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Evaluation of Hydrogen Storage in Sandstone Reservoirs using 1H 
Nuclear Magnetic Resonance Spectroscopy 

Son T. Danga†, Sidi Mamoudou a, Chandra S. Raia, and Tuan A. Hob†

Evaluation of hydrogen storage capacity of porous rocks is crucial 

for underground hydrogen storage. Using 1H Nuclear Magnetic 

Resonance (NMR) spectroscopy we successfully characterized the 

hydrogen responses and identified storage mechanisms in Berea 

sandstone under varying water saturation. The results indicate that 

the injected hydrogen behaves as a free gas phase and is capable of 

occupying the empty pore volume regardless of saturation state. 

No hysteresis was  observed during injection and production cycles.   

 Hydrogen geological storage (HGS) has the potential to play 

a crucial role in the future transition to a hydrogen-based 

economy and in meeting net-zero emissions targets. While HGS 

in salt caverns is proven technology, HGS in depleted oil/gas 

reservoirs and deep saline aquifers remains uncertain. 

Nonetheless, depleted oil/gas reservoirs and aquifers are 

particularly desirable because they offer geographic flexibility 

and existing infrastructure. To reduce the uncertainty of HGS in 

depleted oil/gas reservoirs and aquifers, recent research has 

focused on identifying potential alterations in reservoirs 

following H2 injection, such as changes in mineral wettability,1-3 

gas solubility,4 mineral dissolution,5, 6 fluid transport properties 

of surrounding rocks,7 redox reactions, e.g., reduction of Fe(III) 

in clays to Fe(II)8 and pyrite into pyrrhotite,9 abiotic geochemical 

reactions in sandstone reservoirs,10, 11 thermo-physical 

properties of hydrogen interactions with other gaseous 

species,12 and microbial activities.13-17  These alterations may 

impact the technical and economic feasibility of HGS. Our 

recent work has focused on using 1H NMR spectroscopy, 

adsorption experiments, and molecular simulations to 

investigate hydrogen loss mechanisms after injection into an 

underground reservoir. 18-20 

 Few studies have focused on understanding the hydrogen 

storage capacity as a function of water saturation in sandstone 

reservoirs, highlighting the need to develop reliable tools to 

evaluate both storage capacity and dynamic interactions among 

injected hydrogen, rock, and in-situ reservoir fluids. These tools 

must be thoroughly tested under laboratory conditions before 

being applied in field-scale characterization.  

 In the oil and gas industry, 1H  NMR spectroscopy, which 

responds to hydrogen protons in formation brine, 

hydrocarbons, and clay hydroxyl groups, has proven valuable 

for understanding porous media storage mechanisms, fluid 

identification, and rock-fluid interactions.21-24 This technology 

has been widely accepted and has evolved from laboratory 

studies to downhole measurements.25, 26 Previous work has 

demonstrated that low-field NMR can be used to determine 

free and adsorbed methane phases in coal27 and shales.22, 28, 29 

More recently, we utilized NMR to study H2 in shales and 

identified distinctive NMR relaxation signatures of H2 in porous 

materials. 18  The fact that 1H  NMR responds to hydrogen gas 

makes it one of the few powerful tools for understanding HGS 

at both laboratory and field scales. 

 In this study, we used 1H NMR spectroscopy to demonstrate 

the unique chemical response of hydrogen in Berea sandstone 

under varying water saturations. We present the 1H NMR 

responses of bulk hydrogen gas, and water and hydrogen in 

partially saturated Berea sandstone. This work highlights the 

potential of using 1H NMR spectroscopy for field-scale 

characterization of hydrogen storage in sandstone reservoirs. 

 In Fig. 1 we present the T2 relaxation distribution of bulk H2 

at 300 K as a function of gas pressure. The experimental 

apparatus and procedure are detailed in our previous work. 18 

Briefly, the NMR T2 relaxation distribution was acquired at the 

frequency of 2 MHz using an NMR spectrometer with the Carr -

Purcell-Meiboom-Gill (CPMG) sequence.30, 31 The magnet 

temperature was set at 300 K throughout the experiments. Both 

bulk H2 and sample injection tests were performed inside a 
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Daedalus® core holder made of NMR transparent ZrO2. The cell 

can be operated up to 10,000 psi internal pressure. During the 

NMR sequence, the released nuclear spin energy during the 

relaxation phase is captured, and the total signal is proportional 

to the molar density of hydrogen atoms within the investigated 

volume. Note that the result shown in Fig. 1 is the conversion of 

NMR signal of compressed hydrogen gas in machine units. The 

NMR T2 relaxation of bulk H2 with an empty ZrO2 cell, as the 

pressure varies up to 1500 psi, shows that bulk hydrogen relaxes 

within the range of 1-50 ms. An increase in amplitude with 

pressure and a shift in the mean T2 to higher relaxation times 

are observed. The same behavior has been reported for 

hydrocarbon gases such as methane;27, 32, 33 however at a longer 

T2 relaxation time (200-1000 ms). 

 To investigate the interactions between injected hydrogen 

and in situ fluids within storage reservoirs, we saturated Berea 

sandstone to achieve water saturations (Sw) of 30% and 80% 

[i.e., gas saturation (Sg) of 70% and 20%, respectively] before 

performing hydrogen injection tests with real time NMR 

monitoring. A Berea core plug approximately 2.5 inches long 

and 1 inch in diameter was used in this study. Before water 

saturation and NMR measurements, the specimen was cleaned 

by Soxhlet extraction with toluene-methanol (80:20) mixture 

for 3 weeks and then dried in an oven at 100 °C for one week. 

Gas-filled porosity of 21% was measured by Helium expansion. 

Mineralogy was determined with transmission Fourier–

transform infrared spectroscopy.34 The sample mainly contains 

quartz (86 w%), kaolinite clay (10 w%), and some other trace 

minerals. 

Figure 2. NMR T2 relaxation for the Berea sandstone at dried, and 

partially saturated conditions, and the illustration for water 

distributed within different pore sizes. 

Figure 1 NMR T2 relaxation distribution of bulk H2 at different 

pressures up to 1500 psi at 300 K. 
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Fig. 2 shows the NMR T2 distribution of water within Berea 

pore volume at different Sw. Note that the signal for the dry 

sample is negligible, indicating the insignificant contribution of 

clay protons (or hydroxyl groups). The NMR responses of water 

in Berea are different from the NMR T2 response of bulk water 

which is from 2000 to 3000 ms.  At a low Sw, water is capillary-

bound, resulting in short T2 values. As Sw increases, T2 

relaxation time shifts to longer values with higher amplitude. 

Therefore, the T2 relaxation time is positively correlated with 

the pore size, e.g., at a lower Sw, most of water occupies smaller 

pores. The raw decay signals of these distributions will serve as 

the baseline for further investigation of T2 distribution of H2 

injected into the rock sample at a specific Sw. 

 We then inject H2 into dry and partially saturated Berea 

sandstone and monitor the total NMR response as a function of 

gas pressure. In Fig. 3 we report the NMR T2 distribution of H2 

after subtracting the background signal, e.g., responses in Fig. 

2. The results indicate that, regardless of saturation conditions, 

the signal from H2 intake appears to be in a similar T2 relaxation 

time range as bulk H2 (Fig. 1), e.g., T2 distribution is between 1 

and 50 ms and longer T2 relaxation times at higher pressures. 

The total signal also increases because more gas molecules are 

trapped in the same remaining pore volumes. However, the 

influence of water saturation is inevitable.  At the same gas 

pressure, for example at 5000 psi, the peak of the T2 relaxation 

for H2 shifts to a shorter T2 value and the magnitude decreases 

when water saturation increases. At a higher Sw, most of the 

pore volume is occupied by water as the wetting phase, leaving 

less space for H2 storage, which is reflected in the T2 relaxation 

time. 

 We now calculate the pore volume occupied by injected H2 

using the results in Fig. 3 and hydrogen index for H2 gas at a 

specific pressure.  Fig. 4 shows the apparent pore volume 

occupied by injected H2 within rock matrix at dry and different 

Sw. The difference between total pore volume and H2-occupied 

closely matches the volume of water saturation, suggesting that 

H2 can easily flow through partially saturated rock and fill in 

empty pore space, regardless of Sw. In other words, hydrogen 

storage capacity is linearly proportional to the Sg. In general, at 

high Sw, water blockage at pore throats limits the gas (e.g., CO2, 

N2) intrusion into the pores leading to lower gas storage 

capacity, compared to available Sg. However, our results for 

Berea sandstone indicate that this is not the case for hydrogen.   

In Fig. 5 we report the NMR responses of hydrogen intake 

during injection (loading) and production (unloading) for both 

dry and Sw=80%. The results show insignificant hysteresis for 

both cases, indicating that hydrogen can be fully recovered after 

injection. This observation may be due to the uniformity of 

Berea’s pore size distribution and absence of the adsorption 

effects in nanopores. Note that hysteresis was observed for 

shale sample in our previous work.18   We expect that samples 

with smaller pores and higher heterogeneity in pore size 

distribution, compared to Berea sandstone, might exhibit 

hysteresis due to viscous fingering.  
All observations in this study can potentially be used to 

interpret hydrogen storage capacity and behavior within 

reservoir rocks using downhole NMR wireline measurements. 

The results also indicate a significant potential for storage in 

depleted gas reservoirs, where water saturation can be low. In 

such cases, storage capacity can be effectively calculated from 

Sw, and stored hydrogen can be efficiently recovered. 
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Figure 4. Apparent pore volume occupied by H2 calculated using 

hydrogen index and NMR data at different pressure. Dashed 

lines are the pore volume not occupied by water (i.e., Sg) at 

different Sw. The volume filled by H2 matches well with the 

volume not occupied by water. 

Figure 5. H2 intake between loading and unloading of H2 into dried 

(Sw=0) and partially saturated (Sw = 80%) Berea sandstone. 

Insignificant hysteresis is observed regardless of water saturation.  
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