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ABSTRACT: In the context of the shift towards clean, carbon-free energy, hydrogen (H2) receives growing attention 
as energy carrier. We monitored a simulated leakage of gaseous molecular H2, e.g. from a pipeline. H2 was injected 15 
into a shallow aquifer and the resulting biogeochemical processes were monitored. For the first time, stable iso-
topes of hydrogen were used to track in situ H2 transport and consumption. Isotopic composition of the injected 
H2 was δ2H = -161.1 ± 0.4 ‰. During the injection, initial shifts in isotope signature of about Δ2H = + 8 ‰ in well 
D06 (1 m from injection) and of Δ2H = - 120 ‰ in well D04 (2 m from injection) were observed, probably caused 
by a mass-dependent isotope effect associated with the pressure of the injection and the migration of the gas 20 
phase through pores and channels in the aquifer. After the injection, H2-concentrations decreased and an equilib-
rium isotope exchange with water lead to an isotopic depletion of H2 (δ2H = -710.7 ± 2.7 ‰) within 28 days, 
presumably catalyzed by hydrogenase enzymes of microbes. The theoretical equilibrium between H2 and water 
was however not reached. We hypothesize that a continuous isotopic shift in the available H2 due to physical 
transport processes resulted in a new isotope equilibrium with water, catalyzed by hydrogenases. Acetate de-25 
tected in groundwater samples indicates in situ H2-oxidation by microbial homoacetogenesis. In laboratory exper-
iments using H2-amended sediments sampled from the same site, microbial H2-oxidation was accompanied by 
equilibrium isotope exchange with water, and homoacetogenesis and ferric iron reduction were main microbial 
H2-consuming processes.   
Overall, the H2 isotope ratio was considerably impacted by physical and microbial processes occurring in the shal-30 
low aquifer. Monitoring of the equilibrium isotope exchange between H2 and water could be used as a proxy for 
ongoing microbial H2-oxidation. 
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INTRODUCTION 
In the bid to transition towards renewable energy, hydrogen (H2) receives growing attention. In a future ‘hydro-
gen economy’, H2 could be used as a feedstock for chemical syntheses, as fuel or as an energy carrier. In addi-
tion, renewably-produced H2 has the potential to decarbonize key industries1,2. In order to become an intrinsic 40 
part of an energy system, H2-ready storage and transport systems are needed.  
However, H2 is a reactive gas with the potential to drive biogeochemical processes upon storage in geological 
sections such as salt cavern or exploited natural gas reservoirs and thereby lowering gas quantity by consump-
tion, as well as quality with byproducts, e.g. hydrogen sulfide (H2S) 3,4. Moreover, H2 could potentially leak acci-
dentally from geological H2 reservoirs or H2 pipelines into shallower formations and aquifers used as water re-45 
sources due to the mobility of H2 gas and fast travel through geologic layers 4 and/or leaky wells 5,6. 
Finding, tracking and monitoring plumes and leakages are important aspects of the implementation of storage 
and transport systems. For this, isotope-based methods are often used, since they allow tracing gases in natural 
abundances in situ 7–10 and the isotopic signature of a compound is usually independent of its concentration. 
Similar field-scale experiments as described in this study for H2 injection have been performed with other gas-50 
ses. For example, successful monitoring of the distribution of injected CO2 or CH4 in shallow aquifers by δ13C-
measurements was previously reported 8–10.   
In general, there are two different types of isotope effects: (i) kinetic isotope effects and (ii) equilibrium isotope 
effects 11, 12.Kinetic isotope effects can be used to track bond-change reactions, light isotopes usually react faster 
than heavy isotopes during bond-breakage. Thus, the remaining fraction of the compound becomes isotopically 55 
enriched over time.  
Equilibrium isotope fractionation is understood as the partial separation of isotopes of one or more compounds 
being in chemical equilibrium, the isotopes are exchanged in an equilibration reaction 11–13. H2 can exchange iso-
topes with water in an equilibrium reaction 14–17. Without a catalyst, whether enzymatic or abiotic, this exchange 
is not measurable at room temperature within 18 days 16. 60 
Other important isotopic processes during a field-scale gas injection into the subsurface could be mass-depend-
ent kinetic isotope effects 11. There is a mass-dependent isotope effect in gasses, as their ratio of diffusion coeffi-
cients is equivalent to the inverse square root of their masses (Graham’s law) 18–21.. In laboratory experiments, 
migration affected the isotope signal of CH4, as it shifted the carbon isotope signature from thermogenic to-
wards the range of biological origin 22,23. In the subsurface, isotope fractionation by migration of methane in a 65 
high temperature (90 °C), high-pressure regime (90 bar) has been measured 24. In the field, sediment porosities, 
and thus effective migration pathways could further exacerbate this mass-dependent isotope effect. Field site 
injections have shown formation of channels and thus preferential pathways 25, as well as differences in hydroge-
ology and content of solved ions in the groundwater 25–27. 
The goal of our study is to test and apply monitoring tools based on stable isotopes to assess the fate of subsur-70 
face H2-plumes generated by leakage of H2 from e.g. geological storage or gas transport systems. We followed a 
H2 injection into the subsurface by monitoring its transport behavior and subsequent microbial degradation us-
ing compound specific stable isotope analysis (CSIA). H2-oxidation by microbial communities of aquifer sedi-
ments from the field site were additionally investigated in laboratory microcosm experiments. This field-scale 
study is, to our best knowledge, the first in which gaseous H2 was directly injected into a shallow aquifer and 75 



 

subsequent biogeochemical processes were monitored using CSIA. In order to catch reactive processes with high 
sensitivity, we tracked the gas injection by analyzing the isotopic composition of H2 and CO2. 
MATERIALS AND METHODS 
Field site and equipment.  
The field site TestUM is located in northern Germany (see Fig. 1), near the city of Wittstock/ Dosse in the federal 80 
state of Brandenburg (N 53° 11’ 38.9616, E 12° 30’ 11.178). The field site has been previously used for in situ-
experiments to investigate the biogeochemical and hydrogeological effects of injected CO2  or heat9,28,29. The 
area is composed of heterogeneous glacio-fluvial sediments from the Pleistocene, ranging from sands, clay and 
silts typical for sandurs to glacial loam and tills from the Saale and Vistula ice ages. Geological formations are 
tilting in western direction. Aquifers at this field site are found to be heterogeneous and comprised of fine to 85 
medium sand and delimited by discontinuous low permeability layers (aquitards), which vary in thickness and 
depth (see Figs. 1 and S1). High resolution vertical logs performed by a direct push hydraulic profiling tool (HPT; 
Geoprobe®, USA) confirmed different hydrostratigraphical units for the aquifers in the chosen injection site (see 
SI-1.1). The groundwater flows slowly west to southwestwards and drains into the river Dosse 9, groundwater 
flow velocities were estimated to be about 0.3 m d-1 in this area with strong local heterogeneities. 90 



 

 

Figure 1. Field test site “TestUM” and its location in Germany (top right) and a detailed plan of the monitoring network for 
the H2 injection test (top left) with water flow in south west direction (v), emphasized wells (D04, D06, D11) considered within 
this study, and a geologic profile (bottom) in flow-direction based on sediment (MP005, U07, U04, D06, MP021), as well as 
results of two HPT/EC-Logs (MP005, MP021) and examples for the positions of the filter screens at both types of groundwater 
wells (2-inch (D06) and CMT (D04)). 95 
The isotope monitoring of the field experiment started in January 2020, with a baseline measurement in week 2 
(2020/01/07 to 2020/01/08) and the H2 injection in week 5 (2020/01/28 to 2020/01/30). Samples for isotope 
analyses were taken until week 16 (2020/04/15 to 2020/04/16). 
Gas injection.  
H2 (N5.0; AirLiquide, France) was injected in a depth of about 18 m bgl (below ground level) through three con-100 
tinuous multichannel tubes (3-CMT; Solinst©, Canada) installed in a transversal distance of about 2 m (Fig. S1, 



 

S2). In total, about 12 kg of H2 were injected intermittently with seven injection phases (1h, 2h, 3h, and 4 x 6h) 
and six interruptions (1h, 2h, 3h, and 3 x 6h) (Fig. S3) over 54 hours through a 20 cm filter screen between 18.1 
and 18.3 m bgl (below ground level) to generate a coherent gas phase and dissolved H2-plume. For the first 
three hours the flow rate was 13.4 mol min-1 (300 NL min-1) H2. As some outgassing through monitoring wells 105 
near the injection wells was observed, the flow rate was then reduced to 1.8 mol min-1 (40 NL min-1) H2 for the 
next 27 hours to minimize H2-loss to the atmosphere and thus the uncertainty in the gas mass remaining in the 
aquifer. The reduced flow rate yielded slight overpressure (3 bar). Specific information on the provision of H2 is 
described in the SI. 
Field sampling. 110 
Three wells were selected for isotope monitoring (Fig. 1). Two of these (D04, D06) were close to the injection 
wells, where we expected to observe high H2-concentrations, and D11 served as control. Both D06 and D11 are 
2”-wells (UTK-EcoSense GmbH, Germany), whereas D04 is a CMT-well (Solinst©, Canada) with three depths: 
11.5 m, 14.5 m and 17.5 m. Wells were lined with high density polyethylene (HDPE). All samples were taken 
from 14.5 m (CMT-well) or from a filter screen from 14 to 15 m (2”-wells) bgl with the exception of D04 on day 2. 115 
Sampling in the injection period only took place during pauses of intermittent injections. 
Groundwater was pumped up from CMT-wells with a peristaltic pump (24v DC 125 RPM; Verder Deutschland 
GmbH & Co. KG; Germany) and from 2”-wells with a submersible pump (Whale submersible electric galley 
pump; Munster Simms Engineering Ltd., Northern Ireland); it then flowed through an array of multiparameter 
probes (ProfiLine 1970i, WTW, Germany) to measure the on-site parameters pH, electrical conductivity, oxygen 120 
concentration and the redox potential. 60 to 100 ml groundwater were collected in borosilicate glass serum bot-
tles and crimped closed with chlorobutyl-isoprene stoppers and aluminum caps for isotope analyses. The serum 
bottles had a volume of 120 ml, were pre-filled with approx. 5 g NaCl and autoclaved. The groundwater was 
sampled into the prepared bottles which were immediately closed after sampling. The addition of salt decreases 
the solubility of H2, supports partitioning into the head space in order to measure gaseous H2, and inhibits mi-125 
crobial activity. 
For H2-concentration analyses, 20 mL GC-vials (prefilled with 1.8 g NaCl to inhibit microbial H2-conversion) were 
filled with 5 mL water and directly closed with crimp caps. The closed GC-vials were stored upside down in a re-
frigerator until analysis.   
For sulfide determinations, 5 ml groundwater samples were filtered (0.2 μm) and stored cool in 8 ml disposable 130 
centrifuge tubes (Sarstedt AG & Co. KG, Germany) after stabilization with three drops 1 M NaOH.  
Isotope Analyses. 
The isotope ratios are shown in the δ-notation (see SI-4.1). The 13C isotope ratio of CO2 and potentially CH4 in 
field and laboratory samples were measured with a gas chromatography-combustion-isotope ratio mass spec-
trometer (GC-C-IRMS) setup, which consists of a 6890A GC (Agilent Technologies, Germany) coupled to a MAT 135 
253 IRMS (Thermo Fisher, Germany) via GC Combustion III (ThermoQuest Finnigan, Germany). The oxidation re-
actor was kept at 940 °C, the reduction reactor at 200 °C and the injector at 250 °C. Peaks were separated on a 
PoraBond Q column (Agilent Technologies, Germany) at 40 °C and 2 ml l-1 He-flow. Limit of detection for δ13C-
measurements is about 10 nmol C.  
Hydrogen isotopes were measured on a different GC-IRMS setup, where a 7890A GC (Agilent Technologies, Ger-140 
many) was coupled to a MAT 253 IRMS (Thermo Fisher, Germany) via Conflo II (Thermo Fisher, Germany). The 
injector was kept at 220 °C, the empty ceramic reactor tube was heated to 1420 °C and the helium-flow was ad-
justed to 1.2 min l-1. For the separation of permanent gasses, a Carboxen 1010 PLOT column (Supleco, Germany) 
was used. To allow potential measurements of CH4 of the field samples, the temperature program was as fol-
lows: 40 °C for 3 min, ramp with 20 °C/min to 90 °C, hold for 6 min, ramp to 200 °C with 20 °C/min and hold for 145 
2 min. The laboratory samples were measured isothermally (40 °C). Limit of detection for δ2H-measurements 
was about 100 nmol H. Precision of technical replicates was below ±1‰for most measurements. Sampling the 
groundwater of the same depth twice and measuring these two samples led to isotopic values of -223.1 +/- 0.9 
‰ and -224.7 +/- 0.2 ‰, respectively, for D04 on day 2 at 11.5 m bgl (Fig. S5).  
After isotope measurements of both δ13C-CO2 and δ2H-H2, field site samples were acidified by addition of 6 N 150 
HCl and δ13C-CO2 was measured again in order to assess the isotope signature of the complete inorganic carbon 
pool, independent of pH (see SI-1.4). 



 

Chemical Analyses. 
H2-concentrations were analyzed on a GC-TCD (thermal conductivity detector) system.  The GC-TCD system 
(7890B Agilent Technologies) for H2-analysis is connected via pro-steel transfer line with a headspace sampler 155 
(7697A Agilent Technologies). The injection system, working at 100°C, was equipped with a split/splitless injector 
and 1ml sample volume (out of headspace sampler loop) was injected with a split ratio of 1:5 into the GC sys-
tem. The compound separation was realized by a Molsieve column (Agilent J&W/HP-Molsieve 30 m x 0.53 mm x 
50.0 µm) as a pre-column and a Plot Q column (Agilent J&W/HP-Plot/Q 30 m x 0.53 mm x 40.0 µm) as the ana-
lytical column. Argon was used as carrier gas with a column flow of 36.3 ml min-1. The temperature oven pro-160 
gram was running isothermally at 30°C. A TCD at 250°C was used for detection. Analytical uncertainty was 5 to 
10%. 
The GC-IRMS-analyses also allowed for an estimation of H2-concentration (see SI-1.5), which yielded lower val-
ues throughout. 
Acetate and formate were determined by ion chromatography (IC; Metrohm-IC 881, Metrosep A Supp 5 - 165 
150/4.0; Deutsche Metrohm GmbH & Co. KG, Germany), detection limits were <0.4 mg/l and <0.8 mg/l, respec-
tively. Sulfide concentrations were determined photospectrometrically (Specord 50; Analytik Jena AG, Germany) 
with a Spectroquant® sulfide test (Merck, Germany). Aqueous oxygen concentrations in groundwater samples 
were analyzed electrochemically by an oxygen sensor (WTW CellOx 325 in a WTW Oxi 197 I device, Xylem Inc., 
USA). 170 
The concentration of dissolved inorganic carbon (HCO3

-) was determined with an alkalinity Gran titration; total 
inorganic carbon (TIC) and CO2 (aq)-concentrations could be calculated with the hydrochemical modelling pro-
gram PhreeqC (v3; phreeqc/llnl databases) 18 by using the groundwater composition as input parameters (data 
not shown). 
Pure H2 taken directly from the bottles in the field (2020/02/18, 25 bar left) was collected as a reference to ob-175 
tain the 2H isotope composition of the injected gas. The H2 was flushed through an empty 120 ml-serum bottle 
and crimped closed with a chlorobutyl-isoprene stopper and an aluminum cap. Subsequently, 1 ml sample was 
then diluted in a 10 ml-vial prefilled with He for stable isotope measurement.  
Laboratory Microcosm Experiments. 
Laboratory microcosm experiments were performed using sediment and groundwater from the field site, sam-180 
pled in November 2019 from borehole U00 and MP005 in 11.5 m bgl to observe isotope fractionating processes 
under controlled conditions. A microcosm series was set up in 120 ml, autoclaved serum bottles and then con-
tinuously monitored in two independent, consecutive experiments with different H2-concentrations in the head-
space. More information regarding microcosm set-up, experimental conditions, sampling procedures and anal-
yses of chemical parameters is given in SI-2. 185 
RESULTS 
Field Site. 
H2-Concentrations and Isotope Composition. 
H2 was injected into a shallow aquifer over the course of two days. It was not detected in any well prior to injec-
tion and not at all in the reference well D11 during the whole measurement campaign for isotopic samples. Dur-190 
ing the first three hours of injection close to the injection wells some outgassing of H2 gas was observed in wells 
close to the injection (D07, D06, D04). This imply the formation of a rapidly ascending gas phase probably mi-
grating upwards along major pores displacing ground water. 
During the injection, higher H2-concentrations were observed in D04 compared to D06 (Fig. 2). Afterwards, D06 
yielded higher concentrations throughout. We detected no H2 in reference well D11. H2 injected into the aquifer 195 
had a δ2H-value of -161.1 ± 0.4 ‰. D04 and D06 showed initial δ2H-values of -281.7 ± 0.7 ‰ and -152.5 ± 0.2 ‰, 
before becoming isotopically lighter, showing values of -710.7 ± 2.7 ‰ and -680.9 ± 0.9 ‰ at day 28 (see Fig. 
2A).  



 

 
Figure 2. δ2H values (A) and concentrations (B) of H2 in the water phase of field samples from D06 and D04 (14.5 m depth); 200 
H2-concentrations for reference well D11 are also shown (B). The isotope signature of the injected H2 is shown in (A) for 
comparison. Vertical lines delimit the injection period and isotope samples are shown as mean with standard deviation. H2 
was not detected in samples from the reference well D11. Hydrogen isotopes of H2 tend towards equilibrium with water 
(δ2H = -775 ‰, shown in light grey), but stabilize around δ2H = -710 ‰ in D04. H2-concentrations spike shortly in D04 after 
the injection period before decreasing. In contrast, D06 yields high concentrations until day 28. Due to the intermittent sam-205 
pling schedule, no samples are available for D04 on day 3. 

During injection at day 2, isotopes of H2 were measured in three depths of D04 (Fig. S5 A). The δ2H-values dif-
fered, with 11.5 m bgl yielding the isotopically heaviest (δ2H = -223.1 ± 0.9 ‰) and 17.5 m bgl the isotopically 
lightest values (δ2H = -431.3 ± 5.0 ‰; Fig. S3A). Generally, H2-concentrations in D04 were highest in 17.5 m and 
14.5 m, and lowest in 11.5 m in the time course of the field experiment; in contrast, H2-concentrations were 210 
considerably higher in 14.5 m and 11.5 m compared to 17.5 m in D06 (Fig. S6A-C). 
Concentrations and Isotope Composition of HCO3

-and gaseous CO2 
HCO3

- and CO2 were monitored in the field in addition to H2. HCO3-concentrations remained fairly stable at 
2 mmol l-1 in D04 during the field experiment. In D06 and D11, HCO3-concentrations decreased with injection 
(Fig. 3). On day 78, both D04 and D06 yielded elevated concentrations. Gaseous CO2 showed a slight increase in 215 
concentration in D11 after injection (Table S1). 
Measurements of carbon isotopes of TIC (acidified samples, Fig. 3A) and gaseous CO2 (non-acidified, Fig. S7) 
samples showed a similar trend for both wells near the injection site. In general, the difference between the two 
wells was always about 2 ‰, with samples from D04 being isotopically heavier than those from D06. Initial δ13C-
values were - 11.9.0 ± 0.1 ‰, -15.2. ± 0.04 ‰, and -16.8 ± 0.2 ‰ for D04, D06, and D11, respectively. The refer-220 
ence well D11 differs (Fig. 3 B), as there was a drop to -17.2 ± 0.1 ‰ on day 2. The depth profile of D04, taken on 
day 2, showed that TIC was slightly enriched in δ13C at 14.5 m depth (Fig. S5B). 



 

 
Figure 3. Carbon isotopes analyses of HCO3

- in the sampling wells D06 and D04 (A) and the reference well D11 (B), after 
acidification of samples. Concentrations of HCO3

- are shown in C. Vertical lines delimit the injection period and isotope sam-225 
ples are presented as mean with standard deviation of technical replicates.  

Geochemical Parameters. 
The geochemistry of the test site was comprehensively monitored to allow subsequent tracking of geochemical 
changes due to the injection of H2. No sulfides could be detected in the reference well D11. In the other wells, 
sulfides were sporadically detected ranging from 3.6 to 42.3 μmol l-1 (Tab. S2). Measured oxygen average con-230 
centrations after injection were below 65 µM in D04 and D06, and 175 µM in the reference well D11. The pH 
was fairly stable in well D06 during the experimental period, ranging from 7.2 to 7.6 (Fig. S4). In D04, the pH 
ranged from 7.8 to 8.0 from injection to day 28, slightly different to pre-injection (7.3). At day 78, pH had de-
creased to 6.8. D11 showed an increase from 6.9 to 7.3 during the injection period, before decreasing to 
6.5 ± 0.2 for all measurements from days 2 to 78. This pH value remained below the pre-injection value.  235 
In both D04 and D06, acetate was detected after the injection; but not in D11. Before and during the injection, 
acetate concentrations were below limits of detection. Acetate concentrations in D04 ranged from 61.0 to 
71.1 μmol l-1 without significant de- or increase at t = 14 d, t = 21d and t = 28 d. It was not detected at day 78. In 
D06, acetate concentrations increased from 27.1 μmol l-1 at day 21 to 159.2 μmol l-1 at day 28, before decreasing 
to 22.0 μmol l-1 at day 78. In D04, 28.8 and 35.6 μmol l-1 formate were detected at days 21 and 28, respectively. 240 
At day 28, 60.9 μmol l-1 formate were measured in D06. In the reference well D11, acetate was always below the 
detection limit.  
Laboratory Microcosm Experiments. 
Two consecutive experiments were performed with sediment and groundwater from the field site. In the first 
experiment, conditions after injection in the central plume were simulated by adding high concentrations of H2. 245 
In the second experiment, conditions at the edges of the plume, months after injection, were simulated by add-
ing lower concentrations of H2. 



 

H2 was consumed and became isotopically lighter compared to the abiotic control (δ2H = -780 ‰), due to the 
superimposing equilibrium exchange reaction with water as previously observed 16 (Fig. S8, S9). Hydrogen oxida-
tion in the first experiment could not be clearly quantified by GC-IRMS concentration analyses, indicating sub-250 
stantial losses of H2 before measurement. This emphasizes the sensitivity of the isotope analysis, which indi-
cated microbial activity after an initial lag phase of 17 days (Fig. 4). In the second experiment with limited H2-
content, the H2-isotope exchange was completed within around 20 days (Fig. 4).  
 

 255 
Figure 4. Hydrogen isotopes analyses of H2 over time in the first (A) and the second experiment (B). RS 1-4 are biotic replicate 
microcosms, RS AC is an abiotic control microcosm. 

There was little shift in the δ13C-CO2 composition in the first experiment. After 52 d, δ13C-values for CO2 of up to 
+4 ‰ for half of the replicates were observed (Fig. S10), whereas the abiotic control remained stable over time. 
Notably, the consecutive setup leads to isotopically enriched CO2 at the start of the second experiment. Subse-260 
quently, δ13C-CO2-values above +40 ‰ were detected for some replicates (Fig. S11), indicating strong isotope 
fractionation upon CO2-consumption. Fe(II)-concentrations increased starting from day 48 in the first experi-
ment,  yielding values above 1 mM for all replicates (Fig. S12). Acetate concentrations increased up to 17.0 mM 
in all biotic microcosms at the end of both experiments, whereas formate was detected (27.2 µM maximum) in 
three out of four microcosms (Tab. S4). 265 
DISCUSSION 
Gaseous H2 was injected into a shallow aquifer and subsequent reactive processes of H2 and CO2 were moni-
tored with stable isotopes for the first time. In previous studies, the equilibrium isotope exchange of H2 with 
H2O was shown to be associated with enzymatically-catalyzed H2-oxidation 30–32 and its characteristic shift to-
wards isotopically lighter H2 could be tracked in laboratory experiments using a model H2-oxidizing microbial 270 
strain 16. Hence, we hypothesized that we could use this principle for qualitative monitoring of microbial H2-
oxidation at a field scale. 
Similar field-scale gas injection experiment has been performed with CO2 at our field site9, whereas a CH4 injec-
tion field experiment has been recently carried out in a Canadian aquifer 10. The distribution of injected CO2 or 
CH4 in these shallow aquifers was monitored by δ13C-measurements 9,10. The migration of the CO2 plume at our 275 
field site was reported to be slow 9,33. In comparison to CO2- or CH4-injections, the detection of H2 with hydro-
gen stable isotopes in the sampling wells was only possible over a short time period, demonstrating the high re-
activity and fast dispersion of H2 in the aquifer. H2 could only be detected in the selected wells until day 28 with 
CSIA, whereas δ13C-monitoring for CO2 and CH4 in similar field experiments was possible over more than 200 
days 9,10,33. At our site, the glacio-fluvial sediments with different hydrostratigraphical units, lenses and cross 280 
stratification form a heterogenic subsurface geology with changing permeability and redox conditions promoting 
micro-oxic to anoxic niches. In this field experiment, conditions in the aquifer were micro-oxic to anoxic, con-
firming previous oxygen measurements in the course of a CO2 injection experiment 9. 



 

As the groundwater flow was relatively slow with about 0.3 m d-1 and strong heterogeneities due to the varying 
glacial sediments, we assume that the flow is no decisive factor for the fast dispersal of H2 in the subsurface. The 285 
gas injection itself will thus initially influence the dispersion of H2 within the aquifer. It is known from former gas 
injection field experiments that the injected fugitive gas migrates as free phase in different directions and dis-
solves gradually in groundwater during transport 34. It has been shown that a gas injection into water-filled sedi-
ment forms channels through which the gas phase will then migrate preferentially upwards in form of bubbles35–

37. When the injection and subsequently, supply of gas is halted, these channels collapse, as observed in a CH4-290 
injection experiment 10. At the field site, H2 was injected with over pressure at about 18 m bgl to generate a co-
herent gas phase and dissolved H2-plume (cf. SI-1). The observed outgassing of H2 through monitoring wells dur-
ing the injection of H2 implies a buoyancy-driven upwards migrating H2 gas phase. The actual geometry of such 
channel systems depend on various aspects, such as imbedded silty layers, but has been shown to be parabolic, 
and the density of channels and gas should be highest directly below and close to the injection point 35–38. In 295 
D06, which is more distant to the injection site compared to D04, the H2-concentration in 11.5 m and14.5 m bgl 
were higher than in 17.5 m bgl after the injection (Fig. S4). This indicates anisotropic dispersion and a pro-
nounced migration along channels upwards with increasing distance. The higher H2-concentrations closer to 
ground level after the injection period indicate that this gas transport continues after injection and that the rise 
of H2 is hindered by layers with low permeability, i.e. silt, clay and loam, as described previously 4. This observa-300 
tion suggests a preferential migration of gas along channels as previously observed 25. There were no indications 
that H2 spread over a large area in other wells at the site. 
The injection of gas should lead to displacement of an equal volume of water 38. As the sediment of the aquifer 
is not homogeneous, the geology not uniform, and the gas distribution unequal along the depth profile, simple 
isotropic displacement of the water is unlikely. There are indications that this water was, at least partly, dis-305 
placed in a south-western direction, indicated by a shift in pH and concentrations of carbonate in D06 and D11; 
influx of displaced water with dissolved HCO3

-, would lead to new equilibration of HCO3
- with matrix carbonates 

and may be accompanied with a change of pH 39. We observed that the CO2-concentration in D11 increased with 
the injection while the pH slightly rose from 6.9 (day -21) to 7.3 (day 1), before concentration sharply decreased 
(Fig. 3), and the pH stabilized at about 6.4 without detection of H2 (see Fig. S4). Overall, we therefore assume a 310 
preferential flow of displaced water in south-western direction.  
We observed strong isotope effects of H2 over the course of the field experiment. Overall, our method is well 
suited for field investigations, as it assesses the isotope signal, which is independent of concentrations, and can 
determine the concentration at the same time. Thus, isotope analysis is an effective and reliable tool in this con-
text. However, the composition of the hydrogen isotope signal can be influenced by both physical and biological 315 
processes. As there already was isotope fractionation observed during the injection itself, initial physical pro-
cesses are more likely than rapid biological activity, due to common lag phases of microorganisms when con-
fronted with new electron acceptors and donors 40–42. A lag phase of 17 d days prior to H2-oxidation was also ob-
served in the laboratory experiment (Fig. S8). In addition, an increase in H2-concentrations was observed during 
this time, whereas consumption of H2 - or no change in concentration in a steady-state system of consumption 320 
and supply - would be expected for a biotic process.  
Physical processes that could affect the stable isotope signatures are complex interactions of mixing and dilution 
ofH2 by inflowing water, directed flow, gas-water phase transitions and mass-dependent diffusive transport in 
the gas or liquid phase (see Fig. 4; cf. SI-3). Large stable isotope fractionation effects of H2 can be expected due 
to the large mass difference between hydrogen isotopes (1 u), affecting all transport processes to an extent 11, 30. 325 
Transport processes would be further affected by sediment properties, pore volumes and tortuosity (cf. SI-3, SI-
4.1 and SI-4.2) 31.   
Dilution and dispersion of H2 after injection into the saturated zone is largely dependent on groundwater flow 
rates and solubility of the compound. As discussed above, the groundwater flow was relatively low and the H2-
plume did not spread to all monitoring wells on site. Notably, H2 is barely soluble in water with a Henry’s law 330 
solubility constant ranging from 7.7 to 7.9×10-6  43. Thus, with little evidence of fast lateral H2-migration along 
groundwater flow and generally low solubility, we suggest that dilution and dispersion effects did not considera-
bly influence the measured isotope signatures.  
Injections of oxygen (O2) into subsurface aquifers resulted in a changing local water chemistry and a trapped gas 
phase of nitrogen (N2) due to replacement of dissolved N2 by dissolving O2 44,45. Analogously, injected H2 likely 335 



 

displace dissolved N2 so that a residual gas phase of H2 and N2 is formed. In addition, in high pressure regimes 
gas can affect the (dis-)solution of various compounds present in the water phase and could potentially affect 
mineral phases at the site 46. Due to the low solubility of H2 in water 43, we presume that the initial gas bubbles 
in the subsurface may extract gases such as N2, by interphase transfer continuously enriching permanent gases 
in the gaseous phase which may affect further dissolution of H2 in water 46.Dissolution of gaseous H2 in H2O is 340 
associated with an equilibrium isotope effect of α = 1.007 to 1.037 19,47,48 due to the larger solubility of D2 or HD 
49, which would favor an isotopic depletion of the gas phase. This would result in an isotope effect of about 
δ2H = 3 ‰ according to Knox, Quay & Wilbur 48 using the initial δ2H-value of the injected H2. This 3 ‰-difference 
would not sufficiently explain the observed much larger isotope effects. But potentially, multiple phase transi-
tions during the bubble transport of H2 and continuous dissolution of the gas phase could add up to larger iso-345 
tope effects. Here, along an open, wide channel, a larger gas phase will move over longer distances and becomes 
less enriched in light isotopes compared to a smaller gas phase moving through small channels. 
In addition to this hydrogen isotope enrichment effect of continuous dissolution of the H2 gas phase, we suggest 
an initial mass-dependent isotope effect, triggered by the initial high-pressure injection, affecting the isotope 
signal, as suggested in literature 50,51. Modelling has shown that the pressure build-up during injection can be 350 
considerable in deep aquifers 27. This could explain the sudden isotopic shift from the injection site to D04 
one day after the injection, as well as the decreased rate of isotopic change from - 120 ‰ d-1 to - 25 ‰ d-1 in 
D04 and the different isotope values in different depths during the injection (see SI, Fig. S6).  
Other isotope effects might be due to molecular diffusion as described for experiments with CH4 which have 
shown a general depletion of diffused CH4 compared to the source 22,23. However, molecular diffusion of CH4 355 
through water saturated pores is a slow process 22. Thus, diffusion alone is probably not a significant factor for 
H2-transport over longer distances in the relatively short time period of the experiment. Similarly, heavier spe-
cies may adsorb on mineral surfaces or on disseminated organic matter as observed for CH4 22. Isotope segrega-
tion due to adsorption during migration of gas phases might contribute to isotope fractionation of H2 in the 
early phase of the experiment. Segregation during migration is a diffusion-controlled process describing the in-360 
teraction with aquifer matrix and dissolution of gas bubble moving through the saturated aquifer 22.  
In summary, we observed different H2 isotope values in different depths in D04 during the injection itself (Fig. 
S6); this H2 isotope fractionation is unlikely to be caused by biotically-induced equilibrium isotope effects due to 
its rapidity. Loss of H2 due to outgassing to the surface was observed and suggest advective transport of gas bub-
bles. Our results show that there is no equal, uniform distribution of H2 and the subsequent isotope signal, 365 
which suggests differences in sediments (e.g. grain size and distribution and its pore volumes), tortuosity and 
morphology (e.g. cross stratification) affect the distribution and isotope signal of H2 in the subsurface (Fig. 5, cf. 
SI-4). Further studies under more controlled conditions are needed for a better understanding of the phenome-
non. 



 

 370 
Figure 5. Schematic overview over (1) physical processes affecting the H2 isotope signal and (2) subsequent equilibrium iso-
tope exchange between H2 and water facilitated by microorganisms during injection. 

The change in flow under a changed pressure regime caused by the injection might influence initial changes in 
the isotope signal, but it would not explain the isotope exchange even after the pressure dissipated. Besides 
physical processes, biological activity can also affect the isotope composition. H2-oxidation catalyzed by the en-375 
zyme hydrogenase has been demonstrated to result in an equilibrium isotope exchange with water, leading to an 
isotopic depletion of H2 14,52. This equilibrium isotope exchange superimposes kinetic isotope effects 16 and we 
therefore hypothesized that biological consumption of H2 will lead to isotopically depleted δ2H-values of the gas 
phase in the field site. In order to observe this equilibrium isotope exchange, a catalyst is needed. There is no 
difference in the equilibrium isotope fractionation for abiotic or biotic catalysts 14,52,53. As the sediments at the 380 
field site do not contain abiotic catalysts in relevant concentrations, such as i.e. Pt, Pd, Ni, Rh or Fe(0), we as-
sume no detectable abiotic equilibrium reactions took place during the first 28 days after injection. Laboratory 
tests showed no abiotic isotopic equilibration between H2 and autoclaved groundwater with autoclaved sedi-
ment from the field site in 66 d (see SI-2.2). Also, since both well types were lined with HDPE, we assume no cat-
alytic properties of the wells itself. Considering that the microbial community is adapted to the in-situ conditions 385 
and has not been exposed to different and unfavorable conditions, as sampling sediments for laboratory experi-
ments tend to do, lag phases in reaction to the sudden H2-influx could be similar or even lower to the ones ob-
served in the laboratory. In addition, H2 is a universally used energy carrier across various microbial species, 
which carry a wide array of different hydrogenases 54.  
During our observation period, the δ2H-signal in D04 does not reach the equilibrium value of δ2H = -775 ‰, cal-390 
culated after Horibe & Craig 55 for T = 12 °C with the isotopic composition of the field site’s groundwater (δ2H = -
61.9 ± 3.3 ‰, cf. SI-4.1). This offset between theoretical equilibrium and measured δ2H-values of about 
Δ2H = 65 ‰ does not seem to be due to the sampling itself, as the H2 that was injected only marginally differs 
from the initial δ2H-value in D06. Within the variability and measurement errors of the temperature and the iso-
tope ratio of H2O of the field site, theoretical δ2H-values differ by approximately ± 8 ‰. A potential explanation 395 
for this offset might be found in the combination of counteracting isotope effects. Physical isotope effects would 
generally lead to an isotopic gradient with heavier isotopes near the source and lighter isotopes further away.  
Activities of the enzyme hydrogenase would lead to an isotopic depletion of dissolved H2 in the environment of 
the microorganisms14–16,31. During and shortly after the injection, sampling wells would first show isotopically 
light δ2H-values due to the combined effects of physical transport. Further migration would bring in isotopically 400 
heavier H2 in the aqueous phase. If this isotopically heavier H2 in the aqueous phase was used by microorgan-
isms, the equilibrium values would shift accordingly. In order to reach an equilibrium shifted by Δ2H = 65 ‰, the 



 

starting value of the H2 isotope signature should have been δ2H = +210 ‰. Due to continuous measurement of 
isotopically lighter values, we hypothesize that these processes were continuously taking place. We therefore 
suggest that an equilibrium isotope exchange measured over longer periods of time (approx. 15 d, see Fig. 2) at 405 
the same sampling point was be largely influenced by hydrogenase activity and thus microbial H2-oxidation. 
Such analyses might be best suited for monitoring microbial activity and therefore gas quality within closed res-
ervoirs. 
There are various potential electron acceptors available for microbial H2-oxidation in the subsurface. In oxic en-
vironments, knallgas bacteria would consume H2 and O2 and form water 56. In anoxic environments, different 410 
electron acceptors, such as nitrate, sulfate, Mn(IV) or Fe(III) could be used for H2-oxidation 56–59. H2-oxidizers 56, 
e.g. homoacetogens and hydrogenotrophic methanogens fix CO2 chemoautotrophically and thus may addition-
ally influence the CO2-equilibria and the pH. We observed production of formate and acetate, as well as indica-
tions for sulfate reduction in the field and the potential for iron reduction in laboratory experiments (see SI-1 
and 2.2). Groundwater that is pumped to the surface always represents a mixture of groundwater in the subsur-415 
face, even if filter screens divide sampling ports. Therefore, local heterogeneities and ecological niches might not 
be represented in full. 
Fe(III)-reduction started before changes in the δ13C-values of CO2 became apparent in the laboratory experi-
ments. Iron cycling can be a cryptic process, which could be coupled to sulfur (re-)cycling, even in low sulfate 
environments 60. As there are indications for sulfate reduction at the field site (Tab. S1), such a cycle might be a 420 
possibility in parts of the subsurface.  
We have not observed methanogenesis during the first 79 days after injection in the field or in the laboratory 
experiments. Instead, about 65 μM formate was measured in both D04 and D06 and, with the exception of one 
replicate, all laboratory microcosms contained formate, which can be formed directly from CO2 and H2 by the 
formate dehydrogenase. It can be an indicator for syntrophy, as it is often transferred between microorganisms 425 
61,62. Formate is also an intermediate during chemolithotrophic growth, which can accumulate transiently during 
H2-oxdiation 63. 
In the field, homoacetogenesis was indicated with acetate production in D06 and D04 from days 21 on and in all 
active microcosms of the laboratory experiment (Tab. S2). High carbon isotope fractionation, as observed in the 
laboratory experiments (Δ13C ≥ +40 ‰), is associated with homoacetogenesis 64. During homoacetogenesis, ace-430 
tic acid is formed by reduction of two molecules of CO2 by four molecules of H2. The formed acetate can be used 
by other microorganisms, such as methanogens and sulfate reducers 64. Overall, the results suggest that homo-
acetogenesis is a dominant H2-oxidising process at this field site.  
CONCLUSION 
Our findings implicate that monitoring of H2 by CSIA can obtain information on both physical and biological pro-435 
cesses. We could observe initial physical isotope fractionation during gas migration, followed by an isotope ex-
change reaction of H2 with water catalyzed by the enzyme hydrogenases. The isotope fractionation associated 
with migration likely led to an isotopically heavier H2, which was used by microorganisms. The interaction of 
these processes resulted in a new isotope equilibrium, shifted by about Δ2H = 65 ‰. 
The microbial community at this field site is able to oxidize H2 by Fe(III) reduction, homoacetogenesis and poten-440 
tially sulfate reduction. Further studies and continued observation of long-term effects, such as changes in the 
microbial community, acidification or production of methane from acetate, are important to assess the impact 
of potential leakages of H2 from pipelines on the microbial community, the sediment and the water quality. 
Isotope analysis of microbial H2-consumption in the subsurface in situ is generally possible and the observed 
equilibrium isotope exchange of H2 with water can serve as proxy for biological activity and thus for consump-445 
tion in storage systems. Physical processes associated with gas migration, especially during injection, can camou-
flage the biological isotope exchange reaction with water and may lead to a new equilibrium. Hydrogen isotope 
analyses are generally well suited for monitoring of H2 in closed reservoirs or storage solutions, as they are not 
dependent on concentrations and can give rapid insights into biological activity. 
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