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Abstract. Microbial dissimilatory iron reduction (DIR) often ceases when the degree of iron mineral reduction is low, at which
point isotope fractionation occurs between an aqueous Fe(II) solution and a reactive Fe(IIl) phase on the surface of ferric
(oxyhydro) oxides, forming an equilibrium fractionation factor (~3 %o). Recent experimental abiotic studies suggest that Fe(II)
adsorption onto the mineral surface may affect the isotope fractionation, which reminds us that the isotope exchange may be
greatly inhibited during the DIR process. In this study, ferrihydrite is used as a terminal electron acceptor to conduct
Shewanella piezotolerans WP3 and Shewanella oneidensis MR-1 experiments at 0.1 and 15 MPa to ensure a significant
variation in the degree of reduction. During the 30-day experiment, the degree of ferrihydrite reduction by S. piezotolerans
WP3 is 14 % (at 0.1 MPa) and 8 % (at 15 MPa), whereas the degree of ferrihydrite reduction by S. oneidensis MR-1 is 39 %
(at 0.1 MPa) and 36 % (at 15 MPa). Based on the isotope mass balance, the estimated ranges of iron isotope fractionation for
S. piezotolerans WP3 and S. oneidensis MR-1 are obtained. The former ranges between —3.58 %o and —0.88 %o (at 0.1 MPa)
and between —2.37 %o and —0.66 %o (at 15 MPa), and the latter ranges between —0.39 %0 and 0.10 %, (at 0.1 MPa) and between
—0.6 %o and —0.16 %o (at 15 MPa). However, it is difficult to distinguish variations in the same bacteria at 0.1 and 15 MPa due
to the large estimation ranges of isotope fractionation. In the S. oneidensis MR-1 experiment, the fractionation factor obtained
is significantly different from that obtained in the S. piezotolerans WP3 experiment, indicating that kinetic fractionation
occurred. In combination with previous studies, we propose a transient modified Fe(II) adsorption mechanism to explain the
isotope fractionation between aqueous Fe(ll) and ferrihydrite. When the adsorbed Fe(II) exceeds the surface saturation, the

atom (isotope) exchange will be suppressed.

1 Introduction

Iron is the fourth most abundant element in the Earth’s crust and the most common redox-active transition metal (Liu et al.,
2001; Liu et al., 2018). This element has been widely used to assess the oxidation state of the environment (Mulholland et al.,
2015; Cooper et al., 2017; Ellwood et al., 2019). In an oxygen-restricted reducing environment, iron-reducing microorganisms

can effectively use ferric substances as terminal electron acceptors coupled with the oxidation of organic matter or Hy (Li et
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al., 2019; Notini et al., 2019). This process of microbial dissimilatory iron reduction (DIR) promotes the reductive dissolution
of iron minerals, forming a wide range of soluble Fe(II), which is easily adsorbed onto the surface of (oxyhydro) oxides and
catalyzes the reduction of contaminants (Newsome et al., 2018). It also controls the cycle of C, N and P (Murray and Hesterberg,
2006; Colombo et al., 2014). Additionally, DIR is probably one of the oldest metabolism processes on Earth (Picard et al.,
2012) and plays an important role in the Precambrian banded iron formation genesis (Percak-Dennett et al., 2011).

Experimental DIR studies, in showing that the partial adsorption of aqueous Fe(II) onto ferric mineral surfaces can inhibit
the degree of microbial reduction (Jaisi et al., 2007). For example, during a DIR experiment lasting ~280 days, the reduction
rates of hematite and goethite were lower than 0.7 % and 4 %, respectively (Crosby et al., 2007). However, this inhibition
seems to no effect on the isotope exchange between aqueous Fe(Il) (Fe[II].q) and reactive Fe(IIT) (Fe[Ill]reac) ON the mineral
surface, as the isotope fractionation factor, 5°6Fe (in *6Fe/>*Fe), remains constant at ~—3 %o (Wu et al., 2009). This is consistent
with the equilibrium fractionations of abiological experiments (Skulan et al., 2002; Wu et al., 2010). The mechanism of iron
isotope fractionation during the DIR process has been linked with coupled Fe(IT)-Fe(III) electron transfer and atom exchange
(ETAE) (Percak-Dennett et al., 2011; Reddy et al., 2015). Recently, A new experimental study reports that an increased Fe(II)
concentration reduced the degree of Fe atom exchange between aqueous Fe(Il) and hematite (Frierdich et al., 2015). This
suggests that, when a large amount of aqueous ferrous Fe is produced at a high degree of reduction, the equilibrium of iron
isotope fractionation may not occur.

Ferrihydrite, a less crystalline ferric hydroxide, is found in a wide variety of anoxic environments (Williams and Scherer,
2004). It is highly reactive, so the expected degree of reduction is higher than that of well-crystalline ferric oxides, such as
hematite and goethite, during the DIR process (Li et al., 2012; Poggenburg et al., 2016; Notini et al., 2019; Chanda et al.,
2020). Therefore, in this study, ferrihydrite is employed as a terminal electron acceptor to conduct DIR experiments with
Shewanella piezotolerans WP3 and Shewanella oneidensis MR-1 at 0.1 and 15 MPa to (i) investigate whether isotopic
fractionation equilibrium occurs at a high degree of reduction and (ii) analyze the possible causes of kinetic isotope

fractionation.

2 Materials and Methods
2.1 Ferrihydrite substrate

Ferrihydrite solids used in this study were synthesized in a laboratory by slowly neutralizing ferric nitrate with potassium
hydroxide to a pH of 7.5, and then drying it for 36 h in a freeze drier. The particles obtained were deformed, with approximate
dimensions of 0.3 < 0.8 um, determined by SEM. The ferrihydrite powders were partially dissolved using dilute HCI at
different time intervals, and the isotope compositions of the dissolved and remaining undissolved ferrihydrite components
were measured, which indicated that the ferrihydrite was isotopically homogenous. Large samples were completely dissolved

with 0.5 M HCI, indicating that the initial ferrihydrite powder isotope composition was 0.10 #0.06 %o.
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2.2 Bacterial strains and culture mediums

The dissimilatory Fe(III)-reducing strain, S. piezotolerans WP3, was purchased from Shanghai Jiao Tong University and grown
at 20<C in 2216E Marine Medium with constant shaking at 150 rpm. S. oneidensis MR-1 was purchased from the American
Type Culture Collection and grown at 25<C in lysogeny broth (LB) with constant shaking at 150 rpm. All experiments were
performed in an anoxic chamber at room temperature. At the beginning of each experiment, cells were harvested and washed
twice, and obtained a final concentration of approximately 106 cells mI™. The 2216E Marine Medium contained 5 g tryptone,
1 g yeast extract, and 34 g NaCl in one liter of water, as well as 10 g tryptone, 5 g yeast extract, and 10 g NaCl in one liter of
water in LB culture. The pH of the mediums was adjusted to 7.0 by neutralization with 1 M KOH, then they were added to 50
ml serum bottles and sterilized at 120<C for 20 min. The serum bottles were capped with rubber stoppers and flushed with N,
to exclude O; until the concentration was lower than 2 umol/L (detected by an oxygen probe manufactured by Unisense,
Denmark). Subsequently, the mediums used for growth and DIR experiments were added to 50 ml sterile plastic syringes,
followed by addition of 1 g ferrihydrite and bacteria. The syringes were then sealed with PE material stoppers and placed in

steel adjustable pressure vessels.

2.3 Sampling and extraction procedures

Experiments were performed using S. piezotolerans WP3 and S. oneidensis MR-1 at 0.1 and 15 MPa to determine the reduction
rate, degree of reduction, and possible isotope fractionation of iron. Iron species were harvested for concentration and isotope
composition analysis at 2, 5, 20, and 30 days. After centrifugation, the supernatant was extracted and filtrated using a 0.2-um
filter and then HCI was added to a 0.5 M final concentration. The remaining solid component was then digested with 0.1 M
HCI for 15 min, which removed the majority of the sorbed Fe(Il) (Fe[Il]sor) (Percak-Dennett et al., 2011) and a small amount
of ferric substrate, determined using Fe concentration measurements. After extraction with 0.1 M HCI, the remaining fractions
were extracted using 15 ml 0.5 M HCI until completely dissolved. During these time intervals, the concentration of Fe(II) and
total Fe was analyzed by the ferrozine method (Stookey, 1970), and the Fe(III) concentration was calculated from the difference.
Concentration errors of Fe(ll) and total Fe were calculated using standard deviation of repeat measurements, and Fe(III)
concentration errors were determined using the square root of the sum of squared Fe(Il) and total Fe concentration errors. The
results are shown in Table 1.

2.4 Iron isotope measurements

The measurement of iron isotopes was performed in the Key Laboratory of Crust-Mantle Materials and Environments,
University of Science and Technology of China, Chinese Academy of Sciences. All Fe-containing solutions, including samples
of aqueous Fe(Il) and 0.1 M HCI extracts, were purified using anion-exchange chromatography before the iron isotope

measurements were analyzed using a multi-collector inductively coupled plasma mass spectrometer. Detailed experimental
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procedures have previously been reported by Huang et al. (2011). All the isotopic compositions were expressed as 5°¢Fe values

relative to the iron reference material IRMM-014, as follows:

561, /54
( Fe/ Fe)samp]c

3654
(°Fe/>"Fe)irpmm-o14

8°%Fe(%o) = [ -11 % 10° (1)

The iron isotopic fractionation between phases A and B is defined as:
ASGFCA_B = 656FCA-656FCB (2)

The external precision of the measured 5°°Fe values was better than 20.05 %o (135), based on long-term repeated analyses. The

analysis results are listed in Table 2.

3 Results
3.1 Ferrihydrite reduction

The ferrous Fe content varied significantly during the course of the bioreduction experiments. The total Fe(II) concentration
for the initial S. pizotolerans WP3 and S. oneidensis MR-1 experiments increased rapidly under both pressures. Within five
days, the total Fe(II) concentration in the S. pizotolerans WP3 experiment reached 3.03 mM L (at 0.1 MPa) and 2.00 mM
L™* (at 15 MPa). In the S. oneidensis MR-1 experiment, the total Fe(II) concentration reached 12.16 mM L (at 0.1 MPa) and
10.14 mM L (at 15 MPa). These results indicate that the initial rate of ferrihydrite reduction by S. oneidensis MR-1 was
significantly higher than it was by S. pizotolerans WP3 under the same pressure, and it was also slightly faster at 0.1 than at
15 MPa for the same strain (Fig. 1; Table 1). As the reduction progressed, the rate decreased so sharply that the concentrations
of produced Fe(Il) remained almost constant over the second half of the experiments. S. oneidensis MR-1 cultures reduced
ferrihydrite by 39 % (at 0.1 MPa) and 36 % (at 15 MPa), while S. pizotolerans WP3 reduced ferrihydrite slightly less (by 14 %
and 8 %, respectively), at the end of the experiments. The degree of reduction obtained in the experiments was significantly
higher than in previous studies using well-crystalline ferric oxides (Beard et al., 2010).

The aqueous Fe(IT) was measured by iron in solution because aqueous Fe(II) was the only iron phase in the aqueous fraction,
yet the sorbed Fe(II) was determined by the sum of Fe(II) removed in the 0.1 and 0.5 M HCI extracts. The initial concentration
ratios of Fe(IT)so and Fe(IT)4q for S. pizotolerans WP3 on day two were 10.8 (at 0.1 MPa) and 29.5 (at 15 MPa), and for S.
oneidensis MR-1 they were 5.4 (at 0.1 MPa) and 4.4 (at 15 MPa). Finally, the concentration ratios decreased to 3.2 (at 0.1
MPa) and 2.6 (at 15 MPa) for S. pizotolerans WP3, and 5.4 (at 0.1 MPa) and 2.2 (at 15 MPa) for S. oneidensis MR-1 (Table
1), indicating that the available sorption sites on ferrihydrite surface decreased with the accumulation of Fe(II) produced before

the surface site capacity reached saturation.



118

119
120
121
122
123
124
125
126
127

128

129

130
131
132
133
134
135
136
137
138
139
140
141
142
143

144

145
146
147

https://doi.org/10.5194/bg-2020-85
Preprint. Discussion started: 20 March 2020
(© Author(s) 2020. CC BY 4.0 License.

3.2 Iron isotope compositions

Fe isotope compositions are shown in Table 2. The isotope composition values of aqueous Fe(IT) produced using S. pizitolerans
WP3 varied slightly at 0.1 MPa (average: ~—1.5 %o), whereas the isotopic compositions for 0.1 M HCI extracts increased
constantly with time, which changed from ~—0.8 %, on day two to ~—0.3 %o on day 30 (Fig. 2a). Under high pressure
experiments (15 MPa), §°6Fe(I1)a and 5°°Fe(I1)o.1 m Hoi changed with no obvious trends, and the average values were ~—1.5 %o
and ~—1.0 %, respectively (Fig, 2b). In the S. oneidensis MR-1 experiment, however, 5°°Fe(II)aq and 6%Fe(I1)o.1 m el increased
slightly in the same manner, and there were no significant differences between the results at 0.1 and 15 MPa (Fig. 2c, d).
Comparing these two bacterial experiments, the isotopic composition of aqueous Fe(II) and 0.1 M HCI extracts were
significantly different, which may be due to the relative different amounts of Fe species, including Fe(Il)aq, Fe(Il)sorp and

Fe(Ireac, and isotope fractionation factors (Crosby et al., 2007).

4 Discussion
4.1 Sorbed Fe(II) suppression of Fe(IlI) bioreduction

Initially, Fe(II) produced by S. oneidensis MR-1 was almost three times the amount produced by S. pizotolerans WP3 under
the same pressure, and the reduction rate for the same bacteria at 0.1 MPa was slightly higher than at 15 MPa. The results
indicate that the species of bacteria and the amount of pressure can both significantly influence the rate of DIR. The mechanism
may be related to the enzyme activity of the strain, which can be affected by pressure, according to Picard et al. (2012) and
Wu et al. (2009). As the reduction process progressed, the rate had decreased significantly by day five (S. pizotolerans WP3)
and day 10 (S. oneidensis MR-1), whereas the living cell concentration and pH in the reduction reactor remained constant, thus
ruling out the effect of biomass and pH on the DIR rate. Many other factors can influence the DIR rate, such as the crystallinity
of ferric minerals (Picard et al., 2012 and references therein), electron shuttles (MacDonald et al., 2011), and the presence of
reduced graphene (Liu et al., 2018). Experimental studies by Jaisi et al. (2007) found that the adsorption of Fe(II) on the surface
of old cells partly resulted in the cessation of bioreduction activity. Additionally, when a certain amount of ferrous iron was
presorbed onto clay minerals, the reduction rate and degree of reduction continued to decrease with the increasing presorbed
Fe(I1). Therefore, the most likely cause for the rate decrease in this experiment is the Fe(II) adsorption onto the cell and
ferrihydrite surfaces, and the mechanism of forming an Fe(Il)-bearing layer (Hansel et al., 2004) or altering the surface
potential (Roden and Urrutia, 2002).

4.2 Estimation of the range of isotope fractionation

A number of laboratory studies have shown that the underlying mechanism of Fe isotope fractionation during DIR is linked
with the coupled Fe(IT)-Fe(III) electron transfer and atom exchange on the surface of (oxyhydro) oxides (Tangalos et al., 2010).

A isotope fractionation factor of —2.95 =+ 0.19 %o between Fe(Il)aq and Fe(IlI)reac Was obtained during hematite bioreduction,
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which was consistent with the abiotic equilibrium fractionation of —3.1 %o at 22 <C determined by Skulan et al. (2002), and
was also identical to the Fe(II)a—Fe(IIl)reac isotope fractionation factor of —2.87 +0.19 %o in abiological hematite reduction
experiments (Wu et al., 2010). Previous studies have shown that biogenic Fe(IT) produced during DIR using ferrihydrite was
enriched with light Fe isotopes (Tangalos et al., 2010); however, it was difficult to determine the isotopic compositions of
Fe(Il)sorb and Fe(Ill)reac because ferrinydrite was not amenable to partial acid extraction (Percak-Dennett et al., 2011).
Additionally, the possible formation of secondary minerals, such as magnetite, added complexity to the interpretation of Fe
isotopic composition (Reddy et al., 2015).

In this study, the isotopic composition of the 0.1 M HCI extract was a mixture of Fe(Il)sor, and Fe(Il)reac, making it difficult
to use the methods of Wu et al. (2009) to calculate the exact 8°Fe(Il)sors and Fe(Ill)reac for S. pizotolerans WP3 and S.
oneidensis MR-1 at 0.1 and 15 MPa, respectively. Based on the isotope mass balance, §°Fe value of the 0.1 M HCI extract

can be calculated using the equation:

8°°Feq 1 muci = Xge%)smbS%FC(H)smb + Fec(}n)reaCSS(’Fe(III)reac (3)

where X is the mole fraction.

Previous experimental studies suggested that the adsorption of Fe(II) onto mineral surfaces makes the aqueous Fe(II) pool
depleted in heavy Fe isotope (Rouxel et al., 2008). For example, Icopini et al. (2004) pointed out that the isotopic composition
of sorbed Fe(II) pool was ~2.7 %o—3.7 %o heavier than aqueous Fe(Il). Beard et al. (2010) indicated that the equilibrium
fractionation factor between sorbed Fe(II) and aqueous Fe(IT) was 1.24 +0.14 %o during microbial DIR of goethite. In contrast,
Crosby et al. (2007) obtained the isotope fractionation factor of 0.3 %o in hematite reduction, and 0.87 %o in goethite reduction.
If it is assumed that the isotopic composition of sorbed Fe(II) is equal to aqueous Fe(II), we can obtain an upper-limit isotope

Fe(I10)reac cOomposition, according to equation (3), where 8%°Feg.1 w Hl, X?ec(h)sorb and XE&{H)M are known. In turn, assuming that

the isotopic composition of sorbed Fe(II) is identical to that of the 0.1 M HCI extract, the lower limit of isotopic composition
is given. Therefore, we have determined the approximation range of Fe(IT)a—Fe(I)reac iSotope fractionation. In Table 3, the
average estimated maximum and minimum ASFereqag-reamyreac fractionations produced by S. pizitolerans WP3 at 0.1 MPa
were, respectively, ~—3.58 %o and —0.88 %o, and they were ~—2.37 %o and ~—0.66 %o, respectively, at 15 MPa. The results
covered or approached the isotope fractionation of ~—3 %o obtained by predecessors (Crosby et al., 2007), so it was not clear
whether the equilibrium isotope fractionation was reached. However, in the S. oneidensis MR-1 experiment, the average
maximum isotope fractionations were ~—0.39 %o at 0.1 MPa and ~—0.60 %o at 15 MPa, which were significantly less than the

average minimum of S. pizitolerans WP3 at both pressures (Fig. 3), indicating that kinetic isotope fractionation had occurred.

4.3 Interpretation for Kinetic isotope fractionation

Several experiments have suggested that there are iron isotope fractionations between aqueous Fe(II), sorbed Fe(II), and active
Fe(III) on the (oxyhydro) oxide surfaces during microbial DIR. The mechanism involves the reductive dissolution of ferric

atoms on the surface of (oxyhydro) oxides, followed by adsorption of aqueous Fe(II) on mineral surfaces and ETAE process

6
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between sorbed Fe(IT) and reactive ferric atoms (Shi et al., 2016). Surface defects resulting in the local charge imbalance have
been shown to increase the driving force of ETAE (Notini et al., 2019). However, in recent years, some studies have reported
that an atom exchange can occur between aqueous Fe(II) and the bulk structural ferric Fe (Handler et al., 2014; Frierdich et
al., 2015). The “redox-driven conveyor belt” model has been proposed to explain this. The model involves the conduction of
electrons from sorption sites to dissolution sites through bulk crystal, resulting in the reductive dissolution of Fe atoms at
separate surface sites, thereby generating the aqueous Fe(Il) again (Neumann et al., 2015). This model is consistent with the
absence of secondary minerals formation and changes in particle shape and size at Fe atoms exchange between hematite or
goethite and aqueous Fe(IT) (Handler et al., 2014).

The latest research shows that the amount of Fe atom exchange between aqueous Fe(II) and ferric oxides increases with the
increasing amount of sorbed Fe(Il); however, a lower amount of Fe atom exchange occurs when sorbed Fe(IT) exceeds the
surface site capacity (Frierdich et al., 2015). One possible explanation for this is that Fe atom exchange at a lower coverage of
sorbed Fe(II) on the surface of ferric oxides is mainly controlled by interfacial electron transfer that is driven by local charge
imbalance at structural distinct surface sites. As the coverage of sorbed Fe(Il) on the surface of ferric oxides increases, the
propensity of interfacial electron transfer potency diminishes (Frierdich et al., 2015). However, Handler et al. (2014) found
that there was no net sorbed Fe(Il) on the hematite surface, and some isotope exchanges were still observed, indicating that
isotope exchange between aqueous Fe(II) and structural Fe(lll) on the hematite surface may be carried out by transient
adsorption, which was suppressed when the surface site capacity reached saturation. Over the course of 30 days, the degree of
ferrihydrite reduction was less than 14 % in the S. pizotolerans WP3 experiment, and the surface position did not exceed the
surface saturation, thus forming a larger isotope fractionation (Fig. 4a). However, a larger degree of ferrihydrite reduction
(18 %~39 %) was obtained in the S. oneidensis MR-1 experiment, where the amount of Fe(II) adsorption exceeded the surface
saturation, so the charge-neutral configurations could be reconstructed. This resulted in the suppression of the interfacial

electron transfer and the transient adsorption of Fe(II) (Fig. 4b).

5. Conclusions

The results show that isotope equilibrium fractionation occurs due to the rapid ETAE process between aqueous Fe(II) and
Fe(III) on the surface of (oxyhydro) oxides at a low degree of reduction during DIR, where the amount of sorbed Fe(II) is
below the surface site capacity. However, at a high degree of reduction, the amount of stable adsorbed Fe(II) on mineral surface
increases with the increasing aqueous Fe(I), and the driving force for ETAE process decreases in response to the healing of
surface structure imperfections. At the same time, the isotope exchange between aqueous Fe(IT) and Fe(III) on mineral surface
via the transient adsorption of Fe(Il) diminishes with a decrease in surface sites. When the surface site is saturated with
adsorbed Fe(Il), the atom exchange is significantly suppressed, thus exhibiting the characteristics of Kinetic isotope

fractionation.



211

212
213

214

215
216
217

218
219

220

221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236

https://doi.org/10.5194/bg-2020-85
Preprint. Discussion started: 20 March 2020
(© Author(s) 2020. CC BY 4.0 License.

Data availability. All data used are listed in the article.

Author contributions. LJ, XL and JL designed the experiments. ML conducted the experiments and prepared the original draft.

LJ and CW contributed to discussion and interpretation of the data and the writing of the paper.
Competing interests. The authors declare that they have no conflict of interest.

Acknowledgements. Special thanks go to Xiang Xiao (Shanghai Jiao Tong University), who provided indispensable Shewanella
piezotolerans strain WP3. We thank Juezhi Lin, Yang Xin and Jiyue Sun for excellent laboratory support. We also would like

to acknowledge Faboya Lekan (Guangzhou institute of Geochemistry, CAS) for his help on improving the manuscript.

Financial support. This research has been supported by the National Natural Science Foundation of China (grant nos.
41403050 and 41873068).

References

Beard, B. L., Handler, R. M., Scherer, M. M., Wu, L., Czaja, A. D., Heimann, A., and Johnson, C. M.: Iron isotope
fractionation between aqueous ferrous iron and goethite, Earth and Planetary Science Letters, 295, 241-250,
https://doi.org/10.1016/j.epsl.2010.04.006, 2010.

Chanda, P., Zhou, Z., Latta, D. E., Scherer, M. M., Beard, B. L., and Johnson, C. M.: Effect of organic C on stable Fe isotope
fractionation and isotope exchange kinetics between aqueous Fe(Il) and ferrihydrite at neutral pH, Chemical Geology, 531,
https://doi.org/10.1016/j.chemgeo.2019.119344, 2020.

Colombo, C., Palumbo, G., He, J.-Z., Pinton, R., and Cesco, S.: Review on iron availability in soil: interaction of Fe
minerals, plants, and microbes, J. Soils Sediments, 14, 538-548, https://doi.org/10.1007/s11368-013-0814-z, 2014.
Cooper, R. E., Eusterhues, K., Wegner, C.-E., Totsche, K. U., and Kiisel, K.: Ferrihydrite-associated organic matter (OM)
stimulates reduction by Shewanella oneidensis MR-1 and a complex microbial consortia, Biogeosciences, 14, 5171-5188,
https://doi.org/10.5194/bg-14-5171-2017, 2017.

Crosby, H. A., Roden, E. E., Johnson, C. M., and Beard, B. L.: The mechanisms of iron isotope fractionation produced
during dissimilatory Fe(III) reduction by Shewanella putrefaciens and Geobacter sulfurreducens, Geobiology, 5, 169-189,
https://doi.org/10.1111/j.1472-4669.2007.00103.x, 2007.

Ellwood, M. J., Hassler, C., Moisset, S., Pascal, L., Danza, F., Peduzzi, S., Tonolla, M., and Vance, D.: Iron isotope

transformations in the meromictic Lake Cadagno, Geochimica Et Cosmochimica Acta, 255, 205-221,



237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270

https://doi.org/10.5194/bg-2020-85
Preprint. Discussion started: 20 March 2020
(© Author(s) 2020. CC BY 4.0 License.

https://doi.org/10.1016/j.gca.2019.04.007, 2019.

Frierdich, A. J., Helgeson, M., Liu, C. S., Wang, C. M., Rosso, K. M., and Scherer, M. M.: Iron Atom Exchange between
Hematite and Aqueous Fe(II), Environmental Science & Technology, 49, 8479-8486,
https://doi.org/10.1021/acs.est.5b01276, 2015.

Handler, R. M., Frierdich, A. J., Johnson, C. M., Rosso, K. M., Beard, B. L., Wang, C. M., Latta, D. E., Neumann, A.,
Pasakarnis, T., Premaratne, W., and Scherer, M. M.: Fe(Il)-Catalyzed Recrystallization of Goethite Revisited, Environmental
Science & Technology, 48, 11302-11311, https://doi.org/10.1021/es503084u, 2014.

Hansel, C. M., Benner, S. G., Nico, P., and Fendorf, S.: Structural constraints of ferric (hydr)oxides on dissimilatory iron
reduction and the fate of Fe(II), Geochimica Et Cosmochimica Acta, 68, 3217-3229,
https://doi.org/10.1016/j.gca.2003.10.041, 2004.

Huang, F., Zhang, Z., Lundstrom, C. C., and Zhi, X.: Iron and magnesium isotopic compositions of peridotite xenoliths from
Eastern China, Geochimica Et Cosmochimica Acta, 75, 3318-3334, https://doi.org/10.1016/j.gca.2011.03.036, 2011.
Icopini, G. A., Anbar, A. D., Ruebush, S. S., Tien, M., and Brantley, S. L.: Iron isotope fractionation during microbial
reduction of iron: The importance of adsorption, Geology, 32, https://doi.org/10.1130/g20184.1, 2004.

Jaisi, D. P., Dong, H., and Liu, C.: Influence of biogenic Fe(II) on the extent of microbial reduction of Fe(IIl) in clay
minerals nontronite, illite, and chlorite, Geochimica Et Cosmochimica Acta, 71, 1145-1158,
https://doi.org/10.1016/j.gca.2006.11.027, 2007.

Li, X., Zeng, X., Qiu, D., Zhang, Z., Chen, J., and Shao, Z.: Dissimilatory Iron [Fe(IIT)] Reduction by a Novel Fermentative,
Piezophilic Bacterium Anoxybacter fermentans DY22613T Isolated from East Pacific Rise Hydrothermal Sulfides,
Geomicrobiology Journal, 36, 291-302, https://doi.org/10.1080/01490451.2018.1526985, 2019.

Li, X. M., Liu, T. X., Li, F. B., Zhang, W., Zhou, S. G., and Li, Y. T.: Reduction of structural Fe(Ill) in oxyhydroxides by
Shewanella decolorationis S12 and characterization of the surface properties of iron minerals, J. Soils Sediments, 12, 217-
227, https://doi.org/10.1007/s11368-011-0433-5, 2012.

Liu, C. G., Zachara, J. M., Gorby, Y. A., Szecsody, J. E., and Brown, C. F.: Microbial reduction of Fe(IIl) and
sorption/precipitation of Fe(II) on Shewanella putrefaciens strain CN32, Environmental Science & Technology, 35, 1385-
1393, https://doi.org/10.1021/es0015139, 2001.

Liu, G., Yu, H., Wang, N., Jin, R., Wang, J., and Zhou, J.: Microbial reduction of Ferrihydrite in the presence of reduced
Graphene oxide materials: Alteration of Fe(III) reduction rate, biomineralization product and settling behavior, Chemical
Geology, 476, 272-279, https://doi.org/10.1016/j.chemgeo.2017.11.023, 2018.

MacDonald, L. H., Moon, H. S., and Jaffe, P. R.: The role of biomass, electron shuttles, and ferrous iron in the kinetics of
Geobacter sulfurreducens-mediated ferrihydrite reduction, Water Res, 45, 1049-1062,
https://doi.org/10.1016/j.watres.2010.10.017, 2011.

Mulholland, D. S., Poitrasson, F., Shirokova, L. S., Gonzalez, A. G., Pokrovsky, O. S., Boaventura, G. R., and Vieira, L. C.:
Iron isotope fractionation during Fe(II) and Fe(III) adsorption on cyanobacteria, Chemical Geology, 400, 24-33,

9



https://doi.org/10.5194/bg-2020-85
Preprint. Discussion started: 20 March 2020
(© Author(s) 2020. CC BY 4.0 License.

271  https://doi.org/10.1016/j.chemge0.2015.01.017, 2015.

272  Murray, G. C., and Hesterberg, D.: Iron and phosphate dissolution during abiotic reduction of ferrihydrite-boehmite

273 mixtures, Soil Science Society of America Journal, 70, 1318-1327, https://doi.org/10.2136/sssaj2005.0292, 2006.

274 Neumann, A., Wu, L. L., Li, W. Q., Beard, B. L., Johnson, C. M., Rosso, K. M., Frierdich, A. J., and Scherer, M. M.: Atom
275 Exchange between Aqueous Fe(Il) and Structural Fe in Clay Minerals, Environmental Science & Technology, 49, 2786-
276 2795, https://doi.org/10.1021/es504984q, 2015.

277 Newsome, L., Adams, R. L., Downie, H. F., Moore, K. L., and Lloyd, J. R.: NanoSIMS imaging of extracellular electron
278 transport processes during microbial iron(IlI) reduction, FEMS Microbiol. Ecol., 94, 13,

279  https://doi.org/10.1093/femsec/fiy104, 2018.

280 Notini, L., Byrne, J. M., Tomaszewski, E. J., Latta, D. E., Zhou, Z., Scherer, M. M., and Kappler, A.: Mineral Defects

281 Enhance Bioavailability of Goethite toward Microbial Fe(IIT) Reduction, Environmental Science & Technology, 53, 8883-
282 8891, https://doi.org/10.1021/acs.est.9b03208, 2019.

283 Percak-Dennett, E. M., Beard, B. L., Xu, H., Konishi, H., Johnson, C. M., and Roden, E. E.: Iron isotope fractionation during
284 microbial dissimilatory iron oxide reduction in simulated Archaean seawater, Geobiology, 9, 205-220,

285  https://doi.org/10.1111/j.1472-4669.2011.00277.x, 2011.

286 Picard, A., Testemale, D., Hazemann, J.-L., and Daniel, I.: The influence of high hydrostatic pressure on bacterial

287 dissimilatory iron reduction, Geochimica et Cosmochimica Acta, 88, 120-129, https://doi.org/10.1016/j.gca.2012.04.030,
288 2012.

289 Poggenburg, C., Mikutta, R., Sander, M., Schippers, A., Marchanka, A., Dohrmann, R., and Guggenberger, G.: Microbial
290 reduction of ferrihydrite-organic matter coprecipitates by Shewanella putrefaciens and Geobacter metallireducens in

291 comparison to mediated electrochemical reduction, Chemical Geology, 447, 133-147,

292  https://doi.org/10.1016/j.chemgeo0.2016.09.031, 2016.

293 Reddy, T. R., Frierdich, A. J., Beard, B. L., and Johnson, C. M.: The effect of pH on stable iron isotope exchange and

294  fractionation between aqueous Fe(IT) and goethite, Chemical Geology, 397, 118-127,

295 https://doi.org/10.1016/j.chemgeo.2015.01.018, 2015.

296 Roden, E. E., and Urrutia, M. M.: Influence of biogenic Fe(Il) on bacterial crystalline Fe(IIl) oxide reduction,

297 Geomicrobiology Journal, 19, 209-251, https://doi.org/10.1080/01490450252864280, 2002.

298 Rouxel, O., Sholkovitz, E., Charette, M., and Edwards, K. J.: Iron isotope fractionation in subterranean estuaries,

299 Geochimica Et Cosmochimica Acta, 72, 3413-3430, https://doi.org/10.1016/j.gca.2008.05.001, 2008.

300 Shi, B., Liu, K., Wu, L., Li, W., Smeaton, C. M., Beard, B. L., Johnson, C. M., Roden, E. E., and Van Cappellen, P.: Iron
301 Isotope Fractionations Reveal a Finite Bioavailable Fe Pool for Structural Fe(IIT) Reduction in Nontronite, Environmental
302 Science & Technology, 50, 8661-8669, https://doi.org/10.1021/acs.est.6b02019, 2016.

303 Skulan, J. L., Beard, B. L., and Johnson, C. M.: Kinetic and equilibrium Fe isotope fractionation between aqueous Fe(III)
304 and hematite, Geochimica Et Cosmochimica Acta, 66, 2995-3015, https://doi.org/10.1016/s0016-7037(02)00902-x, 2002.

10



305
306
307
308
309
310
311
312
313
314
315
316
317

https://doi.org/10.5194/bg-2020-85
Preprint. Discussion started: 20 March 2020
(© Author(s) 2020. CC BY 4.0 License.

Stookey, L. L.: FERROZINE - ANEW SPECTROPHOTOMETRIC REAGENT FOR IRON, Anal. Chem., 42, 779-&,
https://doi.org/10.1021/ac60289a016, 1970.

Tangalos, G. E., Beard, B. L., Johnson, C. M., Alpers, C. N., Shelobolina, E. S., Xu, H., Konishi, H., and Roden, E. E.:
Microbial production of isotopically light iron(II) in a modern chemically precipitated sediment and implications for isotopic
variations in ancient rocks, Geobiology, 8, 197-208, https://doi.org/10.1111/j.1472-4669.2010.00237.x, 2010.

Williams, A. G. B., and Scherer, M. M.: Spectroscopic evidence for Fe(Il)-Fe(IIl) electron transfer at the iron oxide-water
interface, Environmental Science & Technology, 38, 4782-4790, https://doi.org/10.1021/es049373g, 2004.

Wu, L., Beard, B. L., Roden, E. E., and Johnson, C. M.: Influence of pH and dissolved Si on Fe isotope fractionation during
dissimilatory microbial reduction of hematite, Geochimica et Cosmochimica Acta, 73, 5584-5599,
https://doi.org/10.1016/j.gca.2009.06.026, 2009.

Wu, L., Beard, B. L., Roden, E. E., Kennedy, C. B., and Johnson, C. M.: Stable Fe isotope fractionations produced by
aqueous Fe(Il)-hematite surface interactions, Geochimica et Cosmochimica Acta, 74, 4249-4265,

https://doi.org/10.1016/j.gca.2010.04.060, 2010.

11



https://doi.org/10.5194/bg-2020-85

Preprint. Discussion started: 20 March 2020

(© Author(s) 2020. CC BY 4.0 License.

318 Table 1. Fe concentrations in aqueous 0.1 and 0.5 M HCI fractions, degrees of reduction, and ratios of Mre(msoro/MFre(inyag for Shewanella

319 piezotolerans WP3 and Shewanella oneidensis MR-1 experiments at 0.1 and 15 MPa

Pressure Aqueous (mM) 0.1 M HCI (mM) 0.5 M HCI (mM) Reduction
(MPa) Day Fe(ll) error Fe(ll) error  Fe(total)  error Fe(ll) error  Fe(total) error  extent (%) Mot/ Mrean
Shewanella piezotolerans WP3
2 0.24 0.01 1.10 0.04 150 0.03 1.48 0.74 44.57 191 0.06 10.8
5 0.36 0.05 1.68 0.02 213 0.01 0.99 0.05 41.95 0.27 0.07 7.4
0.1 10 0.51 0.04 2.05 0.16 2.71 0.20 1.06 0.02 41.08 0.80 0.08 6.1
20 1.13 0.02 3.60 0.01 4.75 0.06 1.13 0.05 40.48 0.05 0.13 4.2
30 1.08 0.22 2.59 0.12 3.62 0.04 0.86 0.06 27.39 5.19 0.14 3.2
2 0.04 0.00 0.14 0.02 0.33 0.04 0.95 0.15 43.66 1.91 0.03 29.5
5 0.35 0.10 0.66 0.32 0.85 0.35 0.99 0.03 41.92 0.08 0.05 4.7
15 10 0.75 0.09 1.22 0.41 1.60 0.53 1.07 0.02 40.82 0.29 0.07 3.0
20 0.63 0.02 0.96 0.07 124 0.05 111 0.08 42.47 0.96 0.06 3.3
30 0.79 0.14 1.04 0.00 1.34 0.01 0.98 0.05 33.93 3.18 0.08 2.6
Shewanella oneidensis MR-1
2 131 0.02 6.43 0.12 8.61 0.14 0.70 0.03 37.21 0.35 0.18 5.4
5 2.10 0.05 9.26 0.23 12.86 0.05 0.80 0.03 32.25 0.48 0.26 4.8
0.1 10 3.49 0.15 10.98 0.72 15.13 0.15 0.71 0.05 26.46 0.16 0.34 34
20 411 0.14 10.20 0.07 15.80 0.53 0.64 0.03 24.38 1.22 0.34 2.6
30 4.59 0.04 9.86 0.46 13.67 0.70 0.64 0.03 20.32 0.13 0.39 2.3
2 1.07 0.00 3.73 0.37 4.76 0.51 1.02 0.00 52.98 2.63 0.10 4.4
5 1.69 0.15 7.40 0.23 9.56 0.40 1.05 0.11 46.22 1.02 0.18 5.0
15 10 245 0.17 7.47 0.48 10.99 171 0.94 0.04 31.44 0.27 0.24 34
20 3.01 0.15 9.25 0.20 12.71 0.14 1.07 0.03 38.76 1.12 0.24 34
30 421 0.28 8.43 0.58 11.22 1.40 0.70 0.03 21.78 1.22 0.36 2.2
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321 Table 2. Fe isotope compositions of aqueous and 0.1 M HCI extract for Shewanella piezotolerans WP3 and Shewanella oneidensis MR-1
322 experiments at 0.1 and 15 MPa

Pressure (MPa) Day 3%6Feaq (%o) 2sd 5%Fep.1 m Het (%o) 2sd

Shewanella piezotolerans WP3

2 -1.53 0.00 -0.81 0.03
5 -1.62 0.02 -0.82 0.06
0.1 10 -1.64 0.02 -0.69 0.05
20 -1.34 0.05 -0.39 0.02
30 -1.29 0.05 -0.28 0.02
2 -1.74 0.03 -0.73 0.02
5 -1.50 0.05 -0.99 0.03
15 10 -1.32 0.00 -0.87 0.05
20 -1.73 0.02 -0.98 0.06
30 -1.44 0.02 -0.87 0.03
Shewanella oneidensis MR-1
2 -0.47 0.05 -0.31 0.04
5 -0.43 0.04 -0.20 0.03
0.1 10 -0.25 0.02 -0.17 0.05
20 -0.15 0.03 -0.12 0.02
30 -0.14 0.04 -0.13 0.03
2 -0.56 0.03 -0.48 0.04
5 -0.51 0.03 -0.25 0.02
15 10 -0.46 0.02 -0.20 0.03
20 -0.30 0.05 -0.20 0.04
30 -0.24 0.03 -0.16 0.00

323
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324 Table 3. The estimated ranges of iron isotope fractionation between aqueous Fe(II) (Fe[I1]aq) and reactive Fe(III) (Fe[Ill]reac) ON the surface
325  of ferrihydrite for S. piezotolerans WP3 and S. oneidensis MR-1—when assuming that §°Fe(Il)sors is equal to §%6Fe(Il)aq, the maximum
326 ASBFere(myag-remyreac is obtained from the difference between 8%6Fe(Il)aq and §°°Fe(IlI)reac(Max); likewise, the minimum ASCFere(myag-Fe(myreac

327  can be calculated assuming that 5°°Fe(II)reac is equal to 5%6Fe(I1)o.1 m Hl

Pressure (MPa)  Day xg-e‘(,‘{)m“ Xg-el(m):il 5%6Fe(I11)reac (Max) 5%6Fe(I1l)reac (Min) ASFer (g Feyreac (Max) A Feryyg reqyea (Min)

'sorb

Shewanella piezotolerans WP3

2 0.73 0.27 1.17 -0.81 -2.70 -0.72
5 0.79 0.21 2.18 -0.82 -3.80 -0.79
0.1 10 0.76 0.24 2.25 -0.69 -3.89 -0.95
20 0.76 0.24 2.60 -0.39 -3.94 -0.95
30 0.71 0.29 2.26 -0.28 -3.56 -1.01
2 0.42 0.58 0.01 -0.73 -1.74 -1.01
5 0.77 0.23 0.74 -0.99 -2.24 -0.51
15 10 0.76 0.24 0.58 -0.87 -1.90 -0.45
20 0.78 0.22 1.64 -0.98 -3.37 -0.75
30 0.78 0.22 1.18 -0.87 -2.62 -0.58
Shewanella oneidensis MR-1
2 0.75 0.25 0.18 -0.31 -0.65 -0.16
5 0.72 0.28 0.40 -0.20 -0.83 -0.23
0.1 10 0.73 0.27 0.06 -0.17 -0.32 -0.09
20 0.65 0.35 -0.06 -0.12 -0.10 -0.03
30 0.72 0.28 -0.11 -0.13 -0.03 -0.01
2 0.78 0.22 -0.21 -0.48 -0.35 -0.08
5 0.77 0.23 0.65 -0.25 -1.16 -0.26
15 10 0.68 0.32 0.34 -0.20 -0.80 -0.26
20 0.73 0.27 0.08 -0.20 -0.37 -0.10
30 0.75 0.25 0.08 -0.16 -0.32 -0.08

328
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331 Figure 1. Temporal variations of aqueous Fe(II), adsorbed Fe(II), and total Fe(Il) concentrations for ferrinydrite reduction using Shewanella
332  piezotolerans WP3 and Shewanella oneidensis MR-1 at 0.1 and 15 MPa, respectively.
333
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Figure 2. Fe isotope compositions of aqueous Fe(IT) and 0.1 M HCI extract as a function of time for ferrihydrite reduction using Shewanella

piezotolerans WP3 and Shewanella oneidensis MR-1 at 0.1 and 15 MPa
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Figure 3. Temporal variations in the range of isotope fractionation factors for Shewanella piezotolerans WP3 and Shewanella oneidensis

MR-1 reduction of ferrihydrite at 0.1 and 15 MPa
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Figure 4. Comparison of isotope fractionation mechanisms under low and high degrees of bacterial-mediated reduction of ferrihydrite—(a)

the amount of Fe(IT) adsorbed onto ferrihydrite surface is finite at the low degree of reduction; therefore, the aqueous Fe(II) and surface
structural ferric layer isotope exchange is free, and the equilibrium isotope fractionation can occur; (b) however, at the high degree of
reduction, the outermost layer of ferrihydrite is saturated with sorbed Fe(II) that blocks isotope exchange via short-term revised adsorption

between aqueous Fe(IT) and surface structural ferric layer, resulting in kinetic isotope fractionation.
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