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Abstract 12 

Reduced (H2- and CH4-rich) and hyperalkaline fluids are products of subsurface reactions 13 

accompanying serpentinization of ultramafic rocks. H2 and CH4 produced during 14 

serpentinization can fuel microorganisms and support habitable subsurface environments. CH4 15 

is also a potent greenhouse gas and can offset negative greenhouse emissions arising from 16 

active CO2 removal accompanying carbon mineralization in ultramafic rocks. However, the rate 17 

at which reduced volatiles are delivered to the surface and the rate of reactions that generate 18 

these volatiles at low-temperature conditions are poorly known. In this work, we measured H2 19 

and CH4 outgassing rates in several hyperalkaline spring sites in the Samail ophiolite, Oman. H2 20 

and CH4 outgassing in these sites are variable and range up to 70,000 and 7,000 moles yr-1, 21 

respectively. CH4 outgassing in spring sites are unlikely to offset negative carbon emissions 22 

estimated from active carbon mineralization reactions in the Samail ophiolite. However, diffused 23 



CH4 outgassing from peridotite outcrops remain unconstrained. Compositional and isotopic 24 

constraints show that volatiles are likely derived from active serpentinization, fluid inclusion 25 

decrepitation, or a combination of both. Calculated active serpentinization rates of up to 8x10-14 26 

sec-1 account for measured outgassing rates and these are consistent with slow rates expected 27 

at low temperatures. In calculations of serpentinization rates, this work uses reaction-path 28 

models to account incorporation of both ferrous and ferric iron in the resulting alteration 29 

assemblages, which yields ~0.3 moles H2 kg-1 of ultramafic rock altered, lower than simulations 30 

based on iron oxidation to magnetite only. Contribution from decrepitation of H2- and CH4-31 

bearing fluid inclusions is possible but would require much more mass of ultramafic rocks to 32 

account for observed outgassing. Further studies can help quantify extents of each source on 33 

active outgassing in Oman. Overall, this work shows that low-temperature serpentinization on 34 

geologically short timescales can account for observed flux of reduced volatiles in hyperalkaline 35 

environments. 36 
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1. Introduction 45 

Hyperalkaline (pH >11) and reduced (H2- and CH4-rich) fluids in uplifted orogenic and ophiolitic 46 

bodies are products of subsurface reactions accompanying the serpentinization of ultramafic 47 

rocks such as peridotites. In the process of serpentinization, the original minerals that comprise 48 

peridotites such as olivine and pyroxene are mostly replaced by hydrous serpentine minerals 49 

upon interaction with water. In turn, reacting fluids become highly reduced and alkaline. 50 

Reflecting these reducing conditions, peridotite-hosted, alkaline springs are often characterized 51 

by continuous bubbles composed of H2- and CH4-rich gas. At springs and in boreholes, the 52 

temperature of hyperalkaline fluids hosted in ultramafic bodies in continents rarely exceeds 50 53 

°C (Leong & Shock, 2020; Suda et al., 2014). These low-temperature, H2- and CH4-rich fluids 54 

fuel chemotrophic microbial communities and have profound implications for the habitability of 55 

Earth’s ultramafic aquifers (Schrenk et al., 2013; Templeton et al., 2021) as well as in ice-56 

covered ocean worlds in the outer Solar System where ultramafic minerals are believed to be 57 

present in contact with water (Glein and Zolotov, 2020).  58 

Subsurface carbon mineralization reactions, in particular formation of Mg-carbonate (e.g., 59 

magnesite and dolomite) veins, accompany subsurface serpentinization of Mg-rich ultramafic 60 

rocks (Mervine et al., 2014). Furthermore, Ca-rich and alkaline fluids that discharge back to the 61 

surface further react with atmospheric CO2 to form Ca-carbonates (e.g., calcite) (Mervine et al., 62 

2014; Falk et al., 2016). These systems could potentially be accelerated to curb increasing 63 

levels of atmospheric CO2 (Goff & Lackner, 1998; Kelemen et al., 2011, 2020; Kelemen & 64 

Matter, 2008; Matter & Kelemen, 2009; National Academies of Sciences, Engineering, and 65 

Medicine, 2019; Wilson et al., 2010). For example, the Samail ophiolite, which hosts the world’s 66 

largest subaerial exposure of ultramafic rocks, is estimated to sequester 10,000 to 100,000 67 

metric tons of CO2 annually through active carbon mineralization and serpentinization (Kelemen 68 

& Matter, 2008). However, water-rock interactions can also generate significant amounts of CH4, 69 



a potent greenhouse gas. Thus, quantifying the rates of outgassing of reduced volatiles in 70 

ophiolites can help inform consequences of future CO2 sequestration and storage strategies 71 

targeting ultramafic aquifers on Earth. 72 

Since the initial reports of Barnes et al. (1967), low-temperature serpentinization-generated 73 

fluids hosted in continents have been documented in more than 20 localities across the planet 74 

(see Etiope et al., 2017; Leong & Shock, 2020). While the compositions of these fluids are now 75 

well known, the rate at which hyperalkaline fluids and reduced volatiles are generated during 76 

low-temperature serpentinization is poorly known. Experiments reporting considerable H2 and/or 77 

CH4 production via low-temperature serpentinization (Neubeck et al., 2011, 2014; Mayhew et 78 

al., 2013; Okland et al., 2014) have been recently questioned (McCollom and Donaldson, 2016). 79 

McCollom & Donaldson (2016) showed that H2 production rates in experimental runs simulating 80 

low-temperature serpentinization are very slow and indistinguishable from blank experiments. 81 

Additional constraints on the rate of low-temperature serpentinization can be provided by natural 82 

observations. Recent 14C analysis of CH4 dissolved in water samples from hyperalkaline wells in 83 

the Samail ophiolite in Oman showed that their sources are young, suggesting active generation 84 

of reduced volatiles (Nothaft, 2020). Kelemen et al. (2021) found measurable 14C in 23 of 35 85 

samples of carbonate veins in serpentinized peridotite drill core from Oman, intergrown with, 86 

and cut by, serpentine veins, yielding an order of magnitude rate estimate of 1 vol% per 10,000 87 

years. Paukert Vankeuren et al. (2019) showed that hyperalkaline groundwater sampled from 88 

the Samail ophiolite could have been recharged during the last glacial age (~10,000 – 20,000 89 

years ago). These observations based on natural samples show that low-temperature 90 

serpentinization can actively yield hyperalkaline fluids and reduced volatiles on geologically 91 

short timescales. As often the case in metamorphic geology, field-based observations can 92 

supplement and provide further constraints on processes often requiring lengths of time not 93 

possible in a laboratory experiment.  94 



The rates at which reduced volatiles such as H2 and CH4 are outgassed in serpentinization-95 

generated alkaline springs can inform us on the rate of serpentinization reactions that generated 96 

these volatiles. H2 is generated via the oxidation of ferrous iron in reacting phases to ferric iron 97 

in secondary minerals, e.g., magnetite, coupled to the reduction of H2O to H2, as depicted by the 98 

simplified reaction, 99 

3Fe(II)O(Fe(II)-bearing minerals) + H2O ➔ Fe(II)Fe(III)2O4(magnetite) + H2. (Reaction 1) 100 

Reaction (1) shows that a mole of H2 is generated from the oxidation of two moles of Fe 101 

mobilized from primary minerals (e.g., Fe(II)-bearing olivine and pyroxene) or pre-existing Fe(II)-102 

bearing serpentine and brucite. Ferric iron in secondary phases is often attributed to magnetite 103 

but studies have shown that ferric iron can be also hosted in serpentine (Andreani et al., 2013; 104 

Ellison et al., 2021; Klein et al., 2009, 2014; Mayhew et al., 2018; Mayhew & Ellison, 2020; 105 

O’Hanley & Dyar, 1993, 1998; Streit et al., 2012), especially at low-temperature conditions 106 

(Klein et al., 2014). A kilogram of peridotite typically contains 100 grams of FeO (10 wt%) or 1.4 107 

moles FeO and thus, has the potential to generate 0.47 moles H2 if reaction (1) proceeds to 108 

completion. Serpentine minerals can host both ferrous and ferric iron with a Fe(III)/ΣFe ratio less 109 

than that of magnetite, i.e., 0.67 (Andreani et al., 2013; Mayhew et al., 2018; Mayhew & Ellison, 110 

2020). Thus, reaction (1) above represents an upper bound on the H2-generation potential of a 111 

given amount of peridotite. In ophiolitic serpentinites, the average Fe(III)/ΣFe ratio is 0.45 112 

(Mayhew and Ellison, 2020). Thus, serpentinization of a kg of peridotite is likely to generate less 113 

than 0.47 moles of H2.   114 

As fluids become more H2-rich, the reduction of oxic carbon species (e.g., CO2) to CH4 via 115 

CO2 + 4H2 ➔ CH4 + 2H2O (Reaction 2) 116 

becomes favorable. Reaction (2) can proceed abiotically (Berndt et al., 1996; Horita and Berndt, 117 

1999; McCollom and Seewald, 2003, 2007; Seewald et al., 2006; McCollom, 2016) or facilitated 118 



by microorganisms (i.e., methanogens, Schrenk et al., 2013). In reaction (2), formation of a 119 

mole of CH4 consumes four moles of H2 generated via rock alteration. Methane generation, 120 

either abiotic or microbial, may require less H2 if the reactant carbon species such as carbon 121 

monoxide, formate, and acetate (Kohl et al., 2016; Crespo-Medina et al., 2017) is less oxidized 122 

as CO2.  123 

Despite these complicating factors, in theory the rate of reduced gas (H2, CH4) formation can be 124 

related to the rate of rock alteration, i.e., serpentinization. In turn, at steady state, the observed 125 

rate of reduced gas outgassing is less than or equal to the rate at which it forms. Overall, 126 

quantifying the rate of H2 and CH4 outgassing can potentially constrain the rate to which 127 

reaction (1) proceeds. 128 

While alkaline continental seeps and submarine vents are evidence of active serpentinization, 129 

recent studies have argued that H2 and particularly CH4 outgassed from low-temperature 130 

serpentinizing environments do not result from ongoing alteration reactions in subsurface 131 

aquifers (McDermott et al., 2015; Wang et al., 2018). Instead, pre-existing H2 and CH4 are said 132 

to be liberated during ongoing low-temperature submarine hydrothermal circulation from ancient 133 

fluid inclusions that host gases formed when the system was hotter in the past (Klein et al., 134 

2019; Grozeva et al., 2020). Thus, observed H2 and CH4 outgassing rates may represent 135 

“decrepitation” rates instead of present-day serpentinization rates. In practice, it is likely that H2 136 

and CH4 outgassing in low-temperature serpentinizing environments results from a combination 137 

of active serpentinization and fluid inclusion decrepitation, with the proportions varying from 138 

place to place.  139 

In this work, we measured H2 and CH4 outgassing rates in several hyperalkaline spring sites in 140 

the Samail ophiolite. From field-determined outgassing rates, we constrained possible rates of 141 

active serpentinization and decrepitation, assuming outgassing is a result of either of the above 142 

processes. Additional input from fluid inclusion decrepitation would be warranted if calculated 143 



outgassing-derived rates exceed rates informed by temperature-rate fits derived from 144 

laboratory-based serpentinization experiments. In calculations of active alteration or 145 

serpentinization rates, this work uses reaction-path models to account for incorporation of both 146 

ferrous and ferric iron in the resulting alteration assemblages to better reflect constraints from 147 

analysis of ferrous-to-ferric iron ratios in serpentinization products. 148 

2. Methods 149 

2.1 Field and Laboratory Methods 150 

Outgassing rates and gas samples were taken from six hyperalkaline spring sites in the Samail 151 

ophiolite: Haylayn, Al Bana, Shumayt, Dima, Al Hilayw, and Misfah. Locations of these sites are 152 

shown in Figure 1. These sites host hyperalkaline seeps and pools (Figure 2a) that often co-153 

occur with gas bubbles (Figure 2b), except for Al Hilayw where bubbling was not observed. The 154 

majority of these sites have several bubbling point sources (>30). Springs in Dima are less 155 

active with only 3 to 5 identified bubbling point sources. The pH and temperature of 156 

hyperalkaline pools where bubbling was observed were measured using temperature sensors 157 

and pH electrodes (WTW™ SenTix™ 41 gel electrode) attached to a WTW™ 3300i meter. The 158 

electrodes were calibrated using 7.0, 10.01, and 12.46 pH buffers in the field. The locations, pH 159 

and temperature of hyperalkaline samples sites are documented in Table 1. 160 



 161 

Figure 1. Study sites investigated in this work overlain in a geological map of the Oman ophiolite 162 
modified from Nicolas et al. (2000). 163 

                  

      

      

      

            

                                  

                             

               

         

     

 

                 

     

      

      

       

       

         

    

      

       



 164 

Figure 2. (a) Hyperalkaline stream in Misfah, Oman. (b) Gas bubble seeping out into stream 165 
water in Shumayt. (c) Picarro gas detector (black bag) connected to a mobile flux system (steel 166 

bowl) over an alkaline seep at Haylayn. 167 

 168 

Outgassing rates for CH4 were determined using the Picarro GasScouterTM G4301 equipped 169 

with a GPS kit and mobile soil flux system (Figure 2c). This portable battery-powered analyzer 170 

can simultaneously measure temperature, pressure, and CH4, CO2, and H2O concentrations 171 

(i.e., humidity) using a cavity ring-down spectrometer. Typical precision and detection limits for 172 

CH4 are 3 (+0.1% of reading) and 0.9 ppb, respectively, over a measurement range of up to 800 173 

ppm. While CO2 is measured, we only report CH4 measurements in this work. Flux experiments 174 

were conducted using a dome-shaped mobile soil flux system (dome base area: 615 cm2, dome 175 



volume; volume: 9.3 L) above bubbling sources, non-bubbling hyperalkaline pools, surrounding 176 

circumneutral steams/pools, and nearby soils. For measurement above hyperalkaline springs 177 

and surrounding circumneutral streams, the mobile flux system was placed over bubble sources 178 

using a styrofoam flotation device for several minutes (1 to 5 min) or within seconds if the upper 179 

measuring range of 800 ppm is attained. Measurement interval is 3 seconds. Outgassing rates 180 

in nearby non-hyperalkaline streams as well as soils were also measured using the mobile soil 181 

flux system for durations ranging from 1 to 5 minutes. CH4 flux rates were determined 182 

immediately after the experiments using the Picarro Soil Flux Processor lite for a smart phone or 183 

tablet connected to the detector using a flux fitter model following Hutchinson & Mosier (1981), 184 

accounting for the temperature, pressure, and humidity measured simultaneously with the CH4 185 

concentration. 186 

Table 1. Temperature, pH, and locations of hyperalkaline spring sites in 
Oman studied by this work. 

Sites 
Location 

pH T (°C)** 
 

Lat Long  

Haylayn 23.6277 57.1152 10.79* 28.2  

Al Bana 23.2883 56.8978 11.17 37.4  

Shumayt 23.4056 56.8629 11.50 34.0  

Dima 22.9841 58.5946 11.21 33.0  

Misfah 23.0364 58.4931 11.14 36.7  

Al Hilayw 22.8145 57.8368 11.54 30.1  

*End-member pH was not determined as bubbling seeps are under the 
stream bed. Indicated pH is the maximum value recorded by the pH meter as 
close as to the seep source. 
**Sampling dates were from February 26, 2020 to March 06, 2020. Historical 
February - March average maximum temperatures from the Rustaq (near 
Haylayn), Ibri (near Al Bana and Shumayt), Nizwa (near Al Hilayw), and Ibra 
(near Misfah and Dima) weather stations are 27 – 32 °C, 28 – 32 °C, 30 – 32 
°C, 26 – 30 °C, respectively. Non-alkaline surface pools and streams, which 
has equilibrated with the atmosphere, at Shumayt and Misfah during day of 
sampling is 26.4 °C and 23 - 29.5 °C, respectively. 

 

 187 

Outgassing rates for H2 were measured using a Honeywell ToxiRae Pro gas detector for H2. 188 

The detector measures H2 via an electrochemical sensor over a range of 0 to 1000 ppm with a 189 



resolution of 10 ppm. The detector was calibrated prior to being brought in the field using an air 190 

blank and 1000 ppm H2 standard. As we were only able to do a two-point calibration, we had 191 

not determined the accuracy and precision of the H2 sensor. Previous works determined the 192 

accuracy of electrochemical H2 sensors to be around ~10% of reading (Zgonnik et al., 2019). 193 

The detector was placed inside a 50 L sealed chamber in which H2 outgassed from a bubbling 194 

source was collected using an inverted funnel, and allowed to accumulate over time. 195 

Experimental durations were up to 10 minutes, or less when the upper measuring range of 1000 196 

ppm was attained, signaled via an audible alarm. Measurement interval is either 5 or 10 197 

seconds. The H2 detector is not sensitive enough to detect changes in H2 concentration above 198 

non-bubbling pools and soils and thus, was only used on bubbling pools. Since temperature, 199 

pressure, and humidity were not simultaneously measured in the experiment, H2 flux rate was 200 

simply calculated from the difference in the starting and ending H2 concentrations in the 201 

accumulation chamber for the given experimental duration. 202 

Gas samples for major gas concentration and noble gas concentration and isotopes were 203 

collected using the inverse funnel method. A funnel connected to a copper tube via gas-204 

impermeable plastic tubing was filled with the spring water in bubbling sites. The copper tube 205 

was sealed using clamps after gas bubbles from the springs displaced the spring water in the 206 

tubes. 207 

Composition of major gases (H2, N2, O2, H2S, Ar, CH4, C2H6, C3H8, and C4H10) were measured 208 

at the Wheel Laboratory at Ohio State University using a combination of an SRS Residual Gas 209 

Analyzer 300 AMU Quadrupole Mass Spectrometer (MS) and a ThermoFisher Trace 1310 Gas 210 

Chromatograph (GC) equipped with a thermal conductivity detector (TCD) and flame ionization 211 

detector (FID). Samples stored in the copper tubes were liberated on a vacuum line and fed 212 

through multiple detectors in the gas chromatograph. More details on methods and analytical 213 

precision can be found in Darrah et al. (2015) and Moore et al. (2020). 214 



Analyses of noble gas concentrations and isotopes (He, Ne, Ar, Kr, Xe) were conducted at the 215 

Noble Gas Laboratory at the University of Oxford following methods detailed in Barry et al. 216 

(2016) and Byrne et al. (2018). In summary, gas stored in copper tubes was mobilized into a 217 

vacuum line connected to a series of purification and reactive gas removal chambers. A Hiden 218 

Analytical HAL-201 quadrupole mass spectrometer was used for preliminary noble gas 219 

quantitation and to ensure adequate purification. Helium (He) was first measured using the 220 

ThermoScientific Helix SFT multicollector mass spectrometer while the rest of the noble gases 221 

(Ne, Ar, Kr, Xe) were measured using the ThermoScientific Argus VI multicollector mass 222 

spectrometer. All 23 stable noble gas isotopes were measured during the total run. 223 

2.2 Thermodynamic Simulations 224 

The amount of H2 that can be potentially generated via the serpentinization or alteration of a 225 

given mass or volume of peridotite was estimated using mass-transfer calculations. These 226 

calculations were conducted using the speciation and reaction-path code, EQ36 (Wolery and 227 

Jarek, 2003). Model setup is similar to that of Leong & Shock (2020). Reactants were global 228 

average rainwater (Berner and Berner, 2012) and Samail ophiolite harzburgite with an average 229 

composition taken from Hanghøj et al. (2010). Calculations were conducted under ambient 230 

conditions (25 °C, 1 bar) to simulate near surface reactions and an open-system flowthrough 231 

pathway which tracks the compositions of coexisting solids and fluids as the rock alteration 232 

process proceeds. The progress of rock alteration reactions simulates subsurface flow where 233 

fluids encounter and react with more and more rock. The amount of H2 generated, per amount 234 

of rock that was altered, was tracked in terms of moles H2 and CH4 generated per m3 rock. The 235 

rate to which rocks are actively altered (m3 rock per year) is then estimated by relating these 236 

values with measured volatile outgassing rates from field experiments (mole H2 or CH4 237 

outgassed per year), assuming all volatiles generated during alteration are outgassed into the 238 

surface at steady state. 239 



3. Results 240 

3.1 Gas compositions of Oman hyperalkaline seeps 241 

Compositions of gases sampled from the study sites are presented in Table 2 and illustrated in 242 

Figure 3a. Gases sampled from Haylayn and Shumayt are predominantly composed of H2. 243 

Unfortunately, gas sampled from Al Bana was contaminated by ambient air during sampling or 244 

had leaked during storage. However, prior work has shown that gas from this site is also mostly 245 

H2 (Canovas et al., 2017; Howells et al., 2022). Outgassing in Misfah is mostly composed of H2 246 

with some N2. Overall, as shown in Figure 2a, compositions of gases sampled from the above 247 

spring sites are consistent with findings from prior work conducted in Oman where most of 248 

gases are predominantly composed of H2 and with a minor to significant N2 component (Boulart 249 

et al., 2013; Canovas et al., 2017; Howells et al., 2022; Neal & Stanger, 1983; Sano et al., 1993; 250 

Vacquand et al., 2018; Zgonnik et al., 2019). 251 

Table 2. Composition of major gas collected from each sample sites. 

Sites 

H2 CH4 N2 O2 CO2 Ar H2S C2H6 C3H8 
i-

C4H10 
n-

C4H10 
H2/C
H4 

  

CH4/C

2 + C3 vol 
% 

vol 
% 

vol 
% 

vol 
% 

vol 
% 

vol 
% 

vol 
% 

ppm ppm ppm ppm 

Haylayn 
86.4 6.7 6.8 bdl 0.1 0.0 bdl 29.1 10.3 bdl bdl 12.9 1702 

87.1 6.9 5.9 bdl 0.1 0.0 bdl 32.3 14.0 bdl bdl 12.6 1488 

Al Bana bdl 0.01 78.5 21.4 0.1 0.9 bdl bdl bdl bdl bdl n/a n/a 

Shumayt 93.8 2.2 4.0 bdl 0.1 0.1 bdl 6.9 1.7 bdl bdl 42.7 2568 

Dima 7.8 50.5 41.4 bdl 0.2 0.4 bdl 243.0 123.7 88.8 51.9 0.2 1377 

Misfah 66.9 7.2 25.7 bdl 0.2 0.1 bdl 85.2 12.6 10.2 5.0 9.3 736 

Notes: Two gas samples were collected at Haylayn. The Al Bana sample was contaminated by ambient 
air and hence is italicized. “bdl” means below detection limit. 

 252 

In contrast, gas from Dima is composed mostly of CH4 and N2, which has not been previously 253 

observed in Oman. The closest analogues for these CH4- and N2-rich samples are those 254 

sampled from hyperalkaline seeps in the Voltri massif in Italy (Boulart et al., 2013) and Kizildag 255 

in Turkey (D’Alessandro et al., 2018). So far, no CH4-dominated gas such as is found in 256 

Chimaera (Turkey, Etiope et al., 2011) and Elba (Italy, Sciarra et al., 2019) has been sampled in 257 



Oman. No gas bubbles were observed at pools in Al Hilayw, and thus no gas was sampled 258 

there. 259 

 260 

Figure 3. (a) Major gas composition of study samples as well as previous samples taken from 261 
Oman and other hyperalkaline sites. (b) Noble gas isotopic trends (R/Ra vs 20Ne/4He) of study 262 
samples relative to existing samples from previous works (Abrajano et al., 1988; Boulart et al., 263 
2013; Etiope et al., 2011; Monnin et al., 2021; Sano et al., 1993; Vacquand et al., 2018) in Italy 264 

(It), Turkey (Tu), New Caledonia (Nc), Philippines (Ph), and Oman (Om). 265 

 266 

Noble gas isotopic compositions are presented in Table 3 and illustrated in Figure 3b. Full data 267 

can be found in Table S1. While all samples plot close that of an air end-member, samples from 268 

Haylayn, Al Bana, and Misfah are distinctly different from air at >5σ. The samples from Misfah 269 

and Al Bana have the highest (1.11) and lowest (0.75) He isotope ratios, respectively, 270 

     

    

   

 

  

          

 
  
 
  
 
 

    

             

   

  

     

         
      

               

         

                     

                    

                  

    

                     

  

                    

  

                  

  

 

 

      



expressed as observed 3He/4He divided by the 3He/4He ratio in air, R/Ra. Contribution from 3H 271 

(tritium) on a slightly higher 3He/4He for the Misfah sample is unlikely as deeply-sourced 272 

hyperalkaline fluids in Oman are depleted in this isotope (Paukert Vankeuren et al., 2019).  273 

Overall, contributions from mantle and radiogenic sources are minor, with R/Ra values very 274 

close to 1 and 20Ne/4He ratios ranging from 2 to 7 (Figure 3b). The 40Ar/36Ar ratios of study 275 

samples (~300, Table 3) also indicate strong atmospheric signatures. These data indicate that 276 

outgassing in hyperalkaline seeps in Oman mostly contains noble gases derived from ambient 277 

air, consistent with the idea that most of the outgassing H2 and CH4 is formed via reaction of 278 

ambient groundwater with peridotite. 279 

Table 3. Noble gas compositions (ppmv) and isotope ratios. R/Ra is the helium isotopic ratio 
normalized to modern air (Ra = 3He/4He = 1.4x10-6) 

Site 4He 20Ne 40Ar 84Kr 132Xe 

Haylayn 0.56 0.006 1.35 0.009 1055 11 0.09 0.001 0 3.E-05 

Al Bana 0.7 0.007 1.85 0.012 1616 16 0.14 0.001 0.01 5.E-05 

Shumayt 0.39 0.004 1.5 0.010 2857 29 0.3 0.002 0.01 1.E-04 

Dima 1.75 0.018 5.59 0.036 4137 41 0.3 0.002 0.01 9.E-05 

Misfah 1.62 0.016 5.38 0.035 5485 55 0.46 0.003 0.02 2.E-04 

Air* 5.24  16.45  9303  1.14  0.09  

Note: Full data can be found in Table S1. Values in italics are absolute errors. 

*All air noble gas data are from Ojima & Podosek (2002), except for those for Ar which are 
from Lee et al. (2006). 

 280 

Table 3. (cont’d) 

Site R/Ra 20Ne/4He 20Ne/36Ar 40Ar/36Ar 84Kr/36Ar 

Haylayn 0.8 0.015 2.4 0.040 0.38 0.008 298 1.2 0.03 0.001 

Al Bana 0.75 0.014 2.65 0.044 0.34 0.007 296 1.2 0.03 0.001 

Shumayt 1 0.019 3.89 0.064 0.16 0.003 299 1.2 0.03 0.001 

Dima 1 0.019 3.19 0.053 0.4 0.008 299 1.2 0.02 0.000 

Misfah 1.11 0.021 3.32 0.055 0.29 0.006 299 1.2 0.03 0.001 

Air* 1   3.14   0.528   298.6   0.037   

 281 



The data also indicate that our gas samples were not significantly contaminated by surrounding 282 

air during sampling, as noble gas, N2 and O2 concentrations are much lower in sampled gas 283 

relative to air (see Tables 2 and 3), except for the contaminated sample from Al Bana for major 284 

gas analysis that contains atmospheric gas concentrations. The noble gas compositions in our 285 

samples are consistent with most of Oman gas samples previously studied by Vacquand et al. 286 

(2018) and Sano et al. (1993). Sites characterized by lower R/Ra and 20Ne/4He values, trending 287 

towards crustal noble gas components were found in previous studies (Sano et al., 1993; 288 

Vacquand et al., 2018), especially at springs in and near outcrops of sedimentary rocks. These 289 

sites were not sampled in this work. 290 

3.2 Outgassing rates from bubbling sites 291 

Outgassing rates measured from various field flux experiments are summarized in Table 4 and 292 

illustrated in Figure 4. Values shown in Table 4 depict upper bounds on outgassing rates, 293 

derived from the maximum measured outgassing rate from individual bubble sources and the 294 

maximum estimated number of bubble source for each site, as shown in Supplementary Table 295 

S2. Only outgassing rates from bubbling sources were measured using the H2 detector. Both 296 

bubbling and diffuse outgassing were measured using the CH4 analyzer (see below). 297 

Outgassing rates are calculated from measured changes in the concentration of H2 and CH4 298 

that accumulated in a flux chamber of a known volume within a given experimental duration. H2 299 

values were only reported for bubbling springs and thus all diffuse H2 values reported in Table 4 300 

were derived from the diffuse CH4 values and measured H2/CH4 ratios shown in Table 2. As 301 

shown in Tables 2 and S2, the H2/CH4 ratio measured from gas samples taken in Haylayn and 302 

Misfah (Table 2) are within range of those measured from the field (Table S2). The gas sample 303 

from Dima has a H2/CH4 ratio that is slightly lower than those measured via flux experiments in 304 

the field, but measurements consistently show that outgassing in Dima has the lowest H2/CH4 305 

values amongst all study sites. 306 



Outgassing rates estimated from measured fluxes at bubbling sites in the five study areas are 307 

variable. The highest H2 and CH4 rates from bubbling sources were measured at Haylayn (up to 308 

71,000 moles H2 yr-1, 6,700 moles CH4 yr-1) followed by Al Bana (up to 21,000 moles H2 yr-1, 309 

1,100 moles CH4 yr-1), and Misfah (up to 3,600 moles H2 yr-1, 410 moles CH4 yr-1). Outgassing 310 

from bubbling seeps in Shumayt and Dima was relatively slow (at most 1,000 moles H2 yr-1, 25 311 

moles CH4 yr-1). Fluids at Al Bana and Misfah were warmer (37 and 36 °C, respectively, see 312 

Table 1) than those at Shumayt and Dima and most other peridotite-hosted alkaline springs in 313 

Oman where temperature is typically around 30 °C or less depending on the time of the day it 314 

was sampled (Chavagnac et al., 2013; Leong et al., 2021; Paukert et al., 2012). While bubbling 315 

in all other sites occurs in predominantly end-member hyperalkaline pools or seeps, gas 316 

seepage in Haylayn occurs in a streambed of a circumneutral flowing river. Hence, the pH and 317 

temperature for Haylayn in Table 1 pertains to values obtained closest to the bubbling source. 318 

End-member fluids there could have higher pH and temperature. 319 

Overall, the highest outgassing rates were measured in the warmer springs, suggesting 320 

derivation of more gas from deeper sources. Historical average maximum temperature 321 

(February – March) recorded by the Oman Directorate General of Meteorology from weather 322 

stations near study sites ranges from 26 to 32 °C (see Table 1 notes). This is consistent with 323 

temperatures measured by this work in nearby surficial, non-alkaline pools and streams, which 324 

ranges from 23 – 30 °C in Misfah and 26.4 °C in Shumayt.  Assuming temperature differences 325 

between deep-seated alkaline seeps and the surface of ~6 – 10 °C (36 °C minus 30 or 26 °C) 326 

and a typical continental geothermal gradient of ~20 °C per km (Blackwell, 1971), it is likely that 327 

a source depth greater than 300 m feeds the alkaline springs.  328 

 329 

 330 



Table 4. Maximum total outgassing of CH4 and H2 (mole yr-1) from bubbling and diffuse sources 
per site. 

Sites 
CH4 

  
H2 

  

bubble diffuse total   bubble diffuse total 

Haylayn 6,700 640 7,300   71,000 8,200 79,000 

Al Bana 1,200 820 2,000   21,000 8,200 29,000 

Shumayt 24 n.m. >24   1,000 n.m. >1,000 

Dima 140 4,300 4,500   22 670 690 

Misfah 400 2,600 3,100   3,600 25,000 28,000 

Al Hilayw n.o. 120 120   n.o. 1,200 1,200 

Note 1: Values are derived by multiplying maximum flux rate in each study site with the 
maximum estimated number of point source (see Table S2) and area (see Table S3) for 
bubbling and diffuse sites, respectively, as shown in Table S2. Values are rounded to two 
significant figures. Estimated uncertainty is at least 10% and 0.1% for H2 and CH4 
measurements, respectively, based on the instrumental uncertainties mentioned in the methods 
section. 
Note 2: Unitalicized values are from field measurements. Values in italics are estimated from 
measured H2/CH4 shown in Table 2. For Al Bana, we used a ratio of 10 from Canovas et al. 
(2017). No gas has been sampled in Al Hilayw so we used a H2/CH4 ratio (~10) of samples 
measured by Canovas et al. (2017) in a nearby site (Falaij). Values in bold are sum of bubbling 
and diffuse values. All values are rounded to at most two significant figures following field flux 
data (see Table S2). 
Note 3: Bubbling was not observed (n.o.) in Al Hilayw. We had not measured (n.m.) diffused flux 
in Shumayt and reported total outgassing can be considered as a minimum value.  

 331 

Previous outgassing estimates by Zgonnik et al. (2019) for bubbling sites in Haylayn (1.1 L H2 332 

hr-1 for each of ~20 bubbling source, or ~7,900 moles H2 yr-1) are within the range of our 333 

measured values (2,200 to 71,000 moles H2 yr-1). Low outgassing rates measured in Shumayt 334 

and Dima are consistent with analogous bubbling spring sites in Greece (up to 90 moles CH4 yr-335 

1 in one site, Etiope et al., 2013). However, all sites have outgassing rates that are much lower 336 

than that measured in the Chimaera seep in Turkey (190 metric tons or ~12 million moles CH4 337 

yr-1, Etiope et al., 2011). 338 



 339 

Figure 4. Maximum total CH4 (a) and H2 (b) outgassing rates (mole yr-1) measured from each 340 
study site. Total outgassing is composed of bubbling (blue) and diffuse (grey) sources as 341 

indicated by the bottom charts. Diffuse outgassing was not measured in Shumayt. Hence, the 342 
black bar for Shumayt only represents bubbling sources, and total outgassing is unknown, as 343 

represented by the arrow and question marks. Outgassing in Haylayn and Al Bana is 344 
predominantly from bubbling sources. In contrast, outgassing in Misfah and Al Hilayw is 345 

predominantly from diffuse sources. 346 

 347 

3.3. Diffuse outgassing rates in hyperalkaline pools 348 

Diffuse CH4 flux from non-bubbling hyperalkaline pools measured using the Picarro CH4 349 

analyzer are mostly positive (i.e., outgassing instead of ingassing) as shown in Supplementary 350 

Table S3. The standard deviation of field observations is mostly within 10% of flux values. 351 

Values reported for diffuse sources in Table 4 were calculated using flux values and the 352 

maximum area extent of hyperalkaline pools shown in Supplementary Table S3. No bubbling 353 

was observed in Al Hilayw but diffuse CH4 outgassing was measured, which ranges from 0.1 to 354 

1.2 mole CH4 m-2 yr-1. Assuming hyperalkaline pools in Al Hilayw encompass at most 100 m2, a 355 

total annual outgassing less than or equal to 120 mole CH4 is derived. In contrast, in some sites 356 



such as Dima and Al Bana, diffuse CH4 outgassing is much higher (e.g., up to 86 mole CH4 m-2 357 

yr-1 in Dima). In Dima, hyperalkaline pools comprise at most 50 m2 in area. Hence, total diffuse 358 

outgassing in this site alone (up to 4,300 mole CH4 yr-1) is comparable to that estimated from 359 

outgassing from sites with vigorous bubbling such as Haylayn. Estimates of total outgassing, 360 

from both bubbling and diffuse sources, are presented in Table 4 and illustrated in Figure 4. 361 

Outgassing in Haylayn and Al Bana is dominated by bubbling points. In contrast, at sites such 362 

as Dima and Al Hilayw where bubbling is rare or absent, outgassing is dominated by diffuse 363 

sources. We have not measured diffuse outgassing in Shumayt. Hence, total outgassing, and 364 

the contribution from diffuse sources, at Shumayt are unknown. 365 

3.4 Outgassing rates from other sources 366 

In addition to bubbling and diffuse outgassing in hyperalkaline pools, we measured flux rates of 367 

CH4 on soils surrounding the bubbling springs and nearby non-alkaline streams. Results of field 368 

surveys are summarized in Supplementary Table S3. 369 

CH4 fluxes on soils surrounding hyperalkaline springs are almost too low to measure, with most 370 

values close to zero (see Supplemental Table 2). One case where we recorded significant CH4 371 

outgassing (53.5 mole CH4 m-2 yr-1) was in the partially submerged stream bank close to 372 

bubbling sources in Haylayn. We observed some bubbling beneath the sandy material along the 373 

stream bank. Thus, the high outgassing rates might be associated with a bubbling source. CH4 374 

outgassing in non-alkaline bodies of water (i.e., streams) close to hyperalkaline fluids is also 375 

small and hard to measure (at most 0.3 mole CH4 m-2 yr-1). Otherwise, results of all other 376 

observations in soils yield low values ranging -0.4 to 0.4 moles CH4 m-2 yr-1. Moreover, field 377 

observations yield high standard deviations that often exceed the flux values (see Supplemental 378 

Table 2). Taking this into account, it is difficult to measure outgassing (or ingassing) of CH4 in 379 

soils surrounding hyperalkaline spring sites. In contrast, CH4 flux in non-hyperalkaline streams 380 

and pools (pH < 9) proximate to hyperalkaline springs is mostly positive (i.e., outgassing) but 381 



low (0.01 to 0.3 moles CH4 m-2 yr-1). Standard deviation of field experiments on non-alkaline 382 

fluids ranges from 7 to 50% of flux values.  383 

With all this said, we caution that very small fluxes, approaching the detection limits of our 384 

measurement methods, could comprise a significant fraction of net outgassing if they occur over 385 

relatively large areas. Also, microbial consumption of H2 and CH4 and abiotic, near surface 386 

oxidation reactions could reduce surface fluxes relative to deeper production rates. It is evident 387 

that subsurface coalescence directs some fraction of diffusely produced gases to sites of 388 

focused outgassing, where microbial consumption and near-surface oxidation cannot keep pace 389 

with the flux of reduced gas. However, in areas where focusing mechanisms are weak or 390 

absent, a significant proportion of produced gas may be consumed before reaching the surface. 391 

For these reasons, in what follows, net fluxes estimated from our measurements should be 392 

viewed as minimum estimates of the rate of subsurface H2 and CH4 production.  393 

4. Discussions 394 

4.1 Ophiolites: Sink or source of greenhouse gas? 395 

Carbon mineralization accompanying the serpentinization of ultramafic rocks like peridotites is 396 

considered an attractive setting for CO2 sequestration strategies. Peridotites are enriched in 397 

divalent cations such as Mg+2 that favor formation of magnesium carbonates (e.g., magnesite) 398 

during reaction with CO2-bearing fluids (Kelemen et al., 2011; Kelemen & Matter, 2008; National 399 

Academies of Sciences, Engineering, and Medicine, 2019). The accumulation of Ca+2 into 400 

increasingly alkaline fluids, from the dissolution of Ca-bearing pyroxenes (i.e., clinopyroxene) 401 

during serpentinization, create the potential for further removal of atmospheric CO2 when highly 402 

alkaline fluids seep back to the surface and react with the atmosphere to form calcium 403 

carbonates (e.g., calcite). Overall, Kelemen & Matter (2008) estimated 10,000 – 100,000 metric 404 

tons CO2 per year are sequestered via peridotite alteration in the Oman ophiolite. 405 



CH4, which is a greenhouse gas that has a 100-year global warming potential ~30 times more 406 

potent than CO2 (IPCC, 2013), is actively outgassed in ophiolite settings. Outgassing of more 407 

than 300 – 3,000 metric tons of CH4 per year could offset estimated CO2 sequestration rates. If 408 

so, natural peridotite alteration in ophiolites could be a positive source of greenhouse warming 409 

potential. As shown in Table 4, focused and diffuse outgassing of CH4 in bubbling and non-410 

bubbling hyperalkaline pools in Haylayn can be up to 7,300 moles yr-1 which corresponds to 411 

0.12 metric tons yr-1. Other sites yield less outgassing of CH4. There are more than a dozen 412 

sites that have been documented to host hyperalkaline springs (Chavagnac et al., 2013; Leong 413 

et al., 2021; Neal & Stanger, 1985; Paukert et al., 2012), and many more could remain 414 

undiscovered. However, even if there were ~ 100 hyperalkaline sites in the Oman ophiolite, with 415 

each outgassing methane at the same scale as Haylayn, the overall outgassing of 10 – 20 416 

metric tons CH4 yr-1 would be very low relative to the scale of CO2 sequestration into solid 417 

minerals estimated by Kelemen & Matter (2008) in Oman.  418 

Our field observations targeting outgassing in soils and non-alkaline water reveals little or no 419 

outgassing of CH4 and hence are not likely to contribute to natural greenhouse emissions in the 420 

Oman ophiolite. Fractured peridotite outcrops, which were not explored in this work, are another 421 

potential source for CH4 and H2 outgassing in ophiolites. The recent work of Zgonnik et al. 422 

(2019) reported considerable diffuse outgassing of H2 from altered and fractured serpentinized 423 

peridotites. The above work estimated H2 outgassing from peridotite outcrops in the Oman 424 

ophiolite to range up to 2.2x106 moles km-2 yr-1 (or 150 m3 day-1). The H2/CH4 of gases sampled 425 

by Zgonnik et al. (2019) from outcrops ranges from 0.3 to 2 (~ 1). Therefore, CH4 outgassing 426 

from outcrops in Oman can range up to 35 metric tons km-2 yr-1. Given the outcrop area in 427 

Zgonnik et al.’s study area (~185 km2) yields annual outgassing of hundreds of metric tons CH4. 428 

If so, ongoing alteration of the Samail ophiolite may be greenhouse gas neutral. Extending the 429 

CH4 flux reported by Zgonnik et al. to the total peridotite area of the Oman ophiolite (~5,500 430 



km2, 55% of the total ophiolite area of ~10,000 km2, Nicolas et al., 2000) yields a CH4 flux 431 

greater than 5,000 metric tons per year. If this is the case, the Oman ophiolite is an overall 432 

source for greenhouse gas.  433 

However, Zgonnik et al. (2019) did not measure significant outgassing in relatively fresh 434 

outcrops and only recorded H2 outgassing in more altered lithologies. Furthermore, Zgonnik et 435 

al. (2019) performed their flux experiments in shallow holes drilled into peridotite that may have 436 

tapped reduced gas that accumulates in fracture networks that is sourced over a much larger 437 

area. This is akin to hyperalkaline spring sites, where deep-seated fractures (probably faults and 438 

lithological boundaries) serve as conduits for coalescing discharge of deep-seated hyperalkaline 439 

fluids and reduced gases produced by diffuse alteration of a much larger rock volume. Thus, the 440 

maximum outgassing rates from Zgonnik et al. (2019) probably represent an upper bound on 441 

diffuse outgassing of CH4.  442 

In summary, it is not clear whether ongoing alteration of peridotite in the Samail ophiolite yields 443 

a net increase or a net reduction in greenhouse warming potential. However, proposed 444 

engineered methods to accelerate carbon mineralization in peridotite involve circulation of 445 

oxidized fluids (CO2-rich water, “supercritical” CO2), increasing fluid/rock ratios and subsurface 446 

oxygen fugacity (fO2), and reducing the proportion of reduced gas production. Methane 447 

production in such settings is unlikely to significantly offset the effect of carbon mineralization in 448 

reducing greenhouse warming potential.  449 

4.2 Isotopic constraints on sources of outgassed H2 and CH4 450 

Results of noble gas isotopic analyses are summarized in Table 3 and shown in Figure 3b. 451 

Noble gas ratios (20Ne/4He and R/Ra) of all gases sampled in this work plot close to that of an air 452 

end-member, as do a majority of previously analyzed samples from peridotite-hosted sources in 453 

Oman (Sano et al., 1993; Vacquand et al., 2018). Note that while the ratios indicate air-like 454 



signatures, the concentrations of atmospheric noble gases (20Ne, 36Ar, 84Kr, 130Xe) in study 455 

samples are significantly lower than air. This shows that the air-like signatures are not due air 456 

contamination, but rather an indicator of degassed air-saturated groundwater (i.e., dissolved gas 457 

stripped into bubbles when they formed), as illustrated in Supplementary Figure S1. 458 

Because the highest accumulated H2 concentrations in their experiments were observed in 459 

sedimentary rock units, rather than in the ophiolite, Zgonnik et al. (2019) proposed that H2 in 460 

hyperalkaline springs in the Samail ophiolite could originate in the Pre-Cambrian to Paleozoic 461 

basement rocks and the Hawasina Formation underlying the ophiolite. Bubbling fluids seeping 462 

from these sedimentary sequences were previously sampled by Sano et al. (1993) and 463 

Vacquand et al. (2018). These fluids are less alkaline with pH < 11, N2-dominated, and poor in 464 

H2 and CH4 (Figure 3a). They also contain a large component of crustal noble gases (Figure 465 

3b). In contrast, most gas samples from ophiolite-hosted springs have noble gas signatures 466 

close to ambient air (this work, Sano et al., 1993; Vacquand et al., 2018) consistent with 467 

derivation via reaction of surface water with peridotite, and inconsistent with the hypothesis of 468 

Zgonnik et al. (2019).  469 

Overall, H2 and CH4 seepage in hyperalkaline springs in ophiolites can originate from (1) abiotic 470 

or microbial reactions accompanying ongoing serpentinization, (2) decrepitation of ancient fluid 471 

inclusions that trapped previously formed high-temperature abiotic volatiles, and (3) 472 

sedimentary sequences beneath the ophiolite. Compositional and noble gas isotopic trends can 473 

help distinguish these sources. The CH4/He and R/Ra trends of resulting mixtures of these three 474 

sources are plotted in Figure 5, together with the compositions of gases sampled in this work 475 

and Vacquand et al. (2018). The yellow diamond in Figure 5 depicts air-saturated water (ASW), 476 

characterized by low CH4/He and R/Ra equal to one. Mixing of ASW with volatiles evolved 477 

during each of the above three processes are modeled and discussed next.  478 



Input of H2 and CH4 generated during ongoing serpentinization into ASW yields the trend 479 

depicted by the black arrow in Figure 5, characterized by increasing CH4/He ratios. CH4 and H2 480 

are actively generated during water-rock reactions while He concentration is unchanged. Most 481 

of the gases sampled in this work plot along this trend. 482 

Decrepitation of pre-existing and ancient fluid inclusions and liberation of CH4 and H2 hosted in 483 

these inclusions (Etiope et al., 2018; Grozeva et al., 2020; Klein et al., 2019; Luhmann et al., 484 

2017; Miura et al., 2011) can add CH4 and H2 into modern groundwater. The composition and 485 

noble isotopic signatures of fluid inclusions hosted in Oman peridotites are unknown, but data 486 

exist for other sites. The CH4 and noble gas composition (He, R/Ra) of fluid inclusions hosted in 487 

partially serpentinized peridotites from the Mid-Cayman Rise and Zambales ophiolite (Grozeva 488 

et al., 2020) are plotted as green squares in Figures 5a and 5b. Titration of gases mobilized 489 

from the fluid inclusion with the highest CH4/He into ASW yields the trends depicted by the 490 

dashed green curve in Figure 5. Study samples plot along this mixing trend, which is flat before 491 

it curves up towards the observed data. Moreover, fluid inclusions formed during past 492 

submarine hydrothermal alteration of peridotite may contain noble gases derived mainly from 493 

seawater and would have R/Ra close to 1, indistinguishable from those in ASW and formed by 494 

ongoing peridotite alteration.  495 

Mixing of ASW with gas from sediment-hosted springs, characterized by low CH4/He ratios and 496 

R/Ra values, would result in the mixing trend depicted by the grey dashed curve in Figure 5a. 497 

None of the sampled fluids (various symbols in red) plots along this trend. Thus, most CH4-rich 498 

(and H2-rich) gases sampled in the ophiolite do not originate from the underlying sedimentary 499 

units. To summarize, the increasing CH4/He and relatively constant R/Ra trend observed in our 500 

samples are more consistent with ongoing serpentinization sources. However, we cannot rule 501 

out contribution from ancient fluid inclusions based on existing data alone. 502 



 503 

Figure 5. R/Ra and CH4/He trends of samples collected in this work (bright red squares) and 504 
Vacquand et al. (2018) in red (taken from ophiolite-hosted springs) and grey (sediment-hosted 505 
springs) circles. (b) Enlarged view of the top right portion of (a), as indicated by the red dotted 506 
square in (a). Also included are results of fluid inclusion analysis by Grozeva et al. (2020) on 507 

peridotites from the Mid-Cayman Rise and Zambales ophiolite (green squares). Yellow diamond 508 
depicts air-saturated water (ASW). Black arrow indicates trend following input of CH4 generated 509 

during active serpentinization of a peridotite reacted with a fluid with starting composition in 510 
equilibrium with air. Green dashed curve depicts input of CH4 released from fluid inclusions 511 

typical of that found in the Zambales ophiolite sample with the highest CH4/He to ASW. Grey 512 
dashed line depict input of sediment-hosted gas with the lowest CH4/He and R/Ra into ASW.   513 

 514 

4.3 Geochemical constraints on hydrocarbon sources 515 

The geochemistry of short-chain alkanes (e.g., CH4, C2H6, C3H8, C4H10) can help identify 516 

sources of outgassing, whether these volatiles are formed recently through biological reduction 517 

of inorganic or organic carbon substrates (microbial), high-temperature breakdown of organic 518 

matter (thermogenic), and high- or low-temperature abiogenic polymerization of C-H bonds 519 

(abiotic). As shown in Table 2, samples from all but one study sites have CH4/(C2 + C3) ratios 520 

      

      

      

      

                              

 
  

 

      

         

                     

                    

   

   

         
      

         
       

     
          

    
    

      

      

      

                              

 
  

 

      

      

        

   



that exceed 1000. High CH4/(C2 + C3) ratios are traditionally associated with microbial sources 521 

but recent works have shown that high CH4/(C2 + C3) values can also be found in hydrocarbons 522 

with thermogenic and abiotic origins (Milkov and Etiope, 2018). The highest ratio was measured 523 

on a sample from Shumayt, where results of a recent 16S rRNA gene sequencing work show 524 

that methanogens are predominant in springs in this site (Howells et al., 2022). Howells et al. 525 

(2022) show little to no evidence of methanogenesis at Dima where we measured lower CH4/(C2 526 

+ C3) ratios. The same work also shows that chemotrophic communities are dominated by 527 

methanogens at Al Bana. The microbial compositions of springs at Misfah, Al Hilayw, and 528 

Haylayn are yet to be determined. These findings show that microbial sources of CH4 in our 529 

study sites are possible and that outgassed CH4 can be young, consistent with detectable 14C in 530 

CH4 sampled from peridotite boreholes in Oman by Nothaft (2020). In addition to 16S rRNA 531 

gene sequences, deviation from equilibrium trends in clumped isotope ratios of CH4 sampled 532 

from Oman boreholes further supports microbial sources (Nothaft et al., 2021b). While a 533 

thermogenic source for CH4 from nearby sedimentary bodies is ruled out, Nothaft et al. (2021b) 534 

does not preclude high-temperature abiotic origins, including those released from fluid inclusion 535 

decrepitation, following measurements of enriched 13C in ethane (C2H6) and propane (C3H8), 536 

similar to those measured on fluid inclusion-derived gases from oceanic lithospheric rocks. 537 

The distribution of short-chain alkanes provides further clues on their sources. A logarithmic 538 

distribution of measured alkanes is shown in Supplementary Figure S2. Our results are 539 

consistent with previous findings by Boulart et al. (2013) for gas sampled from hyperalkaline 540 

springs in Oman (orange curves in Figure S2). Trends in Oman hydrocarbons deviate from the 541 

Schulz-Flory distribution, which is characterized by a strongly linear trend (in a log mole fraction 542 

vs C number plot) as exemplified by samples from Kidd Creek (green curves in Figure S2, 543 

Sherwood Lollar et al., 2002). This trend is typically associated with abiotic origins (Etiope & 544 

Sherwood Lollar, 2013). In contrast, trends observed from the Oman samples are more similar 545 



to those measured from Chimaera seeps in Turkey (blue curves in Figure S2) which is believed 546 

to have a predominantly low-temperature abiotic origin with some thermogenic input (Etiope et 547 

al., 2011). Note that the Oman gas samples are more enriched in CH4 relative to heavier 548 

alkanes than those typical for thermogenic sources where the log mole fraction of C2+ alkanes 549 

are usually > -2.5 (Etiope & Sherwood Lollar, 2013). As follows, hydrocarbon data shown in this 550 

work are insufficient to trace sources of outgassing. Isotopic analyses, including radiocarbon 551 

14C, conventional 13CCH4 and 2HCH4, and clumped isotopes of a comprehensive set of samples in 552 

active hyperalkaline spring sites can further provide constraints on the contribution of recently 553 

formed CH4, via active methanogenesis and/or present-day low-temperature abiotic 554 

polymerization reactions, to the total hydrocarbon outgassing in continental serpentinizing 555 

systems such as in Oman. 556 

4.4 Estimating decrepitation and serpentinization rates from outgassing rates 557 

As shown above, the gases in our samples could have been derived from active 558 

serpentinization (via low-temperature abiotic formation of H2 and CH4 or methanogenesis, i.e., 559 

microbial reduction of carbon sources to CH4 using serpentinization-derived H2) or mobilization 560 

from ancient fluid inclusions hosting volatiles previously formed during high-temperature 561 

abiogenesis. The rates of fluid inclusion decrepitation and serpentinization that account for 562 

observed outgassing rates were calculated. Results of calculations are presented in this section. 563 

4.4.1 Rate of fluid inclusion decrepitation 564 

Recent studies that quantified the amount of CH4 hosted in fluid inclusions in a given mass of 565 

peridotite provide constraints on the mass or volume of rock that must contribute fluid inclusion-566 

liberated volatiles, per unit time (decrepitation rate), to account for our observed outgassing 567 

rates, assuming all outgassed species originated in fluid inclusions (i.e., no modern abiotic or 568 

microbial sources). Serpentinized peridotites analyzed to date contain 0 – 360 micromoles CH4 569 

per kg rock (Etiope et al., 2018; Grozeva et al., 2020; Klein et al., 2019). Thus, a mole of CH4 570 



outgassed would require decrepitation of 2,800 kg or 0.9 m3 of peridotite, assuming a CH4 571 

content of 360 micromoles kg-1 (Klein et al., 2019) and a rock density of 3000 kg m-3. The 572 

volumes of rock required to decrepitate annually to account for our observed outgassing rates 573 

are reported in Table 5. For instance, gas from ~20 million kg of rock (or 6,800 m3, see Table 5) 574 

is required to account for annual outgassing rates in Haylayn (7,300 moles CH4 yr-1, see Table 575 

4). A possible decrepitation rate can also be constrained using measured H2 outgassing rates. 576 

However, unlike CH4, the amount of H2 in fluid inclusions in a given mass of peridotite is less 577 

known.  578 

Gabbros and chromitites have elevated CH4 contents relative to serpentinized peridotites 579 

(Etiope et al., 2018; Grozeva et al., 2020). Input from these rocks would require less 580 

decrepitation to account for observed outgassing. Haylayn is located close to a peridotite-581 

gabbro contact, and some of outgassed CH4 (and H2) might originate from nearby gabbros. 582 

However, peridotite outcrops are predominant upstream of the Haylayn site, and peridotites 583 

underlie gabbros downstream, so that fluids rising to the surface at Haylayn are likely to have 584 

reacted mainly with peridotite along subsurface pathways. 585 

 586 

Table 5. Calculated decrepitation rates of fluid inclusion-bearing rock that would be required 
to account for the maximum measured outgassing rates. 

Sites DECREPITATION RATE (m3 rock yr-1) 

Haylayn 6,800 

Al Banah 1,800 

Shumayt 22 

Dima 4,100 

Misfah 2,800 

Al Hilawy 110 

Rates calculated assuming maximum value of 360 nmole CH4 per gram rock measured by 
Klein et al. (2019). Rock density is assumed to be 3000 kg/m3. 

 587 



4.4.2 Serpentinization rates and constraints from thermodynamic reaction-path 588 

simulations 589 

Aside from fluid inclusion decrepitation, outgassing could be a consequence of the ongoing 590 

serpentinization reactions that generate hyperalkaline fluids. H2 is produced during 591 

serpentinization by the generalized reaction (1), in which a mole of H2 is generated via reduction 592 

of H2O coupled to oxidation of 2 moles of Fe(II) from primary (olivine and pyroxene) or 593 

secondary (Fe(II)-serpentine and brucite) phases to form Fe(III) in secondary minerals such as 594 

magnetite and Fe(III)-bearing serpentine. While reaction (1) illustrates an idealized scenario 595 

where the resulting Fe(III) is all in magnetite (Fe(III)/ΣFe = 0.67), analyses of natural 596 

serpentinites yield varying extents of oxidation, with Fe(III) hosted in a variety of minerals such 597 

as magnetite, andradite, and Fe(III)-bearing serpentine (Andreani et al., 2013; Ellison et al., 598 

2021; Mayhew et al., 2018; Mayhew & Ellison, 2020; O’Hanley & Dyar, 1998; Templeton & 599 

Ellison, 2020; Tutolo et al., 2019, 2020). Using thermodynamic reaction path calculations, we 600 

simulate formation of these minerals during low-temperature, continental serpentinization of 601 

peridotite. Based on the average Fe(III)/ΣFe observed in ophiolite serpentinites (0.45, Mayhew 602 

and Ellison, 2020), we calculate production of 1 mole of H2 during serpentinization of ~3.5 kg of 603 

peridotite (Figures S3c). This result is different from the estimate based on the assumption that 604 

all Fe(III) is hosted in magnetite (1 mole H2 per ~2 kg peridotite). Details on these model results 605 

are found in the supporting section. 606 

The serpentinization rate (m3 rock yr-1) required to account for measured outgassing rates 607 

shown in Table 4 are reported in Table 6, assuming low temperature serpentinization of ~3.5 kg 608 

of peridotite is required to generate 1 mole of H2. This translates into 0.3 mole H2 generated per 609 

kg of rock altered or 900 moles H2 per m3 of peridotite, assuming a density of 3,000 kg m-3. 610 

Outgassed H2 and CH4 (converted to H2 units by a factor of 4 via reaction 2) were considered in 611 

calculating these reaction rates. For example, outgassing of CH4 (7,300 moles yr-1) and H2 612 



(79,000 moles yr-1) at Haylayn requires reaction of 34 and 92 m3 peridotite yr-1, respectively, 613 

yielding a total of ~130 m3 yr-1 as shown in Table 6. This is 50 times smaller than the volume of 614 

rock (~6,800 m3 yr-1, Table 5) required to yield the same gas fluxes via fluid inclusion 615 

decrepitation. 616 

Table 6. Calculated serpentinization rates that would be required to account for the maximum 
measured CH4, H2, and total (CH4 + H2) outgassing rates. 

  REACTION RATE (m3 rock yr-1) 

Sites CH4 H2 SUM 

Haylayn 34 92 130 

Al Banah 9.2 34 44 

Shumayt 0.1 1.2 1.3 

Dima 20 0.8 21 

Misfah 14 32 46 

Al Hilayw 0.6 1.4 2.0 

  617 

4.5 Comparison of field-derived rates with laboratory rates 618 

Serpentinization rates calculated above in m3 yr-1 can be converted into mass or volume fraction 619 

rates (sec-1) and compared to rates estimated from the results of laboratory experiments. To 620 

derive volume fraction rates, the volume (m3) of the subsurface reaction zone must be 621 

estimated. An effective catchment area of 25 km2 was estimated by Dewandel et al. (2005) for 622 

Wadi Khafifah, which is a watershed hosting hyperalkaline spring sites in Oman that is close to 623 

study sites Dima and Misfah. Dewandel et al. (2005) also noted that hyperalkaline flows were 624 

observed in sites where the catchment area is only ~1 km2. Dewandel et al. (2005) estimated 625 

hyperalkaline flows to originate deeper than 500 m. Thus, the volume of peridotite that 626 

interacted with meteoric-derived water to generate H2- and CH4-rich hyperalkaline fluids could 627 

range from 0.5 to 12.5 km3 (1 to 25 km2 * 0.5 km). More recent work has shown that 628 

hyperalkaline fluids are present at depths as shallow as 50 m (Kelemen et al., 2020; 2021; Miller 629 

et al., 2016; Nothaft et al., 2021a;  2021b; Paukert et al., 2012; Paukert Vankeuren et al., 2019; 630 



Rempfert et al., 2017; Templeton et al., 2021). Consequently, the reaction zone volume could 631 

be at least 0.05 km3 (1 km2 * 0.05 km).  632 

Note that the above reaction zone volume is not the amount of rock that reacted annually. 633 

Reaction only occurs where fluids can interact with aquifer host rocks, as in pores and in 634 

fractures. As shown in Table 4, a maximum of 130 m3 of rock (i.e., the annual reacted volume 635 

for Haylayn) distributed in the abovementioned volumes of rock in the subsurface reaction zone 636 

react with fluids annually. Assuming reaction zone volumes ranging from 0.05 to 12.5 km3, a 637 

reaction rate of 130 m3 yr-1 calculated to account for outgassing in Haylayn would yield volume 638 

fraction rate ranging from 3x10-16 to 8x10-14 sec-1. Rates calculated for Haylayn as well as other 639 

study sites are shown in Figure 6 (various green arrows). These rates are compared to 640 

temperature-rate fits (dashed curves) determined from results of high-temperature laboratory 641 

experiments as well as other rates calculated for other sites of serpentinization in Figure 6a.  642 

The high-temperature laboratory experiments where the fits are based on are shown in Figure 643 

6b. The dashed red curves are temperature fits calculated by Kelemen & Matter (2008) from the 644 

experimental data of Martin & Fyfe (1970). These fits were modified from equation 3 of Kelemen 645 

and Matter (2008) to account for varying surface areas for grain sizes different than those used 646 

in the experiments of Martin and Fyfe (~60 micrometer). An extended low-temperature fit 647 

derived by Malvoisin et al. (2012) from their high-temperature experiments (38-50 micrometer 648 

grain size) is represented by the dashed blue curve. Lamadrid et al. (2021) calculated surface 649 

area-dependent low-temperature fits from their high-temperature (>150 °C) experimental 650 

results. These are depicted in Figure 6 by several dashed grey curves representing high (1 651 

micrometer grain size or fracture spacing) to low (1 meter grain size or fracture spacing) 652 

reactive surfaces. Note that low-temperature fits shown in Figure 6a are derived from high-653 

temperature experiments (>150 °C, Figure 6b) and a low-temperature rate is yet to be 654 

determined directly from laboratory experiments owing to limits in quantifying slow reaction 655 



progress at low temperatures. In the absence of laboratory data, preliminary constraints on low-656 

temperature serpentinization rates can be determined using field data collected in this work. 657 

Rates derived from our field sites (various green arrows, Figure 6a) plot lower than the 658 

empirically-derived fits of  Malvoisin et al. (2012), Lamadrid et al. (2021), and Kelemen and 659 

Matter (2008) for high reactive surface areas (<1 mm grain size). In contrast, the field-660 

determined rates are consistent with those calculated by Lamadrid et al. (2021) and Kelemen & 661 

Matter (2008) for the low reactive surface area expected in peridotite-hosted continental 662 

aquifers such as in Oman (~meter scale fracture spacing, Kelemen et al., 2011). 663 

Estimated serpentinization rates calculated by Früh-Green et al. (2003) for the Atlantis Massif, 664 

which hosts the Lost City Hydrothermal Field are shown with the blue field in Figure 6a, based 665 

on 20 wt% serpentinization over 30,000 to 1.5 million years. The temperature range of the blue 666 

field in Figure 6a is based on the temperatures of Lost City vent fluids (40 – 120 °C, Kelley et 667 

al., 2001; Seyfried et al., 2015) but might extend to higher temperature in the root of the 668 

hydrothermal system beneath Lost City (~200 °C, Seyfried et al., 2015), hence the arrow. 669 

Overall, serpentinization rates estimated for the Atlantis Massif system are consistent with those 670 

extrapolated from high-temperature experiments assuming low reactive surface area. 671 



 672 

Figure 6. (a) Comparison of field-determined serpentinization rates (this work and others) with 673 
temperature-rate fits to results of high-temperature laboratory experiments. These fits were 674 

derived by Kelemen and Matter (2008, red dashed curves, accounting for varying surface areas 675 
for different grain sizes from the data of Martin and Fyfe, 1970), and by Malvoisin et al. (2012, 676 
dashed blue curve) and Lamadrid et al. (2021, dashed grey curve for various indicated surface 677 

area or fracture spacing) from their own experimental data. Blue arrow represents rates 678 
estimated by Früh-Green et al. (2003) for Atlantis Bank. Orange arrow represents rates based 679 

on outgassing in the Chimaera seeps in Turkey measured by Etiope et al. (2011). Red rectangle 680 
shows the rate calculated by Kelemen et al. (2021) using the volume of young serpentine veins, 681 

that cut young carbonate veins in drill cores from the Samail ophiolite. Various green arrows 682 
depict rates derived from outgassing rates in different study sites (AH – Al Hilayw; AB – Al 683 
Bana; D – Dima; H – Haylayn; M – Misfah; S – Shumayt). Circles at top of arrows indicate 684 
maximum serpentinization rates calculated from maximum outgassing rates and minimum 685 

reaction zone volume (0.05 km3). The downward arrow depicts rates corresponding to lower 686 
outgassing rates measured at each site and larger assumed reaction zone volumes (up to 12.5 687 

km3). (b) Similar to (a) but temperature in 1/K and includes rates determined in several high-688 
temperature laboratory experiments (triangles in various colors, (Martin and Fyfe, 1970; Wegner 689 

and Ernst, 1983; Malvoisin et al., 2012; McCollom et al., 2016, 2020; Lamadrid et al., 2021)). 690 
Data shown in grey triangles are values calculated by Lamadrid et al. from their own 691 

experimental data for reactants with 10 micrometer grain sizes. 692 

 693 

Some of the largest observed outgassing of abiotic CH4 occurs in the Chimaera seeps in Turkey 694 

where Etiope et al. (2011) estimated outgassing of 12 million moles CH4 yr-1. H2 outgassing 695 

rates at Chimaera were not measured. H2/CH4 ratios of 0.1 to 0.125 (Etiope et al., 2011) 696 

indicate that H2 outgassing should be at least 10 times less (~1.2 million moles H2 yr-1) than CH4 697 

outgassing. Assuming that H2 and CH4 are generated during present-day serpentinization, and 698 

considering reaction volume of 0.05 to 12.5 km3, a rate of 1x10-13 to 4x10-11 sec-1 is required to 699 

      

      

      

      

      

      

      

                                 

 
  
  
  
  

  
 

                 

      

      

      

      

      

      

      

                  

 
  
  
  
  

  
 

                

       
         
        

          
      

                
   

           
         

 

  

 

 

 

  

                     
                       

                      

                     
                     
                      
                                

  
  
 

  
  
  

  
  
  

  
  
  

  
  
  

 

 

                      

                



account for reduced gas outgassing in Chimaera. As depicted by the orange arrow in Figure 6a, 700 

such a rate would probably require large reactive surface areas. Additional methane can be 701 

source from decrepitation of fluid inclusions or a hotter subsurface reaction zone. The low 702 

deuterium/hydrogen isotopic ratio of H2 outgassed at Chimaera suggests a low-temperature 703 

origin (<50 °C) (Etiope et al., 2011). However, recent isotopologue analysis (Young et al., 2017; 704 

Douglas et al., 2017) of CH4 outgassed in Chimaera suggests a higher temperature origin (>100 705 

°C). While believed to be dominantly abiotic, isotopic work indicate mixing of minor amounts of 706 

thermogenic CH4 that may be sourced from sediments underlying ultramafic rocks (Etiope et al., 707 

2011). Alternatively, higher temperature formation temperatures of reduced gases at Chimaera 708 

could have been recorded by fluid inclusions generated during past hydrothermal alteration. 709 

However, following the reasoning outlined in Section 4.3, derivation of 12 million moles CH4 yr-1 710 

would require decrepitation of fluid inclusions in >10 million m3 of rock yr-1, or more than 20 km3 711 

over the inferred minimum of 2000 years of methane outgassing at Chimaera, which has been 712 

active since the Hellenistic period (i.e., site of the first Olympic Fire, Hosgormez et al., 2008).  713 

The high end of the Haylayn, Al Bana, and Misfah rate estimates (up to 8x10-14 sec-1) are 714 

consistent with an order of magnitude estimate derived by Kelemen et al. (2021). Analyzing drill 715 

cores from serpentinized peridotite in the Samail ophiolite, Kelemen et al. found that 23 of 35 716 

samples of carbonate veins contained appreciable 14C. In turn, these carbonate veins, 717 

containing a relatively young carbon component, are intergrown with or cut by a generation of 718 

“waxy serpentine” veins comprising a few percent of the drill cores. These data yield an order of 719 

magnitude serpentinization rate of 1 volume percent per 10,000 years, or (assuming no large 720 

density contrasts) a mass fraction rate of 3x10-14 sec-1 as shown by the red rectangle in Figure 721 

6. Note that, based on cross-cutting relationships, these late “waxy” serpentine veins are the 722 

youngest set of veins in the core, and are not representative of previous generations of 723 

serpentine veins observed from the Oman ophiolite (Kelemen et al., 2021). Older generations of 724 



serpentine veins and “mesh cores” might have formed at current or higher temperature 725 

conditions, and may have replaced earlier mineral assemblages at a faster or slower rate. 726 

These variations in serpentine formation may yield variable H2 production and ultimately, 727 

variable outgassing rates. 728 

4.6 Extent of active serpentinization and fluid inclusion decrepitation 729 

The above calculations place constraints on the extent of active serpentinization and/or fluid 730 

inclusion decrepitation required to account for active outgassing of H2 and CH4 in hyperalkaline 731 

spring sites. Only a small volume of rock (130 m3, see Table 6) must be altered per year to 732 

account for active outgassing at Haylayn, the site which has the highest outgassing rates 733 

measured for peridotite-hosted sites in the Samail ophiolite. In contrast, all of the fluid inclusions 734 

in an estimated ~6,800 m3 of rock per year (Table 5) need to be decrepitated to account for 735 

observed outgassing at Haylayn. Ultimately, for outgassing rates at Haylayn, fluid inclusions 736 

stored in one cubic kilometer of peridotite would be exhausted after ~150,000 years. 737 

Normalizing for every km2 area extent of exposed peridotite, this would result in the advance of 738 

a serpentinization or alteration front at 6.8x10-6 km yr-1. This is 20 times faster than regional 739 

uplift rates of 0.3 mm yr-1 or 0.3x10-6 km yr-1 for the Oman mountains (Poupeau et al., 1998). 740 

Thus, if uplift is negligible,  – and if the velocity of the serpentinization front were constant over 741 

time –, the front would have advanced beyond the maximum thickness of the peridotite in the 742 

Samail ophiolite (~ 5 km; Ravaut et al., 1997) in 740,000 years. 743 

5. Conclusions 744 

This work showed that outgassing of reduced gases (H2 and CH4) in serpentinization-generated 745 

hyperalkaline spring sites in the Samail ophiolite in Oman is variable. Quiescent sites annually 746 

outgassed ~100 and ~1,000 moles of CH4 and H2, respectively. In contrast, more vigorous sites 747 

yield yearly outgassing amounting to ~7,000 and 70,000 moles CH4 and H2, respectively. While 748 



hyperalkaline sites are sources of greenhouse emissions (i.e., CH4), total spring-related CH4 749 

outgassing in the entire Samail ophiolite is still far lower than the amount of CO2 estimated to be 750 

sequestered into the ophiolite through carbon mineralization reactions. However, outgassing 751 

from soils and outcrops surrounding hyperalkaline springs remained unconstrained. Our field 752 

experiments show no to little outgassing from soils and outcrops, yet it is likely that our 753 

instrumentation is not sensitive enough to measure small changes in gas concentrations over 754 

limited time constraints in the field. Ultimately, future surveys that can uncover and map gas 755 

seeps in soils and outcrops and determine their outgassing rates would provide a more 756 

comprehensive quantification of the total reduced volatile budget and flux in the entire Samail 757 

ophiolite. 758 

Compositional and noble gas isotopic constraints reveal that H2 and CH4 outgassed in study 759 

sites are derived from either active serpentinization or from the decrepitation of fluid inclusions 760 

that host H2 and CH4 formed from previous high-temperature water-rock interactions. Further 761 

analysis such as determining the age of CH4 through 14C analysis and their clumped isotopic 762 

compositions can help distinguished whether reduced gases in serpentinizing sites in Oman are 763 

formed actively at present-day ambient conditions, either abiotically or microbially, or during 764 

previous high-temperature serpentinization. Stable isotopic work that can fingerprint gases 765 

stored in mineral-hosted fluid inclusions in ultramafic and gabbroic rocks in the Samail ophiolite 766 

can help future mixing calculations that will quantify extents of each end-member sources on 767 

present-day outgassing in Oman.  768 

Active serpentinization rates were calculated assuming outgassed H2 and CH4 are formed via 769 

modern processes. Calculated rate ranges from 8x10-14 sec-1 to much lower values, consistent 770 

with very slow rates expected at low temperatures as well as recent estimates from analysis of 771 

the extents and age of carbonation in peridotite cores recently drilled from the Samail ophiolite 772 

(Kelemen et al., 2021). These findings show that present-day serpentinization can account for 773 



active volatile outgassing in hyperalkaline springs. However, this does not rule out contribution 774 

from volatiles mobilized via fluid inclusion decrepitation. Though for fluid inclusion decrepitation 775 

to sustain similar outgassing rates for a long period of time, gas must be sourced from at least 776 

20 times more volume of rock, and the serpentinization rate in this volume must be unusually 777 

high compared to most of the area of exposed peridotite in the Samail ophiolite. Methods that 778 

can decipher movement of fluids and gases in subsurface fractures in the Samail ophiolite can 779 

help inform if present-day outgassing and spring discharge can be indeed sourced from such a 780 

wide area. 781 

Serpentinization is a widespread process. It can occur whenever and wherever ultramafic rocks 782 

and water meet, such as in various ophiolitic and orogenic bodies emplaced on Earth’s 783 

continents, uplifted ultramafic rocks in the seafloor, and in other rocky bodies in our solar 784 

system such as Mars and the Ocean Worlds. Overall, our findings show that the rate of volatile 785 

outgassing can help quantify subsurface reactions rates accompanying serpentinization in 786 

various low-temperature settings on Earth and perhaps, in other rocky bodies beyond our 787 

planet. These rates operate at geologically short timescales and can have profound implications 788 

on the habitability of rock-hosted environments and the supply of reduced volatiles to the 789 

atmosphere. 790 
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7. Appendix A: Supplementary Materials 797 

Supplementary Material 1 includes supplementary figures 1 to 4, as well as a section that 798 

discusses the thermodynamic constraints on H2 production during low-temperature 799 

serpentinization. Supplementary Tables 1, 2, and 3 are uploaded separately as csv files. 800 
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 1089 

9. Tables 1090 

Table 1. Temperature, pH, and locations of hyperalkaline spring sites in 
Oman studied by this work. 

Sites 
Location 

pH T (°C)** 
 

Lat Long  

Haylayn 23.6277 57.1152 10.79* 28.2  

Al Bana 23.2883 56.8978 11.17 37.4  

Shumayt 23.4056 56.8629 11.50 34.0  

Dima 22.9841 58.5946 11.21 33.0  

Misfah 23.0364 58.4931 11.14 36.7  

Al Hilayw 22.8145 57.8368 11.54 30.1  

*End-member pH was not determined as bubbling seeps are under the 
stream bed. Indicated pH is the maximum value recorded by the pH meter as 
close as to the seep source. 
**Sampling dates were from February 26, 2020 to March 06, 2020. Historical 
February - March average maximum temperatures from the Rustaq (near 
Haylayn), Ibri (near Al Bana and Shumayt), Nizwa (near Al Hilayw), and Ibra 
(near Misfah and Dima) weather stations are 27 - 32 °C, 28 - 32 °C, 30 - 32 
°C, 26 - 30 °C, respectively. Non-alkaline surface pools and streams, which 
has equilibrated with the atmosphere, at Shumayt and Misfah during day of 
sampling is 26.4 °C and 23 - 29.5 °C, respectively. 
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Table 2. Composition of major gas collected from each sample sites. 

Sites 

H2 CH4 N2 O2 CO2 Ar H2S C2H6 C3H8 
i-

C4H10 
n-

C4H10 
H2/C
H4 

  

CH4/C

2 + C3 vol 
% 

vol 
% 

vol 
% 

vol 
% 

vol 
% 

vol 
% 

vol 
% 

ppm ppm ppm ppm 

Haylayn 
86.4 6.7 6.8 bdl 0.1 0.0 bdl 29.1 10.3 bdl bdl 12.9 1702 

87.1 6.9 5.9 bdl 0.1 0.0 bdl 32.3 14.0 bdl bdl 12.6 1488 

Al Bana bdl 0.0 78.5 21.4 0.1 0.9 bdl bdl bdl bdl bdl n/a n/a 

Shumayt 93.8 2.2 4.0 bdl 0.1 0.1 bdl 6.9 1.7 bdl bdl 42.7 2568 

Dima 7.8 50.5 41.4 bdl 0.2 0.4 bdl 243.0 123.7 88.8 51.9 0.2 1377 

Misfah 66.9 7.2 25.7 bdl 0.2 0.1 bdl 85.2 12.6 10.2 5.0 9.3 736 

Notes: Two gas samples were collected at Haylayn. The Al Bana sample was contaminated by ambient 
air and hence is italicized. “bdl” means below detection limit. 
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 1115 

Table 3. Noble gas compositions (ppmv) and isotope ratios. R/Ra is the helium isotopic ratio 
normalized to modern air (Ra = 3He/4He = 1.4x10-6) 

Site 4He 20Ne 40Ar 84Kr 132Xe 

Haylayn 0.56 0.006 1.35 0.009 1055 11 0.09 0.001 0 3.E-05 

Al Bana 0.7 0.007 1.85 0.012 1616 16 0.14 0.001 0.01 5.E-05 

Shumayt 0.39 0.004 1.5 0.010 2857 29 0.3 0.002 0.01 1.E-04 

Dima 1.75 0.018 5.59 0.036 4137 41 0.3 0.002 0.01 9.E-05 

Misfah 1.62 0.016 5.38 0.035 5485 55 0.46 0.003 0.02 2.E-04 

Air* 5.24  16.45  9303  1.14  0.09  

Note: Full data can be found in Table S1. Values in italics are absolute errors. 

*All air noble gas data are from Ozima and Podosek (2002), except for those for Ar which are 
from Lee et al. (2006). 
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Table 3. (cont’d) 

Site R/Ra 20Ne/4He 20Ne/36Ar 40Ar/36Ar 84Kr/36Ar 

Haylayn 0.8 0.015 2.4 0.040 0.38 0.008 298 1.2 0.03 0.001 

Al Bana 0.75 0.014 2.65 0.044 0.34 0.007 296 1.2 0.03 0.001 

Shumayt 1 0.019 3.89 0.064 0.16 0.003 299 1.2 0.03 0.001 

Dima 1 0.019 3.19 0.053 0.4 0.008 299 1.2 0.02 0.000 

Misfah 1.11 0.021 3.32 0.055 0.29 0.006 299 1.2 0.03 0.001 

Air* 1   3.14   0.528   298.6   0.037   
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Table 4. Maximum total outgassing of CH4 and H2 (mole yr-1) from bubbling and diffuse sources 
per site. 

Sites 
CH4 

  
H2 

  

bubble diffuse total   bubble diffuse total 

Haylayn 6,700 640 7,300   71,000 8,200 79,000 

Al Bana 1,200 820 2,000   21,000 8,200 29,000 

Shumayt 24 n.m. >24   1,000 n.m. >1,000 

Dima 140 4,300 4,500   22 670 690 

Misfah 400 2,600 3,100   3,600 25,000 28,000 

Al Hilayw n.o. 120 120   n.o. 1,200 1,200 

Note 1: Values are derived by multiplying maximum flux rate in each study site with the 
maximum estimated number of point source (see Table S2) and area (see Table S3) for 
bubbling and diffuse sites, respectively. Values are rounded to two significant figures. Estimated 
uncertainty is at least 10% and 0.1% for H2 and CH4 measurements, respectively, based on the 
instrumental uncertainties mentioned in the methods section. 
Note 2: Unitalicized values are from field measurements. Values in italics are estimated from 
measured H2/CH4 shown in Table 2. For Al Bana, we used a ratio of 10 from Canovas et al. 
(2017). No gas has been sampled in Al Hilayw so we used a H2/CH4 ratio (~10) of samples 
measured by Canovas et al. (2017) in a nearby site (Falaij). Values in bold are sum of bubbling 
and diffuse values. All values are rounded to at most two significant figures following field flux 
data (see Table S2). 
Note 3: Bubbling was not observed (n.o.) in Al Hilayw. We had not measured (n.m.) diffused flux 
in Shumayt and reported total outgassing can be considered as a minimum value.  
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Table 5. Calculated decrepitation rates of fluid inclusion-bearing rock that would be required 
to account for the maximum measured outgassing rates. 

Sites DECREPITATION RATE (m3 rock yr-1) 

Haylayn 6,800 

Al Banah 1,800 

Shumayt 22 

Dima 4,100 

Misfah 2,800 

Al Hilawy 110 

Rates calculated assuming maximum value of 360 nmole CH4 per gram rock measured by 
Klein et al. (2019). Rock density is assumed to be 3000 kg/m3. 
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Table 6. Calculated serpentinization rates that would be required to account for the maximum 
measured CH4, H2, and total (CH4 + H2) outgassing rates. 

  REACTION RATE (m3 rock yr-1) 

Sites CH4 H2 SUM 

Haylayn 34 92 130 

Al Banah 9.2 34 44 

Shumayt 0.1 1.2 1.3 

Dima 20 0.8 21 

Misfah 14 32 46 

Al Hilayw 0.6 1.4 2.0 
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10. Figure Captions 1174 

Figure 1. Study sites investigated in this work overlain in a geological map of the Oman ophiolite 1175 

modified from Nicolas et al. (2000). 1176 

Figure 2. (a) Hyperalkaline stream in Misfah, Oman. (b) Gas bubble seeping out into stream 1177 

water in Shumayt. (c) Picarro gas detector (black bag) connected to a mobile flux system (steel 1178 

bowl) over an alkaline seep at Haylayn. 1179 

Figure 3. (a) Major gas composition of study samples as well as previous samples taken from 1180 

Oman and other hyperalkaline sites. (b) Noble gas isotopic trends (R/Ra vs 20Ne/4He) of study 1181 

samples relative to existing samples from previous works (Abrajano et al., 1988; Boulart et al., 1182 

2013; Etiope et al., 2011; Monnin et al., 2021; Sano et al., 1993; Vacquand et al., 2018) in Italy 1183 

(It), Turkey (Tu), New Caledonia (Nc), Philippines (Ph), and Oman (Om). 1184 

Figure 4. Maximum total CH4 (a) and H2 (b) outgassing rates (mole yr-1) measured from each 1185 

study site. Total outgassing is composed of bubbling (blue) and diffuse (grey) sources as 1186 

indicated by the bottom charts. Diffuse outgassing was not measured in Shumayt. Hence, the 1187 

black bar for Shumayt only represents bubbling sources, and total outgassing is unknown, as 1188 

represented by the arrow and question marks. Outgassing in Haylayn and Al Bana is 1189 

predominantly from bubbling sources. In contrast, outgassing in Misfah and Al Hilayw is 1190 

predominantly from diffuse sources.  1191 

Figure 5. R/Ra and CH4/He trends of samples collected in this work (bright red squares) and 1192 

Vacquand et al. (2018) in red (taken from ophiolite-hosted springs) and grey (sediment-hosted 1193 

springs) circles. (b) Enlarged view of the top right portion of (a), as indicated by the red dotted 1194 

square in (a). Also included are results of fluid inclusion analysis by Grozeva et al. (2020) on 1195 

peridotites from the Mid-Cayman Rise and Zambales ophiolite (green squares). Yellow diamond 1196 



depicts air-saturated water (ASW). Black arrow indicates trend following input of CH4 generated 1197 

during active serpentinization of a peridotite reacted with a fluid with starting composition in 1198 

equilibrium with air. Green dashed curve depicts input of CH4 released from fluid inclusions 1199 

typical of that found in the Zambales ophiolite sample with the highest CH4/He to ASW. Grey 1200 

dashed line depict input of sediment-hosted gas with the lowest CH4/He and R/Ra into ASW. . 1201 

Figure 6. Figure 6. (a) Comparison of field-determined serpentinization rates (this work and 1202 

others) with temperature-rate fits to results of high-temperature laboratory experiments. These 1203 

fits were derived by Kelemen and Matter (2008, red dashed curves, accounting for varying 1204 

surface areas for different grain sizes from the data of Martin and Fyfe, 1970), and by Malvoisin 1205 

et al. (2012, dotted grey curve), and Lamadrid et al. (2021, dashed grey curve for various 1206 

indicated surface area or fracture spacing) from their own experimental data. Blue arrow 1207 

represents rates estimated by Früh-Green et al. (2003) for Atlantis Bank. Orange arrow 1208 

represents rates based on outgassing in the Chimaera seeps in Turkey measured by Etiope et 1209 

al. (2011). Red rectangle shows the rate calculated by Kelemen et al. (2021) using the volume 1210 

of young serpentine veins, that cut young carbonate veins in drill cores from the Samail 1211 

ophiolite. Various green arrows depict rates derived from outgassing rates in different study 1212 

sites (AH – Al Hilayw; AB – Al Bana; D – Dima; H – Haylayn; M – Misfah; S – Shumayt). Circles 1213 

at top of arrows indicate maximum serpentinization rates calculated from maximum outgassing 1214 

rates and minimum reaction zone volume (0.05 km3). The downward arrow depicts rates 1215 

corresponding to lower outgassing rates measured at each site and larger assumed reaction 1216 

zone volumes (up to 12.5 km3). (b) Similar to (a) but temperature in 1/K and includes rates 1217 

determined in several high-temperature laboratory experiments (triangles in various colors, 1218 

Martin and Fyfe, 1970; Wegner and Ernst, 1983; Malvoisin et al., 2012; McCollom et al., 2016, 1219 

2020; Lamadrid et al., 2021). Data shown in grey triangles are values calculated by Lamadrid et 1220 

al. from their own experimental data for reactants with 10 micrometer grain sizes. 1221 



11. Figures 1222 
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