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A B S T R A C T   

Sandy kaolinite-rich soils, collected in a H2-emitting circular depression (ca. 500 m in diameter), located in the S~ao Francisco basin (Brazil), were exposed to H2 gas 
concentrations in the 500–5000 ppm range for up to eight weeks. The samples were found to consume H2 at a rate of approximately 0.05–0.1 mmol H2/soil kg/day 
due to the microbial activity. DNA extraction from these soil samples before and after H2 exposure, followed by Ribosomal Intergenic Spacer Analysis (RISA) and 16S 
rRNA gene amplicon sequencing, indicated that (i) the bacterial community is dominated by phyla that have been previously recognized to scavenge atmospheric H2, 
and (ii) H2 exposure leads to a significant modification of the bacterial community distribution. Measured H2 uptake rates were fitted to the integrated form of the 
Michaelis-Menten equation and were further implemented in a 1-D reactive transport model. The model simulates gas-soil interactions in a 1-m vertical soil column, 
assuming homogeneous distribution of H2-consuming bacteria. The evolution of the H2 concentration in the unsaturated soil porosity along the column was simulated 
considering two different scenarios: a deep H2 source (Case 1) and a biogenic surface source (Case 2). It was shown that, in the case of diffusion-dominated H2- 
transport as considered in this study, bacterial activity will control the amplitude of the H2 flux across the column. Moreover, we determined that bacterial activity 
can dramatically decrease the H2 concentration in the soil porosity, by a factor of two compared to the source concentration. According to the simulation, the time- 
resolved concentration data collected in the S~ao Francisco depression [Prinzhofer et al., 2019; International Journal of Hydrogen Energy] are consistent with the 
combination of a deep (Case 1) and a surficial biogenic (Case 2) H2 source in this locality.   

1. Introduction 

Dihydrogen (H2) is an appealing source of energy that is expected to 
play a central role in energy transition. Currently however, H2 is mostly 
produced by reforming of methane, a process which generates large 
amounts of CO2. In the quest for “greener” hydrogen, natural sources of 
hydrogen are attracting increasing interest. Whereas different processes 
of natural H2 production have been identified (e.g., Wakita et al., 1980; 
Janecky and Seyfried, 1986; Savary and Pagel, 1997; Nandi and Sen
gupta, 1998), the evaluation of the H2 resource volume and the defini
tion of reliable exploration tools are two main scientific challenges that 
need to be tackled. To date, the only exploited geological accumulation 
of natural H2 is located north of Bamako at Bourakebougou, in Mali. 
Since 2011, a pilot well has been producing a gas composed of 98% H2 
(Briere and Jerzykiewicz, 2016; Prinzhofer et al., 2018), which is con
verted into electricity for local use. Despite the known difficulty in 
storing H2, a small and highly diffusive molecule, the Bourakebougou 
example demonstrates that natural H2 can actually accumulate, at least 

transiently, in porous geological formations. Dolerite sills and aquifers 
have been identified as likely H2-upward-migration barriers (Prinzhofer 
et al., 2018). 

Whereas the background atmospheric H2 concentration is close to 
0.5 ppm (Ehhalt et al., 1977; Schmidt, 1978), H2 concentrations above a 
few hundred ppm have been measured at approximately 1 m below the 
surface in circular depressions located in Central Russia (Larin et al., 
2010, 2015), in the Carolina Bay, United States (Zgonnik et al., 2015), in 
Mali (Prinzhofer et al., 2018) and in South-Eastern Brazil (Prinzhofer 
et al., 2019). Dihydrogen daily emissions were estimated at a few 
thousandths to a few tenths of thousandths of cubic meters of H2 per 
km2. Prinzhofer et al. (2019) installed a series of seven H2 sensors in a 
circular depression of the S~ao Francisco basin (Minas Gerais, Brazil) in 
order to monitor H2 soil concentrations at 80 cm depth. The soil H2 
concentration data have been collected since mid-2019, at 1-h intervals. 
The H2 concentration dataset published in Prinzhofer et al. (2019) 
corresponds to the first 2 months of monitoring. Concentrations were 
found to be highly variable, with daily pulses lasting between 6 and 12 
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h, and with a maximum of ca. 150 ppm occurring around noon. 
Prinzhofer et al. (2019) thus proposed that the corresponding H2 pulses 
could result from an evaporation-type process, affecting the soil satu
ration degree and promoting deep-H2 migration towards the surface. A 
single sensor (#9) recorded a contrasting signal of significantly higher 
concentration amplitude (ca. 1000 ppm) with a more complex variation 
pattern which likely indicates a different H2 source-type. A deep origin 
for the S~ao Francisco H2 is suggested by the authors due to the presence 
of helium above atmospheric concentration in the gas sampled in the soil 
porosity (Prinzhofer et al., 2019). Nivin et al. (2016) monitored 
H2-concentration in the cross-tunnel atmosphere of an underground 
mine (Kola Peninsula, Russia) over several years. They found similar H2 
concentration fluctuations (<300 ppm). The Fourier Transformation of 
the concentration signal revealed diurnal frequency patterns, among 
others, interpreted as the result of cyclic human operations in the mine. 

In order to complement the first in-situ monitoring study of H2 con
centration in the porosity of soils by Prinzhofer et al. (2019), soil sam
ples from the same instrumented circular depression were exposed to H2 
gas concentration pulses in the laboratory. In particular, the impact of 
H2 exposure on the microbial community and activity was evaluated. A 
previous study by Sukhanova et al. (2013) on a similar ring-shaped 
depression located in a former arable field in western Russia (Lipetsk 
oblast), showed that H2 release can lead to the degradation of humus, 
and that it also affects the microbial diversity. So far, soils have been 
considered as a major sink for atmospheric H2, which is either consumed 
by bacterial metabolism or by abiontic soil hydrogenase (e.g., Conrad 
and Seiler, 1981, 1985). As a consequence, the H2 uptake by the up
permost soil compartment exposed to atmospheric gases, has been 
investigated in several field (e.g., Conrad and Seiler, 1980; Yonemura 
et al., 1999), laboratory (e.g., Trevors, 1985; Schuler and Conrad, 1990; 
H€aring and Conrad, 1994; G€odde et al., 2000; Yonemura et al., 2000a, 
Smith-Downey et al., 2006) and numerical studies (e.g., Yonemura et al., 
2000b; Yashiro et al., 2011). However, H2 is also an obligate by-product 
of biological N2 fixation. In the rhizosphere of N2-fixing nodules, H2 can 
reach concentrations that largely exceed atmospheric concentration, a 
few centimeters away from the root nodules, (e.g., La Favre and Focht, 
1983). The response of soil microbiota to H2 produced by N2-fixing 
nodules has been studied experimentally by submitting soil samples to 
ex-situ H2 at concentrations of hundreds to thousands of ppm (e.g., Dong 
and Layzell, 2001; Khdhiri et al., 2015; Pich�e-Choquette et al., 2016), 
which are generally relevant to concentrations measured in the above 
mentioned circular depressions worldwide. The general view is that 
little, if any, of the nitrogenase-related H2 production reaches the soil 
surface due to efficient consumption by H2-oxidizing micro-organisms 
(Conrad and Seiler, 1979, 1980; La Favre and Focht, 1983; Popelier 
et al., 1985; Dong et al., 2003), implying strong local gradients of H2 
concentration. 

In their experiments, Pich�e-Choquette et al. (2016) showed that soil 
exposure to H2 had an impact on the microbial community and 
high-throughput sequencing revealed that bacterial communities were 
dominated by Proteobacteria, Acidobacteria, Actinobacteria, Verrucomi
crobia and Bacteroidetes. Transcriptome analysis of Chloroflexi, which 
represents around 4% of total bacteria in soils (Delgado-Baquerizo et al., 
2018), has shown that bacteria from this phyla oxidize hydrogen as an 
ecological strategy for survival in nutrient-scarce environments (Islam 
et al., 2019). 

Soil uptake kinetics derived in the current study were incorporated in 
a 1-D diffusion reactive transport model in order to evaluate possible 
relationships between surface seeping and H2 produced in the subsur
face, and then conveyed towards the critical zone. The model provides 
insights into key parameters that may control hydrogen flux across soil 
horizons, and provides new constraints on H2 dynamics in the S~ao 
Francisco exhalation. 

2. Materials and methods 

2.1. Mineralogy and chemistry of the collected soil samples 

Three soil samples were collected within (BRAZIL 6 and 9) or in the 
vicinity of (BRAZIL 2) the large circular structure (500 m across, Fig. 1) 
instrumented by Prinzhofer et al. (2019) and located in the S~ao Fran
cisco Basin (Brazil). BRAZIL 6 and 9 were sampled at the exact location 
of sensors 6 and 9, respectively, deployed by Prinzhofer et al. (2019). 
Soil samples were collected at 15–40 cm depth and stored in the dark at 
ambient temperature (ca. 25 �C), in a closed bag. The soil color varied 
from greyish to brownish. Roots and larger soil aggregates were 
removed to select an optically homogeneous (particle and color) sample. 
In addition, a red acrisol from French Guiana, sampled at 70–80 cm 
depth, was selected (GUIANA), corresponding to sample II-2 in Gu�edron 
et al. (2009). 

X-ray powder diffraction patterns of the Brazilian soil samples 
(BRAZIL) were found to match each other, with quartz and kaolinite as 
the main mineral constituents. Bulk chemical analyses (Table 1) 
confirmed a high SiO2 content, over 75 wt%. Al2O3 content was between 
5 and 8 wt%, which translates to a kaolinite content of 15–20 wt%. 
Minor Fe2O3 and TiO2 components amounted to 0.4–0.6 wt% and 
0.4–0.7 wt%, respectively. Iron was actually present as ferrous iron 
indicating reducing conditions. The organic carbon content of the 
BRAZIL soils comprised between 1.3 and 4.0%. Compared to the Bra
zilian samples, GUIANA is characterized by a much higher Al2O3 and 
Fe3O2 content, 22 and 36 wt%, respectively (Table 1), consistent with 
the presence of abundant goethite, hematite and gibbsite (Guedron 
et al., 2009). The carbon organic content (0.2%) of the GUIANA sample 
was the lowest among all studied samples. Note that GUIANA was stored 
for 15 years after collection. 

2.2. H2 – soil interaction set-up 

One hundred and 50 g of soil, along with 20 ml of deionized water 
were loaded on a 300 ml stainless steel (Type 316) unstirred reactor 
(PARR®, USA). The reactor was sealed with a Teflon flat gasket, and 
fixed with six compression bolts to prevent gas leakages. The reactors 
were inserted into an aluminum block where the temperature was 
measured with a K-type thermocouple. Each reactor was equipped with 
both electronic and bourdon-tube pressure gauges. Once sealed, the 
reactor was flushed with argon prior to injection, at a pressure of up to 3 
bars (Table 2) of an Ar/H2 gas mixture with a H2 concentration ranging 
between 2500 and 4000 ppmv. Gas – soil interaction was determined at 

Fig. 1. Studied area where soil samples have been collected during the dry 
season (images taken in September 2018). (A) The circular depression, located 
in the S~ao Francisco basin (Minas Gerais, Brazil), with a radius of ca. 500 m. (B) 
The sandy kaolinite rich soil is visible due to sparse vegetation in the center of 
the structure. 
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either room temperature (25 � 3 �C) or 50 � 3 �C. The gas from the 
headspace of the reactors was sampled on a time-resolved basis to 
monitor the H2 concentration. 

Prior to the experiments, each empty reactor was first tested for 
hydrogen leakage by loading an Ar/H2 mixture (99.8/0.2 vol%) at 3 
bars. After two weeks, H2 concentration was found to differ by only 10 to 
40 ppmv from the starting value, which is below the H2 concentration 
measurement uncertainty threshold. 

H2 concentration in the gas was measured by means of a Clarus 500 
gas chromatograph (GC) (PerkinElmer). The GC system has been opti
mized for H2 gas analysis by using a 2 m long packed column, equipped 
with a molecular sieve (60–80 mesh, Supelco®), and a thermal con
ductivity detector (TCD). After being injected, the sample is vaporized 
and moves into the head of a chromatographic column where separation 
of gases occurs. Elution was brought about by the flow of inert carrier 
gas (Ar 5.0) at a pressure of 4 bars and flow rate of approximately 40 ml/ 
min. The estimated uncertainty in gas measurement was approximately 
5%. 

The GC is calibrated with the use of a reference gas, injected in 
different proportional volumes to obtain a linear fitting curve (mV - 
ppm) for the dependency of the H2 absolute concentration and the peak 
area. 

2.3. DNA extraction-purification, ribosome intergenic spacer analysis 
(RISA) PCR and 16S rRNA gene amplicon sequencing 

Total microbial community DNA present in the soil samples was 
extracted using the FastDNA® SPIN kit for soil (MP Biomedicals, Santa 
Ana, CA, USA). DNA was purified using the DNeasy Power Clean® Pro 
Cleanup kit (Qiagen, Venlo, Netherlands). Quantification of the purified 
DNA was performed using the Qubit™ dsDNA BR Assay kit (Invitrogen 
Waltham, MA, USA). All kits were used according to manufacturer’s 
instructions. The integrity of the DNA was visualized by electrophoresis 
in a 1% agarose gel stained with ethidium bromide. 

The intergenic spacer region (IGS) was amplified using 20 ng of 
purified DNA as a template in a 20 μl PCR reaction mixture containing: 
1X PCR buffer, 1.5 mM MgCl2, 2.5 mM dNTP mix, 2 U Platinum™ Taq 
DNA Polymerase (ThermoFisher Scientific, Waltham, MA, USA) and 10 
pmol of each oligonucleotide primer. The bacterial IGS located between 
the small and large subunit rRNA genes were amplified with the 
following primers: S-D-Bact-1522-b-S-20 (50- 
TGCGGCTGGATCCCCTCCTT-30) and L-D-Bact-132-a-A-18 (50- 
CCGGGTTTCCCCATTCGG-30) (Normand et al., 1996). For fungi, primers 
were used to amplify the ITS1-5-8S-ITS2 region, representing consensus 
sequences found in various organisms at the 30-end of the 18S rRNA 
genes (primer 2234C: 50-GTTTCCGTAGGTGAACCTGC-30) and at the 
50-end of the 26S rRNA genes (primer 3126T: 
50-ATATGCTTAAGTTCAGCGGGT-30; Sequerra et al., 1997). The IGS for 
archaea (16S–23S) were amplified with primers 915f (50- AAA GGA ATT 
GGC GGG GGA GCA C -30) and 71r (50- TCG GYG CCC GAG CCG AGC 
CAT CC-30) (Garcia-Martinez and Rodriguez-Valera, 2000). PCR ampli
fication for bacteria and archaea was performed using an initial dena
turation step for 2 min at 95 �C, followed by 30 cycles of denaturation 
for 1 min at 95 �C, annealing for 1 min at 55 �C, and extension for 1 min 
at 72 �C, followed by a final extension for 5 min at 72 �C and cooling to 

10 �C. The PCR amplification for fungi was performed with the same 
parameters described above, but with annealing temperature of 53 �C. 
PCR products were separated by electrophoresis for 2 h (for bacteria and 
fungi) and for 2 h 30 min (for archaea) at 45 V on a 6% polyacrylamide 
gel, stained with GelRed® Nucleic Acid gel Stain (Biotium, Fremont, CA, 
USA). Band profiles were analyzed with the software Bionumerics 
(Applied Maths, Sint-Martens-Latem, Belgium). 

Amplicon DNA library preparation and sequencing were performed 
by Macrogen Inc. (Seoul, Korea) according to standard protocols. The 
metagenomic DNA samples from the soil were sequenced using the 
MiSeq Sequencing System (Illumina, San Diego, CA, USA). Paired-end 
sequencing was performed with a 2 � 300 bp run. Primers for the bac
terial 16S rRNA gene were Bakt_341F: CCTACGGGNGGCWGCAG and 
Bakt_805R: GACTACHVGGGTATCTAATCC. Paired-end sequencing was 
performed with a 2 � 300 bp run. Raw paired-end Illumina sequences 
were preprocessed by removing Nextera adapters and Phix sequences 
with the bbduk program from the BBTools package (http://jgi.doe.go 
v/data-and-tools/bbtools/). Reads were then imported into QIIME2 
(2018.4) as paired-ended and pair merging; quality control, 97% clus
tering, chimera removal along with taxonomy identification through the 
SILVA database (SILVA 132 99% OTUs full length sequences, 2018) 
where performed by plugins within the qiime pipeline available on the 
website. 

2.4. 1-D modelling of H2 diffusion-reaction in a soil column 

A numerical model was developed using the numerical simulator 
COMSOL Multiphysics v 5.2 in order to simulate a 1-D diffusive trans
port of H2 along a vertical 1-m long column. A biphasic partially satu
rated porous media was considered. The Michaelis-Menten kinetic law 
derived experimentally for H2-consumption by microbial activity in the 
relevant soils, was incorporated into the numerical code. A homoge
neous bacterial distribution and activity was assumed along the entire 
modeled column. The diffusive flux was modeled with the use of Fick’s 
law, optimized for porous media, taking into account tortuosity, 
porosity and gas saturation. The gas molecular mean free path was 
assumed to be significantly larger than pore dimension. Therefore, no 
influence of pore walls was considered. Preferential transport pathways 
in the column soil due to the presence of cracks, worm channels or 
decayed and live root channels (e.g., Nieber et al., 2013) were not 
considered in the model. Due to the poor solubility of H2 gas in water at 
temperatures around 30–50 �C and close to ambient (Crozier et Yama
moto, 1974; Lopez-Lazaro et al., 2019), water was not regarded as a H2 
reservoir. Indeed, assuming a H2 concentration of around 1000 ppm at 
the bottom of the column, which corresponds according to Dalton’s law 
to 1 mbar of partial pressure, the solubility of H2 in water at atmospheric 
pressure would result in 7.8 � 10� 7 mol.L� 1, or 1.4 � 10� 2 ppm. 
Together with the low diffusion coefficient of hydrogen in water (e.g., 
Ferrell and Himmelblau, 1967), this transport mechanism appears to be 
negligible. H2 adsorption by clay minerals was also ignored due to the 
poor H2 sorption capacity reported by Truche et al. (2018) for kaolinite, 
which is the only clay mineral identified in the soils studied here. The 
effect of saturation was investigated at two different moisture levels, 
specifically high, 30%, and low, 10%, volumetric water contents. Larger 
values were not taken into account due to the overall dryness of the 

Table 1 
Bulk analyses of the soil samples expressed in wt.% of oxides. BRAZIL2a was sampled just above BRAZIL2 at a depth of 5–15 cm. LOI: lost on ignition (up to 1000 �C), 
Corg: organic carbon, b.d.: below detection limit. 1Qualitative value of unknown uncertainty.  

Sample SiO2 Al2O3 Fe2O3 FeO MnO MgO CaO Na2O K2O TiO2 P2O5 LOI Corg Total 

BRAZIL2 86.3 6.71 0.46 0.17 b.d. 0.04 0.05 b.d. 0.05 0.66 b.d. 4.9 0.23 99.19 
BRAZIL2a 76.2 5.36 0.58 0.65 0.02 0.07 0.15 b.d. 0.07 0.41 b.d. 16.6 4.01 99.39 
BRAZIL9 80.2 5.52 0.43 0.451 b.d. 0.05 0.08 b.d. 0.06 0.54 b.d. 12.2 2.71 99.06 
BRAZIL6 82.2 7.37 0.54 0.54 b.d. 0.04 0.05 b.d. 0.04 0.44 b.d. 8.3 1.39 98.97 
GUIANA 19.2 21.92 36.24 1.23 0.03 0.12 b.d. 0.164 0.98 1.57 0.23 18.8 0.57 99.33  
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region in July and August, i.e., when the data published by Prinzhofer 
et al. (2019) were collected; the water table is located at approximately 
3 m depth during this period. The diffusion coefficient was modified and 
corrected for the tortuosity factor, in order to obtain the effective 
diffusion coefficient for the hydrogen gas in a porous media. The 
modification was made as follows: 

D*¼R*Da (1)  

where, D* is the effective diffusion coefficient for the hydrogen gas in a 
porous media, Da is the diffusion coefficient of H2 in air, and R is defined 
as: 

R¼φSgτ (2)  

where φ is the porosity, Sg is the gas saturation, and τ is the tortuosity, 
which is defined under the assumption of the widely used correlation of 
Millington and Quirk (1961): 

τ¼φ
1 =3S

7 =3
g (3) 

Therefore, the final version of the transport equation that handles 
diffusive and advective H2 migration in a gas phase of partially saturated 
porous media is: 

∂
�
φSgci

�

∂t
þr ⋅ ðuciÞ¼r ⋅ ðD*rciÞ þ R* (4)  

where, ci is the concentration of H2 in a gas phase within porous media, 
R* is a rate of H2 consumption by bacteria, and u signifies the gas ve
locity which is set to zero in our simulations apart from the sensitivity 
study, where the impact of advection is considered. We assumed 
changes in pressure gradient between pulsing deep source and surface to 
be low enough as to not be able to exceed the capillary forces, so that the 
water phase stays immobile. 

Two idealized end-member cases were addressed in order to account 
for the H2 concentration monitored in the S~ao Francisco basin 
(Prinzhofer et al., 2019). The first case involved a deep H2 source; the 
gas was assumed to vent upward into the overlying sediments and then 
undergo gas-soil interactions in the critical zone. In the second 
end-member case, it was assumed that H2 was produced in-situ in the 
uppermost layer of the soil column. The latter modelling case was 
designed to evaluate whether H2 produced at the surface could account 
for the H2 concentrations measured at 0.8-m depth by Prinzhofer et al. 
(2019). 

Under the assumption of a deeper source (Case 1), two general pat
terns of seepage were simulated and analyzed: i) gas seeps with constant 
H2 concentration at the bottom of the modeled column, and ii) with a 
pulsating function of sinusoidal shape of variable period in order to 
produce changing H2(g) emission concentrations over a day. 

For the second case (Case 2), biogenic gas formation was considered 
with a positive correlation between H2 production activity and soil 
temperature in order to reproduce the solar irradiance and H2 concen
tration relationship evidenced by Prinzhofer et al. (2019). Producers 
were assumed to be homogeneously distributed with the consumers in 
the first 20 cm, while the other 80 cm of column were filled with H2 
consumers only. A biogenic H2 production zone thickness of 20 cm was 
chosen because it bears temperature variations greater than 1–2 �C ac
cording to a heat equation. A process of evaporation has been considered 
in the upper soil zone and implemented as a fully gas-saturated region 
with fully evaporated water. The latter assumption is plausible since the 
water table is a few meters down (Prinzhofer et al., 2019), and the upper 
zone is not affected by the capillary fringe. 

It should be noted that modelling was performed in the range of H2 
concentrations at which microbiological uptake kinetics was measured, 
i.e. in the 50–5000 ppm range. Modeled H2 concentrations at the rele
vant soil column depth were expressed as a percentage of the source 
concentration. The H2 concentration at the surface, or at the top cell of a 

modeled column, were set to zero in all simulated cases. 

3. Results and discussion 

3.1. H2 uptake by soil samples 

A total of eighteen H2-exposure experiments were performed on four 
different soil samples at 25 and 50 �C (Table 2). Apart from the case 
where the soil sample was previously autoclaved at 120 �C in the re
action vessel, H2 concentration in the headspace gas (termed [H2,g] 
hereafter) was found to decrease with time (Table 2), indicating an 
overall H2 uptake by all samples. Such behavior is consistent with H2 
consumption associated with soil microbiological activity as already 
evidenced in previous laboratory studies (Table 3). Selected responses to 
H2 exposure in the soil samples studied here are displayed in Fig. 2. 
Samples were submitted to up to three H2-exposure cycles (Table 2); H2- 
rich gas was re-injected into the autoclave once the H2 concentration of 
the previous cycle had reached a concentration below ca. 100 ppmv. 

Two and a half months after collection in the field, the BRAZIL2 
sample began to consume H2 readily after 24 h (Fig. 2). With initial H2 
concentrations in the headspace of 2000–5000 ppmv, BRAZIL2 was 
found to consume H2 at a rate of up to 0.08 mmol kg� 1d� 1, corre
sponding to a [H2,g] decrease of around 300–400 ppmv per day in the 
reactor headspace (Fig. 2a). Such a consumption trend was maintained 
from the onset of the experiment, and throughout its course until the 
[H2,g] level in the autoclaves reached ~1000 ppm. For [H2,g] below ~ 
1000 ppm, the H2 up-take slowed, leading to a noticeable curvature on 
the corresponding [H2,g] ¼ f(t) curve (Fig. 2a). The dependency of ∂½H2;g�

∂t 
on a residual concentration is consistent with previous studies (e.g., 
H€aring and Conrad, 1994; Dong and Layzell, 2001; Pich�e-Choquette 
et al., 2016) which inferred that H2-consumption follows a 
Michaelis-Menten kinetics behavior. We thus fitted our H2 uptake data 
to the integrated form of the Michaelis-Menten equation (Eq. (5) below): 

υ¼ � dC = dt¼VMCðtÞ = ðKM þCðtÞÞ (5)  

where υ is the overall velocity of the reaction, VM is the maximum ve
locity, KM is the Michaelis-Menten constant, C is the H2 gas concentra
tion, and t is time. 

The integrated form of Equation (5) may be written as Equation (6): 

t¼
� ðKM*ln CðtÞ þ CðtÞÞ

VM
þ A (6) 

The kinetic parameters, VM (mol.m� 3.kg� 1.d� 1) and KM (mol.m� 3. 
kg� 1 as C(t)) as well as the A constant were retrieved using the least- 
square regression method (Fig. 3), and are given in Table 2. The 

Table 3 
Bacterial up-take rates from the literature and this study.  

Up-take rate 
mmol.kg� 1d� 1 

Sample characteristics Reference 

~120 (LA-HOB) a 

~2 (HA-HOB) a 
Upper 10 cm (combisol/luvisol) H€aring&Conrad 

(1994) 
~30 (LA-HOB) a 

~0.00004 (HA- 
HOB) a 

Farmland soil Pich�e-Choquette 
et al. (2018) 

~7 a 3 weeks H2 pre-treated, exposed [H2] 
< 2000 ppm, LA-HOB. 

Dong and Layzell 
(2001) 

~0.00005 a Air treated control, exposed [H2] <
350 ppm, HA-HOB 

0.03–0.08 Reduced kaolinite sand (30–45 cm) 
exposed to [H2] < 3500 ppm; Km ¼
9300 ppm, Vm ¼ 5.31 nmol g� 1.h� 1, 

This study 

0.2–0.6 Monoculture plots and grassland, 
exposed 525 ppm H2 

Khdhiri et al. (2015)  

a Calculated for a H2 concentration of 2000 ppm and a soil density of 2 g/cm3. 
LA-HOB and HA-HOB: Low- and High-affinity H2-oxidizing bacteria, 
respectively. 
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BRAZIL2 soil sample, which was analyzed less than three months after 
its collection in the field, showed very similar consumption behavior 
(BRAZIL2_C1a, BRAZIL2_C1c, and BRAZIL2_C2c), and the corresponding 
kinetics parameters were taken as the basis for further numerical 
simulations. 

Whereas H2 uptake by the BRAZIL2 sample, 2.5 months after 
collection, occurs readily after the beginning of the H2 exposure, a sig
nificant latency time was found when the sample was stored for a longer 
time (5 months). Indeed, after 5 months storage, a bowed consumption 
curve was measured that initially had upward concave shape, eventually 
turning to be of downward concave shape (Fig. 2b). The latter suggests 

that the reactivity and consumption potential of microbial communities 
in BRAZIL2 soil had dramatically decreased. The beginning of the con
sumption curve was characterized by a weak hydrogen consumption 
rate, as low as 40 ppm per day. Nevertheless, a subsequent gradual in
crease of the consumption rate was observed with time upon contact of 
hydrogen gas with the soil microbial community (Fig. 2b). After 13 days 
the consumption rate in both autoclaves reached values of 300–400 
ppm, as was the case for BRAZIL2 experiments analyzed 2.5 months after 
sample collection. 

The effect appears to be even more pronounced in the GUIANA 
acrisol which was (1) stored for 15 years and (2) presumably never 
exposed to hydrogen concentrations above atmospheric. Here, we 
observed a latency time of several weeks before H2 consumption was 
triggered (Fig. 2c). During this period H2 up-take does not occur, or 
occurs at a relatively low rate (~10 ppm a day), implying very limited 
hydrogen-consuming microbiological activity. 

The exposure of BRAZIL6 samples to H2 at 50 �C (Table 2) led to a H2 
uptake rate two times lower than the rate obtained at 25 �C. This is in 
agreement with Trevors (1985) and Smith-Downey et al. (2006) who 
inferred an optimum H2-consumption temperature in the 20–30 �C 
range. 

In order to verify the assumption of H2-uptake resulting from 
microbiological activity in the soil, a reactor containing BRAZIL2, and 
which showed H2-consumption in two successive cycles, was held for 20 
min at a temperature of 120 �C. After this in-situ sterilization procedure 
the reactor was cooled down to ambient temperature and H2 was 
injected again. The experiment (BRAZIL2_C3a, Table 2) was stopped 
after 18 days without any noticeable changes in H2 concentration. 

Finally, the H2 consumption rates that were obtained here for 
BRAZIL2 and which have been further implemented in our reactive 
transport model, are 5–10 times lower than those derived by Khdhiri 
et al. (2015), and reported in Table 3. However, Khdhiri et al. (2015) 

Fig. 2. Hydrogen consumption tests in (a) BRAZIL2 sample (2.5 months after collection in the field), (b) BRAZIL2 sample (5 months after collection), (c) GUIANA 
samples from outside the field of hydrogen emission (15 years after collection), (d) Sterilized BRAZIL2 soil sample after autoclaving at 120 �C. 

Fig. 3. Time – concentration curve of hydrogen consumption fitted by 
Michaelis-Menten kinetics equation. Representative sample: Brazil2_C1c. 
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showed that uptake rate is proportional to the carbon content of the soil 
which, in our case (0.23 wt%, Table 1), was 5–10 times lower than in 
their samples. The rates obtained here fall in the lower range of pub
lished data on H2 uptake by soils and can be as much as three to four 
orders of magnitude lower than some studies on low-affinity 
H2-oxidizing bacteria (e.g., H€aring and Conrad, 1994, Table 3). 

3.2. Microbial community and impact of H2 treatment 

Total DNA extracted from soil samples was used to amplify the IGS 
with RISA-specific primers for bacteria, archaea and fungi (Fig. 4). DNA 
extraction was performed on BRAZIL2 before and after H2 exposure 
(BRAZIL2_C3a and BRAZIL2_C3c, respectively). For simplification, these 
latter three samples are termed 1.0, 1.1 and 1.2 (Table 2). Similarly, 
BRAZIL9 and BRAZIL9_C3b are termed 3.0 and 3.1 (Table 2), respec
tively; BRAZIL6 is 2.0; and GUIANA, GUIANA4 and GUIANA2 are 4.0, 
4.1 and 4.2, respectively. 

It can be readily seen on the dendograms that 2.0 and 3.0, which 
were collected on the same day, close to sensors 6 & 9 respectively, are 
very similar in their bacterial and archaeal content, which can be 
observed in the similarity and intensity of the dominant bands (Fig. 4). 
Interestingly, these two sensors yielded very different H2 signals. 

Sample 1.0, which was sampled at a different time of year (3 months 
earlier), in the same emitting structure, shows significant differences 
compared to the 2.0 and 3.0 samples. The sequenced 16S rRNA gene 
amplicon indicates that starting soils 1.0 and 3.0 are indeed different 
and dominated by Chloroflexi (28% and 18%, respectively), Actino
bacteria (18% and 25%), Proteobacteria (18% and 16%), Acidobacteria 
(14% and 10%) and Firmicutes (4% and 16%), which represent 83% and 
85% of the whole bacterial/archaeal content, respectively (Fig. 5). The 
thick bands of the fingerprint for archaea represent three major phyla: 
Thaumarchaeota, Euryarchaeota and Crenarchaeota. Fungal ITS ampli
cons were not sequenced (Fig. 4). 

Dendogram analysis shows that samples 1.0 and 1.2 host distinct 
microbial communities (Fig. 4); as sample 1.2 is basically sample 1.0 
that has been exposed to H2 at 25 �C, changes in microbial community 
can thus be related to H2 treatment. Major changes involve Acidobacteria 
increase from 14 to 22% and Actinobacteria decrease from 18% to 8% 
(Fig. 5). Both samples share 214 sequences from a total of 363 obtained 
for bacterial and archaeal diversity (Fig. 6b). These changes might be 

limited due to the fact that the samples already arise from a H2-rich 
natural environment. For a more complete study of the possible impact 
of hydrogen treatment on soil microbiota, we analyzed, in addition to 
bacteria, the archaeal and fungal profile of the samples. The composition 
of bacteria and archaea appears to change with hydrogen treatment 
(Pich�e-Choquette et al., 2016; Perner et al., 2010). However, to our 
knowledge, neither archaea nor fungi have yet been described as H2 
consumers. Variations in the band positions and brightness were also 
observed in archaeal and fungal profiles between 1.0 and 1.2 (Fig. 4), 
and so the trend observed for bacteria seems also to hold for archaea and 
fungi. 

Sample 1.1, which was autoclaved after H2 treatment, is character
ized by the absence of DNA. Sample 3.1 could not be amplified with 
archaeal and fungal RISA primers, and shows a single band on the 
bacterial profile (not shown). When compared to the starting soil sample 
3.0, it appears that both abundance and composition of the bacterial 
communities were strongly affected by the H2 treatment at 50 �C, which 
resulted in a drop in phyla diversity with the Firmicutes taxonomic group 

Fig. 4. RISA fingerprinting profiles of DNA extracted from the soil with dendograms showing similarities among soil communities for A: bacteria, B: archaea, and C: 
fungi. Each lane represents a different sample obtained with PCR amplification of the intergenic spacer region (IGS) with specific primers. Different bands represent 
distinct communities within each sample. Dendograms performed with Bionumerics software. 

Fig. 5. Summary of Operational Taxonomic Units (OTU) showing different 
relative frequency abundance between treated (3.1 and 1.2) and non-treated H2 
soils (3.0 and 1.0). 
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representing now more than 95% (Fig. 5). This can be also observed by 
the number of sequences obtained from the starting and treated soil (94 
and 251, respectively, Fig. 6a), which represents a loss of 64% in the 
diversity of bacteria and archaea. The reason for this drastic change in 
bacterial community structure is likely the treatment temperature, since 
similar H2 treatment performed at ambient temperature on the 1.2 
sample had a much weaker effect. This assumption is corroborated by 
the strong capacity of endospore forming Firmicutes to withstand 
extreme conditions owing to the formation of wet-heat-resistant spores 
(Filippidou et al., 2016). Compared to the average abundance and 
composition of dominant soil bacterial phylotypes across the globe 
(Delgado-Baquerizo et al., 2018), the S~ao Francisco soil samples are 
characterized by a larger proportion of Chloroflexi and lower proportion 
of Proteobacteria and Planctomycetes. It must be noted that Chloroflexi 
belongs to Actinobacteria (Constant et al., 2008, 2010, 2011; Meredith 
et al., 2014; Greening et al., 2014), and Acidobacteria (Greening et al., 
2015; Myers and King, 2016) to the three phyla which have been 
recognized to scavenge atmospheric H2. 

The effect of H2 exposure can be visualized on a Venn diagram 
constructed at family level (Fig. 6) in Rstudio (Version 
1.1.456–2009–2018). The intersections (Supplementary Tables A and B) 
show that all samples together share 67 families where the main phyla 
present are Acidobacteria and Actinobacteria. The non-treated sample 1.0 
can be directly compared to H2-treated sample 1.2 since the only vari
able is the presence or absence of H2. The 59 unique families present in 
1.0 are mainly from the Proteobacteria and Verrucomicrobia phyla, while 
the 90 families present only in 1.2 are from the Actinobacteria, Acid
obacteria, Chloroflexi, Firmicutes and Proteobacteria phyla. The intersec
tion between untreated samples 1.0 and 1.2 is mainly dominated by 
organisms from the Chloroflexi, Actinobacteria, Proteobacteria, Firmicutes 
and Acidobacteria phyla. 

Compared to samples 1.0, 2.0 and 3.0, sample 4.0 comes from a 
different locality, differs in its mineralogy (Table 1), and has been stored 
for a much longer time (Table 2). It is therefore not surprising that 
sample 4.0 has a distinct bacterial profile. Samples 4.1 and 4.2 could not 
be amplified with RISA bacterial primers owing to the low amount and 
integrity of DNA that could be extracted from these samples, which 
required an incubation time of four weeks before H2 started to be 
consumed. Sample 4.1 could also not be amplified with RISA archaeal 
primers. The long storage time of 15 years might account for the poor 
bacterial profile with H2-consumers occurring in the form of spores since 
H2-consumption is only triggered after a latency time of several weeks. 
Similar latency time with respect to H2 uptake by soil samples has 
already been reported by McLearn and Dong (2002). Sporulation is the 
purest form of bacterial dormancy where, upon exposure to favorable 
conditions, a fraction of spores germinate and initiate rapid growth to 
reestablish population-promoting long-term survival (Rittershaus et al., 
2013). However, although there is an exit from dormancy, the wide 
range of possible conditions makes such an event challenging (Dworkin 
and Shah, 2010). Indeed Mukamolova et al. (1998) showed that suc
cessful exit from dormancy depends on initial cell concentration and 
specific laboratory conditions that may actually be different for each 
microorganism. 

3.3. Numerical model of hydrogen diffusive transport across a soil column 

In order to comprehend the efficiency of bacteria in removing H2 

Fig. 6. Venn diagram from OTUs obtained by QIIME 2 performed at Family level showing the abundance of each sample and the intersections between them. A) 
Venn diagram at Family level regarding all treated and non-treated samples shows the abundance of each sample and the intersections between them. B) Venn 
diagram at Family level regarding only non-treated sample 1.0 (BRAZIL2) and H2 treated sample 1.2 (BRAZIL2_C3c). 

Fig. 7. Effect of bacterial uptake on hydrogen gas concentration measured at 
the surface as simulated using COMSOL. An infinite source of constant [H2,g] is 
located at the base of a 1-m column. Concentrations are expressed as percent of 
source concentration. Water saturation is set to 30% and porosity to 0.3. Cor
responding diffusive flux in the column is ca. 10� 9 m3 [H2].m� 2.s� 1. 
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from the gas phase of the soil porosity, we first calculated, based on the 
experimental up-take data obtained here, the time required to exhaust 
an in-situ concentration spike of 150 ppm of H2 of hypothetical origin, 
assuming a closed and homogeneous system (i.e., no diffusion). It turned 
out that only 2–9 min are required to return the H2 concentration to nil. 
This time is much shorter than the time of 4 h taken by the S~ao Francisco 
soil to recover background concentration after a concentration pulse 
(Fig. 4 in Prinzhofer et al., 2019). Therefore a H2 production flux must 
operate at S~ao Francisco that counter-balances the effect of bacterial 
activity in order to maintain H2 concentrations below background level 
over several hours (pulsing period). The effect of a H2 flux on the 
measured concentration was explored through the numerical modelling 
of H2 transfer along an idealized soil column for two cases: a deep source 
(Case 1) and an in-situ production in the uppermost 20-cm layer of the 
1-D column (Case 2). 

3.3.1. CASE 1: upward diffusive flow from a deep source 
The result in the case of constant hydrogen concentration at the inlet 

of a flow line (at the depth of 1 m) is presented in Fig. 7. Concentration 
difference between the top and bottom of the column induces a H2 
diffusing flux through the soil porosity towards the surface. Diffusive 
spreading is observed with and without H2-oxidizing bacterial activity. 
The time required to reach a steady diffusive state is slightly more than 
30 h for the considered 1-m column for a pore saturation of 0.3. A 
sensitivity test showed that a steady state can be reached within a week 

or more if saturation is increased to 0.7 or if the H2 source is located at a 
3-m depth (Fig. S1). 

The impact of H2-consuming bacteria was considered by introducing 
a Michaelis-Menten kinetics law, the parameters of which were estab
lished on the basis of the experimental results obtained here (Table 3). 
The overall effect of bacterial activity was found to be remarkable. 
Indeed, H2 gas that reaches the surface has a concentration which drops 
by 40% compared to the infinite bottom source when steady state is 
reached, and when bacterial H2 consumption is considered. This bac
terial activity tends to be one of the major mechanisms that govern 
dihydrogen mobility in the subsurface. A primary consequence is that 
the H2 concentration at the source can be greatly underestimated if 
based on the surface or near-surface concentration measurements, 
depending on the depth of the source and the amount of H2-consuming 
bacteria along the diffusion column. It should be noted that adding an 
advection term and a pressure gradient in the mass transport equation 
(Eq. (4)) tends to increase the concentration of hydrogen delivered to the 
surface. Nevertheless, advection does not appear to be the main trans
port mechanism since the field observations suggest a very low velocity 
of seeping gas. 

In the H2-emitting structure where the investigated Brazilian soils 
were sampled, Prinzhofer et al. (2019) detected periodic dihydrogen 
pulses. This observation led us, in a second approach of Case 1, to 
consider a periodic pulsing H2 concentration at the bottom of the col
umn instead of a constant concentration. Two different pulse fre
quencies, 1/24 h� 1 and 1/6 h� 1, at 1 m depth were investigated (Fig. 8a 
and b, respectively). In Fig. 8, the H2 (column) surface concentration is 
displayed assuming diffusive transport with and without bacterial H2 
uptake, respectively. Two main features can be observed in Fig. 8a. First, 
as a result of diffusion transport, the concentration signal at the surface 
has a full width at half maximum (FWHM) that is 12% larger compared 
to the source concentration spike, and a lower amplitude. The amplitude 
decrease is even more pronounced in the case of H2 consumption 
through bacterial activity. Furthermore, the concentration maximum at 
the surface is shifted by about 4 h compared to the source signal at 1 m. 
The 1

24 h� 1 frequency at the source is characterized by near-zero 
H2-concentration episodes at the surface, especially when bacterial ac
tivity is involved (Fig. 8a). Increasing the concentration-wave frequency 
at the source increases the minimum H2 concentration level at the sur
face which tends to nearly steady emission of H2 for 16 h

� 1 (Fig. 8b). 

Fig. 8. COMSOL numerical results as for Fig. 7 in the case of sinusoidal pulsing 
[H2,g] source at 1-m depth: (a) single [H2,g] maximum a day; (b) four [H2,g] 
maximum a day. The bottom source signal is marked as thin black line. Bold 
black line represents the resulting concentration (bacteria & transport) at the 
surface. Water saturation is set to 30% and porosity is 0.3. 

Fig. 9. COMSOL simulated concentration (ppm) of biogenic H2 produced in the 
uppermost 20-cm thick layer of the column after it reaches 1-m depth. Thin 
black line represents the source concentration while the thick line gives the 
resulting concentration (bacteria & transport) at 1-m depth. Maximum 
hydrogen production occurs at midday (dashed line). Water saturation is set to 
30% and porosity is 0.3. 
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3.3.2. CASE 2: in-situ H2 production 
A remarkable result obtained by Prinzhofer et al. (2019) on the S~ao 

Francisco H2 - emitting structure is that H2 concentration in soil porosity 
at 80 cm below the surface correlates well with daily temperature var
iations. This correlation may suggest a possible link with biological ac
tivity, i.e. competition between H2 consumers and producers, the 
resulting mass balance of which may be temperature dependent. Soil 
saturation itself can be subjected to daily variations according to evap
oration, a process that cannot be ignored at tropical latitudes. When soils 
dry up, H2 diffusion out of the soil is expected to be enhanced. Never
theless, the effect of evaporation appears to be minor in terms of 
transport via 1-m or even thicker layers of soil, since only the first few 
centimeters of formation are affected by this process (see below). 

In order to achieve an in-situ biological H2 production that correlates 
with sun exposure and, thus, surface temperature, biogenic gas forma
tion must take place in the first few centimeters of soil that are affected 
by daily temperature variations. A model, Case 2, was simulated 
assuming a layer of biogenic H2 production of 20 cm, where calculated 
temperature variations exceed 1–2 �C. The upper surface of this 20 cm 
zone is open to the atmosphere. For modelling purposes, producers were 
homogeneously spread with the consumers in this 20 cm layer, while the 
other 80 cm of column were filled with H2 consumers only. The simu
lated concentrations at 1-m depth are displayed in Fig. 9. Similarly to the 
previous Case 1, there is a delay in the concentration peak and a decrease 
in the amplitude of the H2 concentration wave after its production, 
transport and partial consumption by bacteria. The attenuation of the 
source maximum [H2,g] falls in the 65–67% range at a 1-m depth where 
the sensor is located. 

The maximum concentration value (150 ppm at midday, FWHM ¼ 7 
h) measured by Sensor 6 (Fig. 2 in Prinzhofer et al., 2019) was inverted 
in order to infer the concentration amplitude at the source layer (Fig. 9). 
A production that maintains around 230 ppm at peak is derived 
assuming a source pulse function with an FWHM of 10 h. The delay in 
concentration peak arrival may range from 2 to 3.5 h and is highly 
dependent on the choice of the thickness of H2-producing layer, 
porosity, and especially on water saturation in accordance with Equa
tion (3). The numerical analyses show that lowering the saturation of 
water to 10% from an initial 30% value, which is acceptable due to the 
overall dryness of the area (Prinzhofer et al., 2019), decreases the 
characteristic time of peak arrival to less than 2 h from the initial 3.5 h. 
An evaporation effect can also been introduced into the uppermost 
20-cm layer, which enhances H2 loss towards the atmosphere. Overall, 
evaporation leads to decrease the maximum [H2,g] measured at 1-m 
depth by only 2% from 67 to 65%. 

We calculated that at the maximum daily bacterial production, 
96.5% of the hydrogen formed is lost to the atmosphere. On the other 
hand, only 2.5% of hydrogen would finally arrive to the sensor, and 1% 
will be consumed by bacteria in the column. Due to such a high flux 
towards the atmosphere, and in order to maintain 230 ppm at the source 
layer (Fig. 9), [H2,g] production rate in the upper layer has to be around 
30 mmol.kg� 1day� 1. The latter is at least two orders of magnitude 
higher if compared to the hydrogen consumption rate defined in the 
current study (Table 3). On the other hand, a H2 production rate of 30 
mmol.kg� 1day� 1 as inferred here, appears to be lower than rates 
encountered in the case of N2 fixation associated with legume root 
nodules. To provide an order of magnitude, the maximum H2 production 
flux towards the atmosphere measured above clover fields by Conrad 
and Seiler (1980) corresponds to a production rate of around 950 mmol 
H2.kg� 1.day� 1 if a production zone of 20-cm thickness is considered. 
Similarly, the production rates estimated by Chen et al. (2015), also 
recalculated for 20-cm thickness, fall in the range of 15–2000 mmol H2. 
kg� 1.day� 1. The upper bound relates to clover fields whereas the lower 
bound corresponds to forest sites with no leguminous plants. Therefore, 
although H2 production activity in the upper soil layer of the studied 
H2-emitting structure has not yet been investigated, production rates 
inferred from our numerical model are plausible. 

3.4. Origin of the H2 

The possible biogenic origin of emitted H2 cannot be ruled out at this 
point even though the only well-known natural example of strong 
biogenic H2 production is associated with nitrogenase in the vicinity of 
symbiotic root nodules. This symbiotic nitrogenase context hardly ap
plies to the H2-emitting Brazilian structure studied by Prinzhofer et al. 
(2019), since it is characterized by a very low density of vegetation. 
However, detailed analysis of H2 isotopic signatures of production and 
uptake of H2 by soil tends to show that forest sites or bare soils can also 
produce H2 even in the absence of leguminous plants (Chen et al., 2015). 

Nevertheless, the data recorded by Sensor 9 (Prinzhofer et al., 2019) 
show no correlation with the solar radiation and indicate concentrations 
as high as 1000–1200 ppm. The microbial community of the soil sample 
collected in the vicinity of Sensor 9 does not exhibit significant differ
ences to that collected near Sensor 6, which recorded daily [H2,g] vari
ation. The [H2,g] signal might therefore rather be a result of 
superposition of two independent sources, one of deep origin (Case 1) 
and another (Case 2) of surface origin, which is influenced by daily 
temperature variations. 

4. Conclusions 

We show that H2-consuming microbial communities in soils act as a 
major sink for H2 in the concentration range published for H2-emitting 
structures (Larin et al., 2015; Zgonnik et al., 2015; Prinzhofer et al., 
2018). For the sandy kaolinite-rich soil collected in the first 15–40 cm of 
the S~ao Francisco emitting structure, an up-take rate of ca. 0.05 μmol 
kg� 1.d� 1 was observed in H2-incubation experiments, which was further 
investigated in a 1-D diffusion-reaction model. The assumption of a 
homogeneous distribution of the bacterial up-take activity over the first 
meter of soil may lead to an overestimate of the overall bacterial up-take 
derived from the model. On the other hand, several studies point to
wards the presence of H2-utilizing bacteria at even deeper levels (Ped
ersen, 2000; Chapelle et al., 2002; Bagnoud et al., 2016). Thus, the H2 
up-take rate derived here for shallow samples may well be maintained at 
1-m depth and beyond. The impact of bacterial H2 utilization is expected 
to be even more pronounced for other soil types since H2 consumption 
rates by soil bacteria found in the literature can exceed by at least 100 
times the rates observed in the present study (Table 3). Situations where 
dihydrogen produced at depth is completely mediated by bacteria on its 
way to the surface are thus perfectly conceivable. 

The main phyla found in both H2-treated and non-treated soils are 
Firmicutes, Chloroflexi, Proteobacteria, Actinobacteria and Acidobacteria. 
The composition of these phyla was found to evolve after H2 treatment, 
i.e. at the laboratory timescale. It is therefore expected that a H2-seepage 
zone will develop a specific bacterial community composition in the 
percolated soil (e.g., abundant Chloroflexi). 

Finally, the present study does not provide a definite answer about 
the origin of the H2 that is emitted by the circular Brazilian depression 
instrumented by Prinzhofer et al. (2019). However, we have produced a 
first modelling tool to interpret forthcoming H2-concentration data that 
will be collected in similar structures encountered worldwide. Further 
deeper drilling for H2 flux and concentration measurements may pro
vide pivotal data to constrain the H2 dynamics discussed here. Con
straints on the 3D distribution of microbiological communities within 
the emitting structure, and their interaction with H2, are obviously of 
primary importance to characterize the H2 source. 
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