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ABSTRACT 

Hydrogen production in ultramafic, mafic and metamorphic rocks is limited by geochemical properties of rock and brine. These 

geochemical properties such as geochemical phases and molar compositions determine the maximum potential production of hydrogen 

from ultramafic rocks (resources). In this work, we use public geochemical data of ultramafic rocks from PetDB and in-house experiments 

(Ross et al., 2025) to evaluate variations in hydrogen resources at typical depths in the subsurface. We demonstrate a workflow for 

estimating hydrogen production from non-felsic igneous and metamorphic rocks that includes major oxide acquisition, mineral formula 

and endmember recalculation in MinplotX, and geochemical batch simulations of serpentinization across a range of hydrostatic pressures 

and geothermal temperatures. Our analysis indicates that the most optimal hydrogen production is at 10 km depth and forsterite 

composition below 0.9.  

1. INTRODUCTION  

The interaction between crustal fluids and iron-rich igneous and metamorphic basement rocks generates highly mobile hydrothermal fluids 

enriched with minerals and dissolved gases. For example, hydrogen, among other gases such as CO2, H2S, CH4, N2, Ar, and NH3 is 

commonly produced in the non-condensable gas effluent in geothermal wells (Buck, 2025) and vent sites along the mid-Atlantic ridge 

(Bazarkina et al., 2020; Alsinan et al., 2025). These gases are routinely measured during exploration and production phases of fumaroles 

and geothermal wells to evaluate reservoir equilibrium temperature and for tracer testing. Powell (2000) provides a review of common 

gas geothermometers. In such geological settings, hydrothermal fluids are primarily expelled through buoyancy-driven thermal 

convection. During migration, these fluids may undergo phase separation into vapor and liquid, allowing them to accumulate in subsurface 

traps as geological hydrogen or to remain dissolved within geothermal reservoirs.  

In this paper, we focus on hydrogen production from metamorphic and igneous source rocks, that exist naturally in the earth’s crust 

between 5 and 20 km. Hydrogen can be generated naturally or artificially (e.g. enhanced geothermal system) through hydrothermal 

alteration of these source rocks at temperatures between 200 and 350 °C. Our objective is to evaluate hydrogen production from these 

source rocks at in-situ conditions using published olivine major oxide chemical composition data. 

2. DATA ACQUISITION  

We downloaded major oxide compositional data from the PetDB Database (www.earthchem.org/petdb) on October 21st, 2025 using 

parameters: feature name = country (USA) and sample type = Metamorphic or Igneous (plutonic: mafic or ultramafic) or (volcanic: mafic 

or ultramafic) (Fig. 1). The database showed several co-existing mineral phases, such as olivine, clinopyroxene, orthopyroxene, feldspar, 

ilmenite, chromite, calcite, garnet, kaersutite, glass and spinel. The total number of samples was 1311 (Fig. 1). However, we filtered the 

data by mineral phase olivine because olivine usually has the highest concentration of ferrous iron. Also, we filtered data by the electron 

probe microanalysis (EPMA) method because it is the standard for quantitative analysis of major oxide compositions for mineral formula 

and end-members recalculations (Walters, 2022; Walters & Gies, 2025). Although Scanning Electron Microscopy / Energy-Dispersive 

X-ray Spectroscopy (SEM-EDS) and X-ray diffraction (XRD) were available for some samples, they were not included in our analysis to 

maintain same level of consistency for all measurements. After filtration, we discarded 1138 samples and ended up with 173 samples out 

of the original 1311 samples. Then we acquired mineral phase chemical composition through the EarthChem API 

(https://ecapi.earthchem.org) because bulk download mis-assigns chemical composition to mineral phases. In addition to PetDB, we used 

EPMA measurements that were conducted in Stanford SUETRI-A lab (Ross et al., 2025) on Twin Sisters olivine sand that was stimulated 

to produce hydrogen. In total, we had 174 data points (Fig.  2). 
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Figure 1: Map showing the bulk download data sample locations from PetDB filtered by country and sample type. 

 

Figure 2: Binary chart of data used in this study distributed according to forsterite (fo, Mg-rich olivine endmember) mole 

percentage. 

Open-source databases such as PetDB could have issues such as misassigning data during entry to the website (Ernst et al., 2025). To 

validate our data, we compared the minimum and maximum values of each rock type obtained during data acquisition (Table 2) against 

minimum and maximum values that we compiled from Deer et al. (1997) (Table 1). We highlighted out-of-range values in yellow (Table 

2).  Also, the correlations: NiO vs. fo (mol %) and NiO vs. Al2O3 vs. CaO in data acquisition (Fig.  3) matches charts in Deer et al. (1997) 

and Chaumba and Roden (2017), where NiO is positively correlated with forsterite content. 

Table 1: Minimum and maximum weight percentages of different major oxides in olivine used to benchmark values from PetDB. 

Values were estimated from Deer et al. (1997). 
 

SiO2    MgO   FeO     MnO     NiO     Al2O3   CaO     TiO2    Cr2O3   

Ultramafic Min 39 43 3.0 0.0 0.0 0.0 0.0 0.0 0.0 

Max 42 54 17 0.2 0.7 0.9 0.4 0.1 0.2 

Plutonic 

mafic 

Min 29 1.0 13 0.2 - 0.0 0.0 0.0 - 

Max 40 45 67 2.3 - 3.0 1.2 0.8 - 

Volcanic 

mafic 

Min 37 38 6.6 0.0 - - - - - 

Max 41 53 22 0.4 0.6 2.9 0.9 0.4 0.3 

Metamorphic Min 30 0.9 1.0 - - - - - - 

Max 42 58 69 0.7 0.5 2.2 2.0 0.5 0.1 
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Table 2: Minimum and Maximum major oxide data extracted from PetDB in data acquisition step 

  SiO2 MgO FeO MnO TiO2 Al2O3 CaO 

Ultramafic Min 37 30 7.2 0.1 0.0 0.0 0.0 

Max 41 51 33 10 0.1 0.1 0.3 

Plutonic mafic Min 36 32 31  -  -  - 0.1 

Max 36 32 31  -  -  - 0.1 

Volcanic mafic Min 37 33 11 0.1 0.0 0.0 0.2 

Max 41 48 25 0.7 0.1 0.1 0.3 

Metamorphic Min 38 35 22 0.3 0.0  - 0.1 

Max 39 40 27 0.3 0.1  - 0.3 

 

 

 

Figure 3: Correlations among different oxides to validate ranges. 

3. MINERAL FORMULA RECALCULATION 

We conducted mineral formula recalculation in order to convert the major oxide data obtained in data acquisition step into olivine 

endmember estimates that can be used in geochemical simulation (Discussed in Section 5). The elemental formula for olivine is M2TO4, 

where octahedral site substitution, M = Ca, Mg, Mn2+, Fe2+, Ni, Cr, Fe3+, Ti, and Al and tetrahedral site substitution, T = Fe3+, Al, and Si. 

The elemental formula was recalculated by assuming no Fe3+ because we did not have F2O3 measurements. Unlike pyroxene, Fe3+ 

substitution is very common in olivine. Also, normalization in elemental formula recalculation assumed 4 oxygen and 3 cations 
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Schumacher (1991). Four endmembers were calculated, which are Mg-rich forsterite (Xfo), Fe-rich fayalite (Xfa), Mn-rich tephroite (Xte), 

and calcium-rich calcio-olivine (XCa-ol). Formula recalculation and endmembers estimation was done in MinplotX (Walters & Gies, 

2025). 

Our analysis shows less than 0.1 concentration of tephroite and calcio-olivine in all of the olivine samples (ternary diagram in figure 3). 

Also, NiO (wt %) vs. forsterite (mol %) in figure 4 shows that our samples originated from magmas with different partitioning patterns 

as evidenced by Ni substitution.   

 

Figure 4: (left) Binary compositional plot showing correlation between NiO (wt %) and forsterite (mol %). (Right) Ternary 

compositional plot showing four endmembers of olivine. 

4. HYDROGEN PRODUCTION MECHANISM 

In addition to endmembers estimation in Section 3, a chemical reaction equation is required for geochemical modelling (Section 5). The 

main mechanism for hydrogen production from Fe- and Mg-rich olivine is through serpentinization (Eq. 1) (Neubeck et al., 2011; Klein 

and Garrido, 2011; Malvoisin et al., 2012; Grozeva et al., 2017; McCollom et al., 2020): 

(Fe, Mg)2𝑆𝑖𝑂4 + 𝑣 𝐻2𝑂 →  𝑤 (𝐹𝑒𝐼𝐼, 𝐹𝑒𝐼𝐼𝐼,Mg)3 (𝑆𝑖,  𝐹𝑒𝐼𝐼𝐼)2𝑂5(𝑂𝐻)4 + 𝑦 𝐹𝑒𝐼𝐼𝐹𝑒2
𝐼𝐼𝐼O4 + x (Mg, 𝐹𝑒𝐼𝐼  )(𝑂𝐻)2 + z H2                   (1) 

Olivine +𝑊𝑎𝑡𝑒𝑟 → 𝑆𝑒𝑟𝑝𝑒𝑛𝑡𝑖𝑛𝑒 +𝑀𝑎𝑔𝑛𝑒𝑡𝑖𝑡𝑒 + 𝐵𝑟𝑢𝑐𝑖𝑡𝑒 + 𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛  

In the limiting case where the fayalite endmember is negligible, the reaction results in olivine dissolution followed by hydration and 

serpentine formation, without any hydrogen.  

In the serpentinization reaction, hydrogen production is most optimal between 200 and 350 °C. At low temperatures (below 150 °C), 

Carlin et al. (2024) measured hydrogen production from ultramafic rocks through oxidation of ferroan brucite phase. Also, at high 

temperatures and pressures (500-20000 bars and 1000-1250 °C), Zelenski et al.’s (2022) experimental study showed metasomatism of 

olivine to produce hydrogen. These details along with hydrogen production from other iron-rich mineral phases, such as ferrous-rich 

pyroxenes and spinel could be added. Also, brine composition including dissolved gases (N2, CO2, SO2) and salinity would reduce the 

concentration of dissolved hydrogen. 

5. METHODOLOGY 

Our objective is to evaluate hydrogen production at different depths where ultramafic, mafic, and metamorphic rocks occur, as is typical 

in the middle of the earth’s crust. We estimated hydrostatic pressure and temperature at three different depths in the mid-crust (5, 10 and 

20 km) using density gradients between 100 to 300 bar/km and temperature gradients between 15 to 30 °C/ km. For 20 km estimates, we 

limited maximum pressure and temperature to 3000 bar and 400 °C, respectively, instead of 6000 bar and 600 °C to avoid the supercritical 

region as shown in Fig.  5.More rigorous pressure and temperature estimations will be implemented in the future, such as density from 

mud log and seismic (http://www.usarray.org/) and temperature gradients from the Stanford Thermal Earth Model (Aljubran & Horne, 

2024). To obtain hydrogen production in mol/kg of water, we generated 174 2D T-P maps through geochemical batch simulation using 

rock compositions generated in mineral formula recalculation in MinplotX and parameters in Table 3. Figure 5 shows a summary of our 

workflow.  

 

 

http://www.usarray.org/
https://link.springer.com/article/10.1186/s40517-024-00304-7#auth-Mohammad_J_-Aljubran-Aff1
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Table 3: Input parameters to Reaktoro geochemical batch simulation. 

Temperature (°C) [20, 400] 

Pressure (bar) [100, 3000] 

Water to Rock ratio 1 

Brine Composition 100% H2O 

Solid Composition forsterite and fayalite  

 

Figure 5: Workflow to obtain depth and hydrogen concentration correlation. 

 We used Reaktoro (version 2) that is an open-source computational framework (Leal, 2015) for geochemical modelling based on an 

initial comparison with USGS open source PHREEQC software (version 3). Figure 6 shows that PHREEQC predictions for Fo90 at 500 

bars slightly overestimate hydrogen production at temperatures below 200 °C. This could be related to different approaches of modelling 

the Fo90 olivine solid-solution phase. Specifically, olivine composition was allowed to change in Reaktoro whereas composition was held 

constant in PHREEQC to force convergence. This assumption is valid for an exchange reaction, which is the case for serpentinization. 

Also, we note that in both software, the products in Eq. 1 were modelled as binary solid solutions (Mg- and Fe-components) with variable 

composition as follows: serpentine is chrysotile and greenalite, brucite is brucite since SupcrtBL did not have iron hydroxide, magnetite 

is magnetite and hematite. Also, the drop-off at 350°C in PHREEQC could be related to differences in thermodynamic data and the water 

phase-behavior model. Specifically, the LLNL aqueous model and Thermoddem database in PHREEQC uses Helgeson (1969) data which 

are valid up to 350°C. In contrast, the SUPCRTBL database in Reaktoro is valid up to 1000°C, allowing the simulation to continue more 

realistically at higher temperatures.   

 

Figure 6: Comparison between batch simulations in Phreeqc (Thermoddem database) and Reaktoro (SupcrtBL database) at 500 

bar. 
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6. RESULTS 

Figure 7 (left) shows the sampled hydrogen solubility points at the three depths (5, 10 and 20 km) that were estimated using the workflow 

in Fig.  5. These points are colored by forsterite content where small forsterite content (light colors) results in greater hydrogen production. 

We replotted the data (Fig. 7, right) using a violin chart because it is better for interpreting data density when you have overlapping points 

as in our case. In the violin plot, a wider area corresponds to larger data density. At 5 km, median hydrogen production is around 300 

mmol/kg or 600 ppm. At 10 km and 20 km, the brine enters near critical conditions, where hydrogen production and solubility are optimal. 

As a result, the median jumps to 750 milli-molal (1500 ppm) and 850 milli-molal (1700 ppm). Also, at 20 km, because the sampling area 

overlaps with the upper limit of serpentinization reaction, where we have a shock. We note that optimal hydrogen production is around a 

depth of 10 km and forsterite concentration below 0.9. Similarly, optimal conditions for in-house lab data point are within a depth of 10 

km. Future work will include associated heat generated during the serpentinization reaction for electricity estimation.

 

Figure 7: Hydrogen production in mmol per kg water at 5, 10 and 20 km depth. Optimal production occurs at 10 km depth and 

for forsterite compositions less than 0.9. Right: scatter points. Left: violin chart. 

7. CONCLUSION  

We demonstrated a workflow for estimating hydrogen production potential from ultramafic, mafic and metamorphic rocks at depths 

corresponding to the mid-crust. The workflow consists of acquisition of major oxide data from PetDB and in-house experimental results 

followed by mineral formula and endmember recalculation in MinplotX. Finally, geochemical batch simulation of serpentinization 

reaction for all data at different ranges of earth hydrostatic pressure and geothermal temperature. Our analysis indicates that the most 

optimal hydrogen production is at 10 km depth where the temperature is 150-300 °C and forsterite composition below 0.9. Future work 

will include additional databases, more rigorous geochemical simulations, and estimation of hydrostatic pressure, temperature and depth 

correlation and heat generated during the serpentinization reaction for electricity estimation. 
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