoxic experiment consisted of three deep 
groundwaters (drillholes OL-KR11, OL-KR13, ONK-KR15; 25 mL each) 
from Olkiluoto and a small portion (5 mL) of autoclaved and nitrogen 
(N2) purged surface water from Korvensuo pool, Olkiluoto. The use of 
groundwater mixture ensured existence of diverse microbial commu
nities and the surface water addition assisted in providing needed nu
trients. In the oxic experiment the water mixture consisted mainly of the 
untreated Korvensuo pool water (65 mL) and the anaerobic groundwater 
mixture (15 mL). The added water mixtures contained approximately 6 
mgL− 1 DOC (Table S2) and the DIC values were lower in the oxic water 
(5 mgL− 1) than in the anoxic water (13 mgL− 1). Both water mixtures 
contained sulfate (57 and 120 mgL− 1, respectively for oxic and anoxic 
waters), whereas only the anoxic water contained sulfide (1.1 mgL− 1). 
Nitrogen, nitrate, nitrite, ammonium‑nitrogen, phosphorus and phos
phate levels were low and mainly below detection. Concentrations of 
metals and especially cations related to salinity such as calcium, sodium 
and magnesium were many times higher in the anoxic than in the oxic 
water mixture. 

The microcosms were supplemented with a small amount of non- 
fermentable short chain organic electron donors so that the final con
centrations were 0.1 mM for sodium acetate and sodium formate and 
0.05 mM for methanol. The anoxic experiment microcosm bottles were 
closed in the anoxic glove box with sterile butyl rubber septa and 
aluminum crimp caps and the oxic microcosms were closed similarly in 
air in a laminar flow hood. The anoxic microcosms were supplemented 
with 15 mL of sterile filtered (0.22 μm) methane with a sterile syringe 
and needle through the rubber septum after the closure as methane is 
abundant in the Olkiluoto deep subsurface. Both experiment types 
included in addition to the microbial microcosms, so called bentonite 
microcosms, where the microorganisms were intended to originate 
mainly from the bentonite as the added waters were sterile filtered (0.22 
μm). No additional electron donors were included in these bentonite 
microcosms. In addition, abiotic controls, with treatments to reduce the 
number of microbial cells and activity were included in both experiment 
types. In abiotic microcosms, bentonite was heat treated (180 ◦C, 16 h), 
water mixtures were sterile filtered and crushed rock was autoclaved 
(121 ◦C, 15 min), electron donors were also included. Anoxic micro
cosms were incubated at 30 ◦C and oxic microcosms at 37 ◦C in the dark. 
Compilation of the experiment is presented in the Table 2 and example 
image of microcosms is shown in Fig. 1. Two years and eight months 

Table 1 
Mineral composition of the used Wyoming-type bentonite and crushed rock 
studied with FE-SEM EDS analysis.  

Minerals Bentonite (%) Minerals Crushed rock (%) 

Montmorillonite 92.2 Quartz 31.3 
K-feldspar 2.7 Plagioclase 22.5 
Plagioclase 1.8 Pyrrhotite 17.6 
Quartz 1.3 Graphite 10.9 
Calcite 1.0 Biotite 9.7 
Sulfides 0.4 Muscovite 3.9 
Biotite 0.2 Apatite 1.0 
Siderite 0.2 Chlorite 0.9 
Illite 0.1 K-feldspar 0.6 
Apatite 0.1 Rutile 0.5 
Fe silicate <0.1 Garnet 0.3 
Ilmenite <0.1 Altered Fe-oxid 0.3 
Baryte <0.1 Fluorite 0.1 
Hornblende <0.1 Tourmaline 0.1 
Muscovite <0.1 Ilmenite 0.1 
Zircon <0.1 Pyrite 0.1 
Gypsum <0.1 Chalcopyrite 0.1 
Kaolinite <0.1   
Celestine <0.1    
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after incubation start all the remaining microcosms that were not yet 
studied were supplemented every fourth month with electron donors 
Na-acetate and Na-formate with final concentration of 2 mM each. This 
concentration was still low but higher than generally found in the 
oligotrophic Olkiluoto groundwaters where electron donors are effi
ciently utilized and accumulate only seldomly. All microcosms were 
studied at two weeks, one, two and 3.9 years (referred as 4 years) after 
the start of the experiments and additionally inspected time to time and 
photographed if visual changes were discovered. Additional bentonite 
samples for iron speciation measurements with XANES (X-ray absorp
tion near edge structure) and for smectite-to-illite interactions with X- 
ray diffraction (XRD) were taken 4 years and 10 months after start of the 
experiment. 

2.3. Methods 

2.3.1. Gas phase composition and liquid phase chemistry 
The headspace gas composition of the microcosms was measured 

with gas chromatography and the liquid phase chemistry of the used 
water mixtures for dissolved organic carbon (DOC), dissolved inorganic 
carbon (DIC), sulfate, sulfide, nitrogen, nitrate, nitrite, ammonium‑ni
trogen, phosphorus, phosphate, aluminum, potassium, calcium, copper, 
magnesium, manganese, sodium, silicon, iron, ferrous iron and total 
sulfur as well as the microcosms water phase for DOC, acetic and formic 

acid, sulfate, sulfide, total iron, pH, redox and conductivity were 
analyzed as described in the supplements. 

2.3.2. Bentonite and crushed rock characterization 
The modal mineralogy was determined from the original unpurified 

bentonite material used in the experiment. The mineralogy of the 
crushed rock and bentonite used in experiments was analyzed with Field 
emission scanning electron microscope (JEOLJSM 7100F Schottky) with 
energy dispersive spectroscopy EDS (Oxford Instruments X-Max SDD 80 
mm2) controlled by INCA Feature software. To identify the modal 
mineralogical composition over 25,000 points from bentonite and over 
35,000 points from crushed rock particles was analyzed using grid- 
analysis. Seven areas were selected to measure crushed rock particles 
and all unidentified areas were classified as graphite. Bentonite cation 
exchange capacity was analyzed with the Cu-Trien method (Meier and 
Kahr, 1999; Amman et al., 2005). Bentonite samples at 4 years 10 
months time point from each experiment and microcosm type from 
duplicate microcosms were anoxicly purified (size fraction <0.2 μm) 
and ion saturated (K, Mg) for XRD to identify smectite illite interaction 
between samples and for XANES measurements used for iron speciation 
measurements. Purification and XANES measurement protocols are 
described in detail in the supplements. 

Table 2 
Experimental set-ups in anoxic and oxic conditions.  

Anoxic microcosm type Components Amount Oxic microcosm type Components Amount 

Microbiological Wyoming-type bentonite 5 g Microbiological Wyoming-type bentonite 5 g  
Groundwater mixture 75 mL  Oxic surface water 65 mL  
Surface water 5 mL  Groundwater mixture 15 mL  
Crushed rock 5 g  Crushed rock 5 g  
Electron donors   Electron donors   
Anoxic gas mixture   Air  

Bentonite Wyoming-type bentonite 5 g Bentonite Wyoming-type bentonite 5 g  
Sterile filtered groundwater mixture 75 mL  Sterile filtered oxic surface water 65 mL  
Sterile filtered surface water 5 mL  Sterile filtered groundwater mixture 15 mL  
Crushed rock 5 g  Crushed rock 5 g  
No electron donors   No electron donors   
Anoxic gas mixture   Air  

Abiotic Heat treated Wyoming-type bentonite 5 g Abiotic Heat treated Wyoming-type bentonite 5 g  
Sterile filtered groundwater mixture 75 mL  Sterile filtered oxic surface water 65 mL  
Sterile filtered surface water 5 mL  Sterile filtered groundwater mixture 15 mL  
Autoclaved crushed rock 5 g  Autoclaved crushed rock 5 g  
Electron donors   Electron donors   
Anoxic gas mixture   Air   

Fig. 1. Bentonite microcosms during the fourth year of the experiment. A) Anoxic abiotic control, B) Anoxic bentonite C) Oxic microbial and D) Oxic 
abiotic microcosms. 
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2.3.3. X-ray diffraction 
Samples were analyzed using Bruker D8 Discover A25 diffractom

eter. Anod material was Cu (K-alpha 1 = 1.54060, K-Alpha 2 = 1.54439 
(K-alpha mean = 1.4318), K-beta = 1.39222). Adjustment of the 
generator was 40 kV/40 mA, and spinner was used to improve the sta
tistics. Samples were prepared from moist experiment samples sealed in 
anoxic environment. Bulk sample was made drying subsample under a 
fume hood overnight and fastening it on the glass slide using acetone. To 
study the clay mineralogy more closely a slurry was made by stirring 
moist bentonite to deionized water. A slurry sample was made pipetting 
slurry on the glass slide. The rest of the slurry was divided on two test 
tubes for ion exchange. 1 mL 0.1 M MgCl2 and 1 mL 1 M KCl was added 
to separate test tubes, stirred and sealed overnight. Samples were 
washed 7 times with deionized water centrifuging in between to remove 
extra salts. Mg and K saturated samples were made pipetting slurry on 
glass slides. All pipetted samples were dried in room temperature under 
fume hood overnight. Mg saturated sample was treated with ethylene 
glycol (EG) at 60 ◦C > 16 h (Moore and Reynolds, 1997) and K saturated 
sample was heated 1 h at 200 ◦C and further 1 h at 550 ◦C. Bulk and 
slurry samples were measured over the range 2–70◦2Theta, step size 
0.02◦ with measurement time 0.1 s. Qualitative phase identification was 
done using Bruker EVA5.2 software and ICDD PDF-4 Minerals 2021 
database (Fig. S1). Ion exchanged sample measurements were repeated 
after each treatment 2–35◦2Theta, step size 0.02◦ and measurement 
time 0.2 s. 

2.3.4. Sulfate reduction rate 
Biological sulfate reduction rate (SRR) was measured in the water 

phase of the microcosm after the first and the second year with labeled 
35SO4 described in detail in the supplement. 

2.3.5. DNA extraction 
DNA was extracted from the original water mixtures used for the 

microcosms for anoxic and oxic experiments. Triplicate water samples 
from oxic (720, 750 and 770 mL) and anoxic (1500, 1550 and 1950 mL) 
experiments were filtered on nitrocellulose acetate filters (0.2 μm pore 
size, Corning, USA) by vacuum suction. DNA was extracted from the 
filters as described in Miettinen et al. (2019). Duplicate wet bentonite 
samples (10 mL) from the microcosms were extracted for DNA with a 
method modified from Lever et al. (2015) and described in the supple
ments. DNA from the dry original bentonite was also extracted from 
triplicate samples. The DNA concentration of all samples was deter
mined using the Qubit 2.0 fluorometer (Thermo Fischer Scientific, USA). 

2.3.6. Quantitative PCR 
qPCR was applied to estimate the number of bacteria (16S rRNA 

gene), archaea (16S rRNA gene), fungi (5.8S rRNA gene) and sulfate 
reducers (dsrB gene) in the microcosms and in the used water mixtures. 
The abundance of bacterial and archaeal 16S rRNA gene copies and 
fungal 5.8S rRNA gene copies was determined by qPCR as described in 
Miettinen et al. (2021) and Bomberg and Miettinen (2020). The number 
of dsrB gene copies was estimated using the primer pair DSRp2060f and 
DSR4r (Wagner et al., 1998; Geets et al., 2006). The qPCR was per
formed using the SensiFAST Sybr No-ROX kit (Bioline, Meridian Bio
sciences, USA). The reactions contained 800 nM of primers and the 
amplification reactions consisted of denaturation step at 95 ◦C for 15 
min, 45 cycles of 10 s at 95 ◦C, 35 s at 56 ◦C, 30 s at 72 ◦C, and final 
extension step for 3 min at 72 ◦C and a melting curve analysis. 

All the bacterial, archaeal, fungal and dsrB amplifications were 
performed in triplicate using 10 μL reaction volumes and 1 μL of tem
plate DNA and run on the LightCycler 480 instrument (Roche Applied 
Science, Germany). Negative controls without added DNA template 
were included in each run. The bacterial, archaeal, fungal and dsrB gene 
amplification results were compared to that of a plasmid standard 
dilution series containing the 16S rRNA gene insert of Escherichia coli or 
Halobacterium salinarum, for bacteria and archaea, respectively, or the 

5.8S rRNA gene of Aspergillus versicolor for fungi or the dsrB gene insert 
of Desulfobacterium autotrophicum for the dsrB quantification. Inhibition 
of the qPCR assays was found, and all samples were run using the 1/10 
dilution to minimize the inhibition. 

2.3.7. Amplicon sequencing 
The bacterial, archaeal and fungal amplicon libraries were produced 

as in Miettinen et al. (2021) except for 5% dimethylsulfoxide used in 
PCRs. Libraries were sent for sequencing on the Ion Torrent PGM plat
form at Bioser (Biocenter Oulu Sequencing Center, Oulu, Finland). For 
samples, from which only a small number of bacterial, archaeal or fungal 
gene sequence reads were obtained, new amplicon libraries were pre
pared and sequenced. The sequence reads were analyzed using the 
Mothur software (v.1.43.0) (Schloss et al., 2009) as described in Miet
tinen et al. (2021) using the Silva database version 138 (Pruesse et al., 
2007: Quast et al., 2013) and unmodified UNITE ITS database (version 
8.2) (Kõljalg et al., 2013; Nilsson et al., 2019) for the fungal ITS se
quences. Further analysis of the sequence data, visualization and sta
tistical analysis are described in the supplements. The sequences have 
been submitted to the European Nucleotide Archive (http://www.ebi. 
ac.uk/ena) under study accession number PRJEB48658. 

3. Results 

3.1. Gas phase changes 

The gas composition in the anoxic microcosms was relatively stable 
over time except for the first days and weeks (Fig. 2A). Hydrogen gas 
was detectable only from the abiotic control microcosms at the two- 
week measurement and disappeared by the fourth month also from 
these microcosms indicating that it had been used up by the microor
ganisms. In the microcosms that were closed in air (Fig. 2B) there was a 
clear decrease in the oxygen content during the first months in all 
microcosm types. The oxygen level decrease was the slowest in the 
abiotic microcosms as there was still around 5% oxygen left in the 
seventh month measurement, whereas in the microbial and bentonite 
microcosms the oxygen percentage was half of that. The oxygen level 
steadily decreased over the whole incubation time but slowly after the 
first year. After four years the oxygen level had decreased to approxi
mately 1.5% in all oxic microcosms, whereas the oxygen level was below 
0.5% in all anoxic microcosms at all times. This low oxygen level was 
likely an unavoidable contamination introduced during measurement. 
In the oxic microbial and bentonite microcosms the carbon dioxide 
percentage increased to over 7% in the fourth year from less than 0.3% 
in the second year. The individuality of the microcosms was noticed as 
one of the triplicate microbial microcosms had lower carbon dioxide 
level (3.9%) than the two others (8.6 and 8.7%). 

3.2. Physico-chemical changes of the microcosms 

Visual changes occurred in the bentonites during the incubation. A 
thin black layer developed on the surface of the bentonites in the anoxic 
microbial microcosms ten days after the start of the experiment (Fig. S2) 
and disappeared after a few months. At the end of the second-year 
brownish color was visible in most anoxic microcosms including a few 
abiotic microcosms (Fig. S3) which disappeared after a further half-year 
incubation. Within two weeks after the first addition of electron donors 
(32 months), the anoxic microbial (Fig. S4) and bentonite (Fig. S5) 
microcosms had a black precipitate on the bentonite-water interface. 
The black color strengthened and extended for several months until 
stabilizing or even decreasing at the end of the experiment. In the oxic 
microbial and bentonite microcosms black precipitate appeared around 
two months after the first electron donor addition and with lower in
tensity than in the anoxic microcosms and it was not detected in all 
bentonite microcosms (Fig. S6 and S7). At the last sampling (4 years) the 
bentonite color was grey with a green hue. No black precipitate was 
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observed in the abiotic anoxic or oxic microcosms during the study time 
(Figs. S8 and S9), however after 4 years and 10 months in some anoxic 
abiotic microcosms clear black coloring was visible (Fig. S10). There 
were prominent visual differences between replicates both in microbial 
and bentonite microcosms. 

The cation exchange capacity (CEC) of the Wyoming-type bentonite 
before the experiment was 0.85 meq g− 1 (milliequivalents g− 1; 
Table S1). After the first year the CEC values increased in the microbial 
and bentonite microcosms to 0.89 and 0.87 meq g− 1, respectively, 
whereas in the oxic microcosms the values were still low (0.84 meq g− 1). 
In the second year also the anoxic abiotic and oxic bentonite microcosms 
showed increased CEC values (0.88–0.89 meq g− 1), whereas after the 
fourth year all except the both abiotic microcosm types the CEC values 
had increased (0.88–0.93 meq g− 1; limit of error 0.017 meq g− 1 with 
95% confidence level). 

pH of the water phase in the microcosms increased at first and then 
decreased being highest in the second-year measurements in all micro
cosm types (Table 3). pH was higher in the oxic experiment than in 

anoxic microcosms varying mostly above pH 8. Redox values were 
relatively high up to around 330 mV vs. SHE in the oxic microbial and 
bentonite microcosms and decreased down to 83 to 95 mV vs. SHE in the 
last year. The redox values in anoxic microbial and bentonite micro
cosms were the highest at the two-year time point, with the lowest redox 
values of − 95 mV vs. SHE at the end of the experiment. Generally, the 
redox values in the abiotic microcosms were higher than in the microbial 
microcosms. The sulfate concentration in the water phase was increased 
already after two weeks in both experiment type microcosms (282 and 
309 mg L− 1) compared to original water mixtures (57 and 120 mg L− 1) 
and the concentration further increased in both abiotic microcosm types 
as a function of time. However, in the anoxic microbial microcosms the 
sulfate concentration decreased in the first-year measurement to less 
than half of that found in the anoxic abiotic microcosms which indicates 
microbial sulfate reduction. A significant decrease in sulfate concen
trations was detected in all microbial type microcosms in the fourth year 
as the sulfate concentrations were below the detection limit (<40 mg 
L− 1). No sulfide was detected in any of the second-year microcosms. 

Fig. 2. The gas phase of A) the anoxic and B) the oxic bentonite experiment over four years.  

Table 3 
pH, Redox, conductivity and concentration of sulfate, sulfide and total iron in the water phase of the bentonite microcosms over four years.  

Experiment type Microcosm type and sampling time pH Redox mV vs. SHE Conductivity mS m− 1 Sulfate mg L− 1 Sulfide mg L− 1 Total iron mg L− 1 

Anoxic Two weeks  309  87  
Microbial 1 y 8.0 150.5 12.4 138  260  
Microbial 2 y 8.3 189.0 6.3* 232 < 0.1 66  
Microbial 4 y 7.8 − 90.2 11.5 < 40 0.49 < 1000  
Bentonite 1 y 8.0 209.9 12.3 237  < 50  
Bentonite 2 y 8.5 238.3 6.3* 247 < 0.1 68  
Bentonite 4 y 7.7 − 95.2 11.3 < 40 0.55 < 1000  
Abiotic 1 y 8.2 356.9 12.5 291  120  
Abiotic 2 y 8.5 184.8 6.4* 327 < 0.1 27  
Abiotic 4 y 7.3 217.2 11.7 348 < 0.1 < 1000 

Oxic Two weeks  282  < 50  
Microbial 1 y 8.6 330.0 3.7 334  150  
Microbial 2 y 8.9 188.3 1.9* 377 < 0.1 160  
Microbial 4 y 7.9 83.3 3.9 < 40 0.13 < 1000  
Bentonite 1 y 8.5 332.6 3.5 287  130  
Bentonite 2 y 8.9 196.0 1.8* 375 < 0.1 270  
Bentonite 4 y 8.0 94.9 3.8 < 40 0.06 < 1000  
Abiotic 1 y 8.7 343.5 3.7 222  410  
Abiotic 2 y 9.6 379.5 2.0* 370 < 0.1 170  
Abiotic 4 y 8.2 312.3 4.4 380 < 0.08 < 1000  

* Systematically low values, likely not realiable. 
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However, in the fourth-year microcosms the sulfide concentration in 
water phase was above the detection limit (> 0.1 mg L− 1) in all mi
crocosms except for the anoxic abiotic ones. The highest sulfide con
centrations were found in anoxic microbial and bentonite microcosms 
(0.5 mg L− 1). Active, ongoing sulfate reduction was determined using 
labeled 35SO4 in the first-year anoxic microbial duplicate microcosms 
water phases and sulfate reduction rates of 0.014 and 0.064 nmol mL− 1 

day− 1 were observed. In one year these rates result in sulfide production 
of 0.4 to 6.4 μmol per microcosm. No active sulfate reduction was 
detected in the second-year microcosms. Total iron levels were low in all 
microcosm waters (<1.0 mg L− 1). 

DOC concentrations (Fig. 3) in microcosm water phase after two 
weeks (approximately 50 mg L− 1) were notably higher than in the 
original water mixtures (around 6 mg L− 1, Table S2) that were added to 
the microcosms indicating organic carbon dissolution or microbial car
bon metabolism from the bentonite. In the anoxic experiment the DOC 
concentrations during the first two years were relatively stable and 
lower than in the oxic microcosms. The first additions of acetate and 
formate to the microcosms occurred after 32 months. Theoretically the 
amount of added carbon from the acetate amendment (acetate-C) was 
192 mg L− 1 and from formate amendment (formate-C) 96 mg L− 1, which 
were close to the measured concentrations of acetate-C and formate-C in 
the oxic abiotic microcosms. In anoxic abiotic microcosms the concen
trations of acetate-C and formate-C were lower than in the oxic abiotic 
microcosms but notably higher than in the microbial or bentonite mi
crocosms. In both anoxic and oxic microbial and bentonite microcosms 
the detected concentration of carbon from formate was lower (<27% left 
of added) than the detected concentration of carbon from acetate (44 to 
70% left of added) when compared to the added amounts. 

3.3. Evolution of microbial communities 

3.3.1. Estimated number of bacteria, archaea, fungi and sulfate reducers 
The amount of bacterial 16S rRNA genes at the beginning of the 

experiment varied in the anoxic microcosms from 5.9 × 108 gene copies 
g− 1 dw (dry weight) of bentonite to one order of magnitude lower counts 
in the abiotic control microcosms (Fig. 4). Generally, the gene copy 
counts were the lowest during the first and the second year, and the 
addition of electron donors after the second year, increased the bacterial 
16S rRNA gene copy counts notably in all anoxic and oxic microcosm 
types. The change in the size of the sulfate reducing prokaryote (SRP) 
community estimated from the counts of dsrB genes followed the same 
trend as the bacterial 16S rRNA gene copy counts, although two to three 
orders of magnitude lower (104 to 107 gene copies g− 1 dw of bentonite) 

(Fig. 4). In the oxic microcosms the dsrB genes were detected from the 
bentonite and microbial microcosms sporadically at the start of the 
experiment and frequently after the second year. Due to the electron 
donor additions, the dsrB gene counts increased in these microcosms 
with two to four orders of magnitude by the end of the fourth year. 
Archaea were detected only in the anoxic microbial microcosms over the 
whole four-year duration of the experiment with gene copy counts 
ranging from 1.7 × 104 to 2.9 × 105 g− 1 dw of bentonite. Likewise, 
fungal 5.8S rRNA genes were detected from the bentonite microcosms 
only until the second year and quite sporadically in different microcosm 
types (Fig. 4). From the original dry bentonite the bacterial, archaeal, 
fungal and dsrB marker gene counts were below method detection level. 

3.3.2. Bacterial community 
Amplicon sequencing produced relatively low sequence counts 

especially from the abiotic microcosm types, despite efforts to re- 
sequence the amplicon libraries of these samples (Table S3). Most bac
terial sequences were detected from the anoxic groundwater and oxic 
surface water mixtures (1907 to 3952 reads) and microbial microcosm 
at the start (471 to 9754 reads). Bacterial OTU (operational taxonomic 
unit) numbers detected were the highest in the oxic surface water (329 
to 542 OTUs) and the lowest in the oxic abiotic microcosms (0 to 36 
OTUs). According to the Chao1 richness estimate, the coverage of the 
detected bacterial OTUs was mostly less than 40%. The Shannon di
versity index for bacteria was low in the anoxic groundwater mixture 
(1.5 to 2.0) and the highest in the oxic surface water mixture (5.8 to 6.1) 
and between those in the bentonite microcosms. 

Bacterial microbiomes of the anoxic microbial microcosms at the 
start (Fig. 5) were predominated by the Desulforomonadacea family that 
had the highest relative abundance together with Desulfurivibrio and 
Sulfurimonas. The Sulfurimonas genus likely originated from the used 
anoxic groundwater mixture where it dominated the microbiome 
whereas its relative abundance decreased in the microbial microcosms 
over time. Of the three bacterial groups dominating in the anoxic mi
crobial microcosms at the start, only the Desulfurivibrio genus was 
detected at the end of the experiment at quite high relative abundance 
together with the genera Trichloromonas, Candidatus Deferrimonas, 
Desulfovibrio, Desulfomicrobium, unclassified Desulfarculaceae, Aceto
bacterium, and Thermincola. In the anoxic bentonite microcosms where 
the added groundwater mixture was sterile filtered, spore forming 
bacteria from the Firmicutes phylum had higher relative abundance 
than in other microcosm types (Fig. S12). At the beginning of the 
experiment the relative abundance of Desulfotomaculum and unclassified 
Firmicutes were elevated (Fig. 5). Over time the relative share of 

Fig. 3. Dissolved organic carbon (DOC), acetate and formate (as carbon) concentrations in water phase of anoxic and oxic bentonite microcosms as a function of 
time. DOC measurements were performed for combined (from 3 to 5 microcosms) water samples and acetate and formate measurements for triplicate microcosm 
water samples. 
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Thermicola, Desulfurispora, Desulfosporosinus, Pseudomonas and Desulfal
las-Sporotomaculum increased. In the abiotic anoxic microcosms Sulfur
imonas was the most common genus at the start and after the first year. 
In the second and fourth year its relative abundance was low and instead 
genera of the Phylum Nitrospirota as well as the Candidatus Deferrimonas 
and Desulfurivibrio genera showed increased relative abundance in 
different microcosms. 

The bacterial communities in the oxic microcosms were different 
from those in the anoxic microcosms being dominated by Actino
bacteriota and Proteobacteria phyla that had high relative abundance 
also in the water mixture added to the microcosms (Fig. S11). Only a few 
genera had high relative abundance and the majority of the detected 
bacterial groups were present at low relative abundance. The actino
bacterial family Sporichthyaceace had the highest relative abundance in 
the bacterial community of the used oxic water (Fig. 6) and was prom
inent also in the oxic abiotic microcosms together with the Limnobacter 
genus. These groups were present in the microbial and bentonite mi
crocosms but groups such as Pseudomonas and Pseudomonadaceae were 
dominant at the start, Sulfurifustis during and the uncultured Micro
trichales and Pelotomaculum at the end of the experiment duration. 

3.3.3. Archaeal and fungal communities 
Amplicon sequencing produced low sequence counts from most 

archaeal and fungal amplicon libraries, despite efforts to re-sequence the 
amplicon libraries of these samples (Table S3). Most archaeal sequences 
and OTUs were identified from the anoxic water mixture (1187 to 2672 
reads and 160 to 261 OTUs) and less from the oxic water mixture (164 to 
193 reads and 116 to 155 OTUs) and notably less from the anoxic mi
crobial microcosms (116 to 1257 reads and 8 to 32 OTUs). Most fungal 
sequences were detected in the anoxic water mixture (178 to 884 reads) 
and only a low number of fungal sequences were found from the oxic 
water mixture (2 to 5 reads). In bentonite microcosms the fungal se
quences were detected irregularly and with low numbers (<255 reads). 
However, bentonite seemed to increase the sequence read count in the 
oxic experiment microbial and bentonite microcosms compared to 

added water mixture. Both fungal and archaeal results were affected by 
the low sequence read counts and mostly the results only show those 
groups that likely are the most common in these microbiomes. The 
archaeal communities of the anoxic water mixture contained groups 
such as Thermoplasmata, Altiarchaeum, Methanoperedenaceae, Woe
searchaeales, but a high number of reads remained as unclassified 
Archaea (Fig. S13). The most prominent genus was Methanolobus, and 
Bathyarchaeia and Methanoperedenaceae contributed with lower rela
tive abundances in anoxic microbial microcosms throughout the 
experiment. Oxic microcosms consisted mostly of unclassified Archaea 
and Candidatus Nitrocosmicus until the second year whereafter no 
archaeal sequences were detected. The fungal community (Fig. S14) of 
the anoxic water mixture contained a high relative abundance of the 
Nectriaceae family and low relative abundance of other fungal families. 
Chaetomiaceae and Malasseziaceae were often detected from the 
bentonite microcosms, while other families were found only 
sporadically. 

3.3.4. Iron speciation 
Iron speciation in bentonite samples was determined on the basis of 

XANES experiments at the Fe K-edge (Fig. 7) along the pure Fe(II) and Fe 
(III) references spectra of CaFe(II)Si2O6 and Fe(III)

2O3. All bentonite 
XANES spectra had similar shape and features, close to a mixture of the 
two reference spectra. Their white line maximum was however changing 
as a function of the average iron speciation, being closer to each refer
ence when the corresponding speciation dominate. The spectral features 
being almost similar for all samples and references, linear combination 
fittings (LCF) were performed to extract iron speciation from XANES 
spectra (Table 4). Such approach is however sensitive to the choice of 
reference samples due to the difference in local environment reflecting 
on XANES spectral features superimposing the chemical shift expected 
with change of iron speciation. To assess LCF procedure accuracy, the 
Fe3O4 spectrum was used as a sensitivity test which gave the expected 
values for Fe3O4, validating the procedure. It should be noticed that 
accuracy of LCF approach remains limited to few % in best case. 

Fig. 4. Estimated bacterial 16S rRNA, dsrB, and archaeal 16S rRNA and fungal 5.8S rRNA gene copy counts g− 1 dw from bentonite slurries of anoxic and oxic 
bentonite microcosms as a function of time analyzed with quantitative PCR (qPCR). Measurements were performed from triplicate microcosms with triplicate PCR 
reactions. After 2 years and 8 months of incubation the microcosms were amended with electron donors every fourth month. 
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3.3.5. Smectite to illite reaction 
Wyoming-type bentonite includes illite (Kiviranta and Kumpulainen, 

2011) c. 0.1%. The small amount of illite was not visible in the quali
tative mineral identification of the starting material. Purified starting 
material contained smectite, halite and minor amount of quartz 

(Fig. S1). Halite (NaCl) was added to the bentonite in purification pro
cess and it was found as a remainder in all samples. Based on XRD- 
diffractograms, clay minerals in all microcosms contained pure smec
tite and illite with no mixed-layer clay minerals (Moore and Reynolds, 
1997). Mg saturation and EG treatment moved the smectite 12.4 Å 

Fig. 5. Relative abundance of bacterial genera in the original anoxic water mixtures and in anoxic microcosms studied over time. The bacterial groups are presented 
on the left of the graph and the relative abundances of the different genera are represented by a gradient shading and size of the diamonds. 
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reflection to 14.1 Å and further to 16.8 Å. In K saturation the smectite 
reflection of 11.3 Å collapsed at 200 ◦C to 10.0 Å and further at 550 ◦C to 
9.7 Å (Fig. S12). 10 Å illite reflection can be seen as a minor reflection in 
some slurry samples and in all Mg saturated samples as a shoulder in K 
saturated sample. There was no evidence found of mixed-layer illite- 
smectite in any of the experiment samples. An indication of illite to 
smectite ratio being higher especially in the anoxic microbial and 
bentonite microcosms than in the anoxic abiotic or oxic microcosms or 
in the starting material was detected with the XRD (Fig. 8). 

4. Discussion 

The experimental set-up simulating the Finnish nuclear waste 
geological repository conditions, had microbially active and less active 
periods, resulting in significant iron reduction of the montmorillonite in 
bentonite. The fastest measurable change in the anoxic microbial and 
bentonite microcosms was the disappearance of hydrogen from the gas 
phase in less than two weeks. Hydrogen as an electron donor is used by 
many anaerobic microbial groups such as sulfate, sulfur and ferric iron 

Fig. 6. Relative abundance of bacterial genera in the original oxic water mixtures and in oxic microcosms over time. The bacterial groups are presented on the left of 
the graph and the relative abundances of the different genera are represented by a gradient shading and size of the diamonds. 
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reducers, methanogens and acetogens (reviewed by Schwartz et al., 
2013). This indicated that the microorganisms were active in the anoxic 
microcosms at the beginning of the experiment and likely SRP were part 
of this active community as also a thin black layer, likely formed from 
produced sulfide reacting with ferric iron, was visible on the bentonite 
surface in microbial microcosms within weeks (Fig. S3). 

The deep subsurface crystalline bedrock fracture groundwaters at the 
Finnish final spent nuclear fuel repository site are oligotrophic 
(Table S2; Miettinen et al., 2015) and microbial activity level is low. 
Simulating such microbial communities together with the aim to 
enhance the microbial activity to create microbial effects in a few years- 
time, compared to the tens of thousands of years in the final waste 
disposal repository was a challenge. By adding a low concentration of 
electron donors, less than a tenth of the DOC measured in the micro
cosms’ water phase at the beginning, activation of inherent oligotrophic 
microorganisms was targeted. This addition likely benefited Desulfo
bacterota in the anoxic microcosms. Especially three bacterial groups, 
Desulfuromonadaceae, Desulfomicrobium and Desulfurivibrio profited the 
electron donors added (Fig. 5). These groups include genera that have a 
role in sulfur and metal cycles (Greene, 2014), are SRP that use H2, CO2 
or formate and require acetate or yeast extract as an additional carbon 
source for growth (Galushko and Kuever, 2021) and perform different 

sulfur species reduction and sulfur disproportionation reactions using 
acetate or inorganic CO2 as a carbon source (Melton et al., 2016). Based 
on the increment of the relative abundances of these bacterial groups the 
addition of acetate and formate likely enhanced the hypothesized 
bentonite structure affecting sulfidogenic and iron reducing microor
ganisms at the beginning of the experiment. Methanol addition seemed 
to increase the relative abundance of the archaeal Methanolobus genus as 
it is a methylotrophic methanogen (Oren, 2014) and it is likely that the 
thriving of this genus did not affect the bentonite. 

After one-year, active ongoing sulfate reduction was detected with 
labeled 35SO4 in anoxic microbial microcosms’ water phase. However, 
no active sulfate reduction was detected in the second-year microcosms, 
which indicated that electron donors needed for sulfate reduction were 
exhausted and the DOC dissolving from the bentonite did not support 
sulfate reduction, at least in the water phase. This was also supported by 
the chemical data (Table 2) as the sulfate concentrations and redox 
values increased in the water phase and the visible image of anoxic 
microbial and bentonite microcosms was brownish. Moreover, the 
estimated bacterial 16S rRNA and sulfate reducer (dsrB) gene counts 
were decreasing since the start of the experiment (Fig. 3). Such activity 
decrease was not expected as the bentonite and the crushed rock were 
thought to offer nutrients and energy sources. The DOC values measured 
in the water phase were relatively high (above 40 mg L− 1 all times) and 
inorganic carbon, in addition to sulfate, was dissolving from the 
bentonite (Melamed and Pitkänen, 1996; Vikman et al., 2018), which 
could be utilized by autotrophic microorganisms. The easily utilizable 
part of the DOC did not, however, support the microbial activity 
anymore during the second year in the anoxic microcosms. Maanoja 
et al. (2020) also concluded that DOC from Wyoming-type bentonite 
enhanced microbial growth as in uninoculated bentonite cells the DOC 
values were higher than in inoculated bentonite cells. Organic carbon 
dissolved more efficiently in the oxic microcosms than in anoxic mi
crocosms as the DOC levels remained around 50 mg L− 1 in the anoxic 
abiotic microcosms whereas increased over time from 50 to over 100 
mg L− 1 in oxic abiotic microcosms in two years, possibly due to lower 
ionic strength in oxic microcosms (Cincotta et al., 2019). However, it is 
challenging to assess the level of microbial activity in abiotic micro
cosms and their effect on DOC dissolution and utilization. 

The SRR measured after one year ranged from 0.01 to 0.06 nmol 
mL− 1 day− 1 in the anoxic microbial microcosms’s water phase which 
results to a constant rate from 0.4 to 6.4 μmol of sulfide in a year per 
microcosm. This is a conservative estimate as it is likely that the SRR was 
already lower at the one-year time point than at the beginning of the 
experiment due to the ongoing electron donor usage. The Wyoming-type 
bentonite in the microcosms contained small amounts of ferric iron in 
biotite, siderite, illite and hornblende. Moreover, the crushed rock 
added in microcosms entailed biotite, chlorite, garnet and altered Fe- 
oxides (Fe containing minerals together around 11.2 vol-%) that made 
it hard to assess the actual amount of ferric iron in the microcosms and 
its bioavailability or abiotic availability. The estimated ferric iron from 
all sources in each microcosms was around 2 mmol, which theoretically 
equals to scavenging of all formed sulfide over a period of 1080 years in 
the microcosms with the measured SRR of 0.06 nmol mL− 1 d− 1. This 
SRR is much lower than in natural coastal (2–20 m depths) sediments 
where electron donors are available, the SRR generally has been found 
below the order of 20 nmol mL− 1 d− 1 (Jørgensen, 1982) whereas from 
natural deep subsurface oligotrophic environments such information is 
scarce. In Sevenyui, Eastern Siberia, Russia, deep repository site for 
liquid radioactive waste (180 to 465 m below sea level), SRR varying 
between 0.0004 and 0.4 nmol mL− 1 d− 1 in different groundwater sam
ples were measured (Nazina et al., 2004), which are plausible rates 
compared to rate in the bentonite microcosms depending on the electron 
donor availability. The measured SRR and calculation of the time 
needed for total iron reduction in the microcosms resulted in an incor
rect estimation as all structural iron was reduced in bentonite in less 
than five years. This is likely due to three reasons, firstly iron was 

Fig. 7. Fe K-edge XANES spectra of bentonite samples, CaFe(II)Si2O6 and 
Fe(III)

2O3. Vertical lines refer to the white line maximum as found for Fe(II) and 
Fe(III) pure valence state references. Spectra are vertically shifted for sake 
of comparison. 

Table 4 
Linear combination fitting (LCF) results of purified bentonites from parallel 
microcosms and of single purified and unpurified original bentonites using 
CaFe(II)Si2O6 and Fe(III)

2O3 as reference samples. All values are in % of total iron 
in samples. Fe3O4 was here used as a speciation sensitivity test of the LCF pro
cedure, expected values being 33% Fe(II) and 67% Fe(III). Values in parenthesis 
are uncertainties (%) as deduced from LCF procedure.   

Fe(III)
2
O

3 CaFe(II)Si2O6 

Sample A B A B 

Anoxic microbial 0 (5) 0 (3) 100 (5) 100 (3) 
Anoxic bentonite 0 (5) 0 (2) 100 (5) 100 (2) 
Anoxic abiotic 0 (2) 0 (2) 100 (2) 100 (2) 
Oxic microbial 0 (2) 0 (3) 100 (2) 100 (3) 
Oxic bentonite 0 (2) 0 (2) 100 (2) 100 (2) 
Oxic abiotic 52 (3) 53 (3) 48 (3) 47 (3) 
Original bentonite 38 (3)  62 (3)  
Original unpurified bentonite 76 (3)  24 (3)  
Fe3O4 67(3)  33 (3)   
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reduced also by iron reducers, secondly the SRR was higher than the 
measured rate as it was defined before the electron donor additions 
started, and thirdly iron speciation was measured on the purified frac
tion of bentonite excluding crushed rock and bentonite accessory min
erals that were included in the theoretical calculation. The iron 
speciation in the accessory minerals and crushed rock is not known. 

The start of supplementing electron donors, acetate and formate (2 
mM each at one time), to the bentonite microcosms once every fourth 
month reactivated the microbial communities in both the anoxic and 
oxic bentonite experiments. The number of bacterial 16S rRNA and SRP 
(dsrB) gene counts rose clearly, especially in the oxic microcosms where 
their earlier amounts were lower. Sulfate reduction was likely initiated 
very rapidly after the electron donor additions as the black coloring, 
regarded as iron sulfide formation due to sulfate reduction, was detected 
in anoxic microbial and bentonite microcosms within two weeks 
(Figs. S3-S4). In the oxic microcosms where no sulfate reduction was 
detected during the first two years of the experiment, the sulfate 
reduction was visually detected two months after the start of the elec
tron donor additions (Fig. S6-S7). No black coloring was noted in any of 
the abiotic microcosms in four years (Fig. S8-S9). Sulfate reduction was 
maintained during the fourth year based on visual observations, but also 
redox values were the lowest at the fourth year in all microcosm types 
(Table 2). In a bentonite slurry microcosm experiment by Matschiavelli 
et al. (2019) high concentration (50 mM) of added organic carbon 
compounds inhibited the metabolic activity of inherent microorganisms 
in the Bavarian bentonite. Only the microcosms supplemented with 
hydrogen or 10 mM lactate showed sulfate reducing activity that was 
related to Desulfosporosinus and to lesser extent to Desulfotomaculum 
genera. This supports the selection of low concentration of electron 
donors added in the present study as the predominant and likely active 
genera were SRP, originating mainly from the groundwater in the anoxic 
microbial microcosms. By contrast, in the bentonite microcosms where 
the added groundwater was sterile filtered and microorganisms origi
nated from the bentonite, the main genera detected were spore forming 
bacteria: Desulfotomaculum, Thermincola, Desulfurispora, unclassified 
Firmicutes, Desulfosporosinus and Desulfallas-Sporotomaculum group 
that include many SRP, but also fermenters and genera able to reduce 
ferric iron (Aüllo et al., 2013; Zavarzina et al., 2007; Wrighton et al., 
2008; Spring and Rosenzweig, 2006; Watanabe et al., 2018; Qiu et al., 
2003). 

The levels of microbially reduced iron in nontronite and ferruginous 
smectite incubated with iron reducing cultures have been found to be at 
most 30 to 40% (Huang et al., 2018; Kostka et al., 1996) and up to 71% 
in Fe-poor Ca-montmorillonite incubated with four iron reducing strains 
in culture medium (Cui et al., 2018) but mostly the maximum level of 
reduced iron has been 25–30% (Pentráková et al., 2013). One major 
difference in these studies has been the limited time frame of the ex
periments, mostly within few weeks compared to almost five years in the 
present experiment. The fact, that all structural iron was reduced in the 
purified and fine part of the montmorillonite in all microbial and 
bentonite microcosms within five years may have devastating effects on 
bentonite swelling pressure (Gates et al., 1993; Cui et al., 2018) and thus 
on its ability to protect the nuclear waste canisters in local low bentonite 
density areas in the final disposal repository. Nevertheless, the effect of 
iron reduction on the formation of illite was not considerable but clear, 
particularly in anoxic samples (Fig. 8). The effects of biological iron 
reduction have mostly been studied in case of Fe-rich smectites (Kim 
et al., 2004; Ribeiro et al., 2009; Liu et al., 2012; Huang et al., 2018) and 
it remains to be studied, how the iron reduction in low iron content 
smectites affects their performance and especially the swelling ability. 
The iron speciation results between parallel microcosms were consistent 
in all cases (Table 4). Small differences between the parallel microcosms 
are however visible when comparing XANES spectra but are not re
flected in the overall speciation quantification via LCF method. This is 
clearly visible for anoxic bentonite spectra (Fig. 7) for which one may 
expect differences in the Fe local environment. Whether those differ
ences are related to the real difference between individual microcosms 
as they were also visually different (Figs. S5-S10) or the bentonite het
erogeneity, or both remained unsolved. Conflicting results from the iron 
speciation measurements of the original bentonites that were studied as 
such or after anoxic purification may be affected by the bentonite ma
terial heterogeneity but also imply that the anoxic purification process 
affected the iron speciation, which should be further studied. 

It has been shown that the reduction of structural iron increases net 
negative charge in the mineral structure, the hydration of smectite 
surfaces, and the cation exchange capacity (Gates et al., 1993; Kostka 
et al., 1999; Stucki et al., 2002). Relatively small CEC increase was 
detected in the anoxic microbial microcosms already during early stages 
of the experiment, but the values did not increase during the four-year 
incubation. However, the change in CEC is not necessarily linear with 

Fig. 8. All Mg saturated and ethylene glycol solvated (60 ◦C > 16 h) samples had smectite reflection in 16.8 Å and illite reflection at 10 Å. Anoxic microbial and 
anoxic bentonite samples had the strongest illite reflection compared to other samples. 
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the structural Fe(II) content due to the ancillary reactions (Stucki and 
Kostka, 2006). Such reactions were possible as the redox values were the 
highest in the second year in anoxic microbial microcosms as well as the 
coloring of the microcosms turned from grey to brownish and then back 
to grey/black after electron donor additions. 

Anoxic microbial microcosms after four years consisted of known 
sulfidogenic bacteria (Desulfurivibrio, Desulfovibrio, Desulfomicrobium, 
Trichloromonas, basonym Desulfuromonas, unclassified Desulfarcula
ceae) and genera including known iron reducers Candidatus Deferri
monas (Badalamenti et al., 2016) and Thermincola (Zavarzina et al., 
2007). In anoxic bentonite microcosm the predominating microbiome 
included spore-forming IRB Thermicola and SRP Desulfurispora, Desul
foporosinus and Desulfallas-Sporotomaculum. The microbial community 
in the oxic microcosms differed from the anoxic community over the 
whole duration of the experiment likely due to the initial microbial 
community composition in water mixtures and oxygen presence at the 
beginning but also the lower ionic strength affected in the oxic micro
cosms. The dominant community in the oxic experiment showed scarce 
SRP or spore-forming bacteria when studied with the amplicon 
sequencing method. The lack of SRP at the beginning of the experiment 
was logic as oxygen is toxic for SRP (Marschall et al., 1993) but after 
oxygen was mostly consumed it was expected that spore-forming SRP 
had germinated and activated in the microcosms. This was seen during 
the last year of the experiment as the number of dsrB genes increased 
significantly (p < 0.02) and black coloring on the bentonite in the mi
crocosms occurred after electron donor additions (Fig. S5-S6) and the 
structural iron was reduced also in these microcosms. However, this was 
not seen by the amplicon sequencing as the SRP and spore-forming 
bacteria (Firmicutes) were mainly missing (Fig. 6; Fig. S11). Only in 
one oxic microbial microcosm, a Pelotomaculum genus was detected with 
high relative abundance by amplicon sequencing. Pelotomaculum are 
spore-forming and generally regarded as fermenters and undergoing 
syntrophy with anaerobic respiring microorganisms or methanogens 
(Imachi et al., 2007; de Bok et al., 2005). However, an anaerobic, sulfate 
reducing Pelotomaculum, degrading benzene has been discovered (Dong 
et al., 2017) indicating Pelotomaculum as a possible SRP also in 
bentonite. In addition, aerobic Sufurifustis (Umezawa et al., 2016) and 
Microtrichales related to the microaerophilic Microthrix genus (McIlroy 
et al., 2013; Fan et al., 2020) illustrate the oxic and anoxic changes that 
occurred in the oxic microcosms over time but also the formation of 
microenvironments in individual microcosms. Generally, the dominance 
of different microbial groups in different microcosm types originating 
from subsurface groundwater, oxic surface water or bentonite show that 
diverse microbial communities are able to cause the structural iron 
reduction in bentonite. 

The abiotic control microcosms were not assumed sterile as it is 
known that sterile filtration removes only cells bigger than 0.22 μm and 
in the deep subsurface, cells smaller than that are frequently detected 
(Wu et al., 2016; Lopez-Fernandez et al., 2018). In some anoxic abiotic 
control bottles, 4 years and 10 months after the start, some black col
oring was noticed indicating SRP activity (Fig. S10). Already in the 
fourth-year samples the amount of dsrB gene copies was increased in the 
anoxic abiotic microcosms. It is possible that some of the nano-sized 
cells (< 0.1 μm) could show SRP activity, but that has not been pro
posed to our knowledge. SRP activity was evaluated to originate from 
the heat-treated bentonites (180 ◦C, 16 h) as the endospores generally 
are larger (Carrera et al., 2006) than the pore size used for the 
groundwater filtration. The heat tolerance of spore-forming SRP, 
indigenous for Wyoming-type bentonite, was verified in dry bentonite in 
an experiment where bentonite was heated at 100 ◦C for 20 h and then 
incubated in rich sulfate reducer medium (27 days, at 20 or 37 ◦C) 
whereafter black coloring was observed in bentonite samples indicating 
sulfate reduction (Masurat et al., 2010). However, similar treatment at 
120 ◦C did not show sulfide formation in bentonites anymore. The 
notably higher temperature (180 ◦C) in this study likely caused severe 
damage to the endospores as the spores took significantly longer to 

germinate and activate and thus a longer time was needed before the 
black coloring in the bentonite microcosms was detected, but it never
theless demonstrated the survival of the endospores after extreme con
ditions. Furthermore, the reduction of all ferric iron in purified 
bentonite of abiotic microcosms indicate that the microbial activity after 
the germination had been fast and likely started earlier than the color 
change was visible. 

In the oxic microbial type microcosms oxygen was consumed from 
the gas phase faster than in oxic abiotic microcosms but not markedly 
(Fig. 2B). In addition to microorganisms, also chemical reactions and 
adsorption are known to affect the gas phase oxygen level in repository 
conditions (Giroud et al., 2018; Carlsson and Muurinen, 2008; Grandia 
et al., 2006) and based on the relatively fast oxygen level decrease in the 
abiotic microcosms these abiotic reactions had notable influence on the 
removal of oxygen. Ferrous iron bearing minerals, except for biotite, 
were regarded as the main sink for oxygen together with organic matter 
and microbial oxygen respiration from the backfill gas phase within a 
month in numeric simulations (Grandia et al., 2006). In addition, 
oxidation of dissolved pyrite from Opalinius Clay has been found to be a 
process controlling oxygen in the gas phase (Giroud et al., 2018). This 
kind abiotic engagement of oxygen in the bentonite matrix may later 
offer an electron donor source for microorganisms in repository 
conditions. 

The low sequence counts obtained from the bentonite samples was 
incoherent with the qPCR results and activation of SRP. DNA extraction 
from bentonite samples is demanding and protocols are under constant 
development (Povedano-Priego et al., 2021; Matschiavelli et al., 2019; 
Engel et al., 2019) and evidently only a part of the community present in 
the bentonite microcosms was detected. Several commercial DNA 
extraction kits and other modified DNA extraction protocols (Miettinen 
et al., 2018) were tested. The selected procedure gave the highest DNA 
amounts from inoculated bentonite samples but based on the results, 
further improvement of DNA-extraction is needed. The role of fungi and 
archaea in the bentonite microcosms seemed not considerable, however 
the more efficient DNA-extraction method could have influenced the 
results. Anaerobic heterotrophic fungi are degraders of calcitrant 
organic compounds such as bentonite and they produce hydrogen gas in 
their metabolism potentially providing substrates for prokaryotes 
(Drake and Ivarsson, 2018). Active fungi have been detected from the 
Olkiluoto subsurface (Sohlberg et al., 2015) and they could in long-term 
have importance in bentonite environment. Methanolobus, a methano
genic archaeon, growing solely on C1-compounds such as methanol 
(Oren, 2014), unclassified Methanoperedens that perform anaerobic 
methane oxidation (Haroon et al., 2013) and Bathyarchaeia, a generalist 
that include species able to utilize among others methane and reduce 
sulfur (Zhou et al., 2018) were detected over the whole duration of the 
experiment and their role in the community needs further investigation. 

5. Conclusions 

The aim of this study was to find out if microorganisms inherent for 
bentonite or repository site anoxic groundwater are able to affect the 
bentonite structural iron in conditions that simulate nuclear waste 
geological repository in anoxic and oxic conditions but enable microbial 
activity with low bentonite density. The change in the structure of the 
indigenous microbial communities and their effects on the bentonite 
structural iron were studied over time. The dissolving organic carbon 
from the bentonite was able to maintain the microbial activity only for 
less than two years. Regular addition of short-chained organic com
pounds as electron donors (Na-acetate and formate, 2 mM each, every 
four months) reactivated the microbial communities and sulfate reduc
tion was visible within two weeks in anoxic microcosms as black color 
likely due to iron sulfide formed in the bentonite layer. At the end of the 
experiments (4 years and 10 months) the purified part of the bentonite 
showed total iron reduction in all microbial microcosms and minor 
smectite illitization in anoxic microbial microcosms. Microbial 
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communities causing iron reduction were assumed to be mainly sulfate 
reducers and likely iron reducers based on their high relative abundance 
in the anoxic microcosms. However, the community causing the iron 
reduction in the initially oxic microcosms was not clear. This community 
was different from the one in the initially anoxic microcosms indicating 
that the source of the microorganisms causing the iron reduction was not 
very specific but could originate from different environments. Fungi and 
archaea seemed not to have a notable role in the community of the 
studied bentonite microcosms based on their low gene counts. 
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DeVos, P., Hedlund, B., Kämpfer, P., Rainey, F.A., Whitman, W.B. (Eds.), Bergey’s 
Manual of Systematics of Archaea and Bacteria. https://doi.org/10.1002/ 
9781118960608.gbm01032.pub2. 

Gates, W.P., Wilkinson, H.T., Stucki, J.W., 1993. Swelling properties of microbially 
reduced ferruginous smectite. Clay Clay Miner. 41, 360–364. https://doi.org/ 
10.1346/CCMN.1993.0410312. 

Geets, J., Borremans, B., Diels, L., Springael, D., Vangronsveld, J., Van Der Lelie, D., 
Vanbroekhoven, K., 2006. DsrB gene-based DGGE for community and diversity 
surveys of sulfate-reducing bacteria. J. Microbiol. Methods 66, 194–205. https://doi. 
org/10.1016/j.mimet.2005.11.002. 

Giroud, N., Tomonaga, Y., Wersin, P., Briggs, S., King, F., Vogt, T., Diomidis, N., 2018. 
On the fate of oxygen in a spent fuel emplacement drift in Opalinus Clay. Appl. 
Geochem. 97, 270–278. https://doi.org/10.1016/j.apgeochem.2018.08.011. 

Grandia, F., Domènech, D., Arcos, D., Duro, L., 2006. Assessment of the oxygen 
consumption in the backfill. Geochemical modelling in a saturated backfill. SKB 
Report R-06-106. https://www.skb.com/publication/1287051/R-06-106.pdf 
(accessed on September 7th, 2021).  

Greene, A.C., 2014. The Family Desulfuromonadaceae. In: Rosenberg, E., DeLong, E.F., 
Lory, S., Stackebrandt, E., Thompson, F. (Eds.), The Prokaryotes. Springer, Berlin, 
Heidelberg. https://doi.org/10.1007/978-3-642-39044-9_380.  

Grigoryan, A.A., Jalique, D.R., Medihala, P., Stroes-Gascoyne, S., Wolfaardt, G.M., 
McKelvie, J., Korber, D.R., 2018. Bacterial diversity and production of sulfide in 
microcosms containing uncompacted bentonites. Heliyon 4, e00722. https://doi. 
org/10.1016/j.heliyon.2018.e00722. 

H. Miettinen et al.                                                                                                                                                                                                                              

http://www.ebi.ac.uk/ena
https://doi.org/10.1016/j.clay.2022.106465
https://doi.org/10.1016/j.clay.2022.106465
https://doi.org/10.1180/0009855054040182
https://doi.org/10.1180/0009855054040182
https://doi.org/10.3389/fmicb.2013.00362
https://doi.org/10.3389/fmicb.2016.00913
https://doi.org/10.1016/j.clay.2016.12.024
https://doi.org/10.1016/j.clay.2016.12.024
https://doi.org/10.1016/j.resmic.2020.07.001
https://doi.org/10.1016/j.resmic.2020.07.001
https://doi.org/10.5194/bgd-12-13819-2015
https://doi.org/10.5194/bgd-12-13819-2015
https://doi.org/10.5194/bg-13-6031-2016
https://doi.org/10.5194/bg-13-6031-2016
https://doi.org/10.1557/PROC-1124-Q05-02
https://doi.org/10.14773/cst.2018.17.4.147
https://doi.org/10.14773/cst.2018.17.4.147
https://doi.org/10.1111/j.1365-2672.2006.03111.x
https://doi.org/10.3389/fenvs.2019.00172
https://doi.org/10.3389/fenvs.2019.00172
https://doi.org/10.1128/AEM.00176-18
https://doi.org/10.1099/ijs.0.02880-0
https://doi.org/10.2113/gselements.8.2.113
https://doi.org/10.1093/femsec/fiw254
https://doi.org/10.1016/j.fbr.2017.10.001
https://doi.org/10.1016/j.fbr.2017.10.001
https://doi.org/10.1128/mSphere.00334-19
https://doi.org/10.1128/mSphere.00334-19
https://doi.org/10.1016/j.chemosphere.2019.125371
https://doi.org/10.1002/9781118960608.gbm01032.pub2
https://doi.org/10.1002/9781118960608.gbm01032.pub2
https://doi.org/10.1346/CCMN.1993.0410312
https://doi.org/10.1346/CCMN.1993.0410312
https://doi.org/10.1016/j.mimet.2005.11.002
https://doi.org/10.1016/j.mimet.2005.11.002
https://doi.org/10.1016/j.apgeochem.2018.08.011
https://www.skb.com/publication/1287051/R-06-106.pdf
https://doi.org/10.1007/978-3-642-39044-9_380
https://doi.org/10.1016/j.heliyon.2018.e00722
https://doi.org/10.1016/j.heliyon.2018.e00722


Applied Clay Science 221 (2022) 106465

14

Haroon, M.F., Hu, S., Shi, Y., Imelfort, M., Keller, J., Hugenholtz, P., Yuan, Z., Tyson, G. 
W., 2013. Anaerobic oxidation of methane coupled to nitrate reduction in a novel 
archaeal lineage. Nature 500, 567–572. https://doi.org/10.1038/nature12375. 

Huang, L., Feng, C., Jiang, H., Dong, H., Liu, Z., Zeng, Q., 2018. Reduction of structural 
Fe(III) in nontronite by thermophilic microbial consortia enriched from hot springs 
in Tengchong, Yunnan Province, China. Chem. Geol. 479, 47–57. https://doi.org/ 
10.1016/j.chemgeo.2017.12.028. 

Imachi, H., Sakai, S., Ohashi, A., Harada, H., Hanada, S., Kamagata, Y., Sekiguchi, Y., 
2007. Pelotomaculum propionicicum sp. nov., an anaerobic, mesophilic, obligately 
syntrophic, propionate-oxidizing bacterium. Int. J. Syst. Evol. Microbiol. 57, 
1487–1492. https://doi.org/10.1099/ijs.0.64925-0. 

Jørgensen, B.B., 1982. Mineralization of organic-matter in the sea bed – the role of 
sulfate reduction. Nature 296, 643–645. https://doi.org/10.1038/296643a0. 

Kim, J., Dong, H., Seabaugh, J., Newell, S.W., Eberl, D.D., 2004. Role of microbes in the 
smectite-to-illite reaction. Science 303, 830–832. https://doi.org/10.1126/ 
science.1093245. 

Kiviranta, L., Kumpulainen, S., 2011. Quality control and characterization of bentonite 
materials. Posiva Working Report 2011-84. Downloadable from. https://www. 
posiva.fi/en/index/media/reports.html (accessed on September 7th, 2021).  
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