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Fluid inclusions are a window into deep geological fluids, providing unique access to their nature and composition. The isotopic composition of CO2 and CH4 hosted in fluid inclusions is a powerful proxy to assess the origin and transformation of deep geological fluids, giving insights into carbon sources, fluxes, and degassing in a wide variety of geodynamic settings. Over the last 5 decades, techniques have been developed to extract fluid inclusions from their host minerals and measure their bulk composition. These techniques are often challenged by analytical artifacts including high blank levels of CO2 and CH4, fluid re-speciation, gas adsorption, and diffusion. Since these processes may alter the pristine composition of gases liberated from fluid inclusions, rigorous protocols are needed in order to evaluate the isotopic integrity of the extracted volatile species. In this study, we introduce new protocols for bulk off-line fluid inclusion extraction for the analysis of δ13C-CH4 and δ13C-CO2 using a Cavity Ring-Down Spectroscopy (CRDS) analyser (Picarro G2201-i). Two mechanical fluid extraction techniques are compared: ball milling in ZrO2 jars and sample crushing in a stainless steel sealed tube under a hydraulic press. Blanks and isotopically labelled tests with the ball milling technique suggest that rotation speed, grinding stock filling degree and filling type alter the CH4 and CO2 concentrations and isotopic compositions measured by the CRDS analyser. In contrast, the crushing technique does not generate measurable quantities of blank CH4 and CO2. The protocols presented in this study allow to extract, detect, and analyse δ13C of CH4 and CO2 for concentrations above 10 and 1,000 ppm respectively. Interlaboratory experiments allowed to replicate previously measured δ13C-CH4 values in natural fluid inclusions within 1‰ with both extraction techniques. This study highlights the potential of combining simple bulk off-line fluid inclusion extraction techniques with a CRDS analyser for δ13C analysis of CO2 and CH4 without gas separation being required.
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1 INTRODUCTION
The analysis and interpretation of geologic degassing of deep volatiles combines information from various disciplines, from the final products of degassing at the Earth’s surface, to their source regions in the deep Earth (Andersen and Neumann, 2001; Becker et al., 2008; Bräuer et al., 2016; Crossey et al., 2009; Kerrick and Caldeira, 1998; Lee et al., 2019; Nadeau et al., 1993; Sobolev et al., 2019). The production and migration of deep fluids can be assessed from the study of rock-forming minerals or melts, or from the analysis of fluid inclusions trapped in rocks and minerals from various depths inside the Earth. Fluid inclusions are small cavities inside minerals, usually micrometric in size, filled with paleo-geological fluids (Roedder, 1984; Touret and Frezzotti, 2003; van den Kerkhof et al., 2014). They provide unique access to the nature and composition of deep geological fluids. Fluid inclusions have been described in rocks formed in a wide variety of geodynamic settings: sedimentary environments, low to high grade metamorphic settings, upper mantle conditions, ore deposits, intrusive and extrusive rocks, and extra-terrestrial environments (Andersen and Neumann, 2001; Audétat et al., 1998; Goldstein, 2001; Hansteen and Schmincke, 1998; Roedder, 1984; Scambelluri and Philippot, 2001; Touret and Dietvorst, 1983; Touret and Frezzotti, 2003; van den Kerkhof et al., 2014; Zolensky et al., 2017).
Fluid inclusions may host a large variety of compounds such as H2O, CO2, CH4, N2, H2, H2S, SO2, COS, CO, O2, and NH3 (Frezzotti et al., 2012; Roedder, 1984). Among them, CO2 and CH4 are the most common carbon-bearing compounds (Frezzotti et al., 2012). The study of these molecules is critical due to their primary role in the carbon cycle and their impact on Earth’s evolution and habitability (Calvin et al., 2023; Fullerton et al., 2019; Hazen and Schiffries, 2013).
The isotopic composition of CO2 and CH4 hosted in fluid inclusions is a powerful proxy to assess the origin and evolution of paleo-geological fluids (Beeskow et al., 2006; Etiope et al., 2018; Graser et al., 2008; Grozeva et al., 2020; Luciani et al., 2022; Lüders et al., 2012; Mangenot et al., 2021; Potter and Longstaffe, 2007; Shi et al., 2005). The study of fluid inclusions gives the unique opportunity to assess individual fluid pulses in hydrothermal systems in a wide range of crustal (Audétat et al., 1998; Touret and Dietvorst, 1983) and upper mantle conditions (Andersen and Neumann, 2001; Frezzotti and Touret, 2014; Hansteen and Schmincke, 1998).
Fluid inclusions rich in CO2 have been documented in a wide variety of contexts, spanning mantle to magmatic, metamorphic, and sedimentary settings (Andersen and Neumann, 2001; Guilhaumou et al., 1984; Hollister, 1988; Lamb et al., 1987; Luciani et al., 2022; Lüders et al., 2012; Smith et al., 2015). Conversely, reduced molecules such as CH4, higher hydrocarbons, H2S, H2 and NH3 are documented in fluid inclusions hosted in sedimentary (Goldstein, 2001; Mangenot et al., 2021; Tarantola et al., 2007; Wang et al., 2022), as well as crystalline rock including ultramafic (Andreani et al., 2023; Arai et al., 2012; Boutier et al., 2024; Boutier et al., 2021; Grozeva et al., 2020; Klein et al., 2019; Peretti et al., 1992; Vitale Brovarone et al., 2020; Vitale Brovarone et al., 2017; Zhang et al., 2022; Zhang et al., 2021), mafic (Ferrando et al., 2010; Grozeva et al., 2020; Kelley and Früh-Green, 2001; Klein et al., 2019; Normand and Williams-Jones, 2007) and peralkaline igneous rocks (Gottikh et al., 2006; Graser et al., 2008; Nivin, 2019; Potter et al., 2004).
Since different generations of fluid inclusions, representative of different fluid pulses, might be present in the same sample (Roedder, 1984; Touret and Frezzotti, 2003; van den Kerkhof et al., 2014; Zhang et al., 2021), the analysis of volatiles hosted in single fluid inclusions should be preferred over bulk measurements that integrate over several generations of fluid inclusions. Recent advances have been made towards the in situ measurement of δ13C of CO2 hosted in single fluid inclusions through Raman spectroscopy (Arakawa et al., 2007; Cui et al., 2021; Remigi et al., 2023; Wang and Lu, 2023). Nevertheless, currently, there are no established protocols to measure δ13C-CH4 of single fluid inclusions through this technique. Alternatively, laser ablation (LA) coupled with gas chromatography-mass spectrometry (GC-MS) has been used to extract and identify alkanes and aromatic hydrocarbons hosted in single petroleum fluid inclusions (Volk et al., 2010). Despite the potential of LA for in situ fluid inclusion extraction, Lambrecht et al. (2008) reported laser-induced modification of gas speciation in fluid inclusions that occurred in close proximity to the ablation pits. These authors related the appearance of O2, H2 and CO in neighbouring inclusions to the photo-dissociation of H2O and CO2. Such laser-induced reactions could affect the isotopic composition of CO2 and CH4 hosted in fluid inclusions leading to analytical artifacts.
Based on these limitations, bulk fluid inclusion extraction remains the most frequently used approach to extract gases hosted in fluid inclusions and to measure their isotopic composition. Extraction of bulk fluid inclusion compounds is achieved in two ways, through thermal decrepitation and mechanical extraction. Thermal decrepitation involves heating the sample to high temperatures (usually up to 1,000°C) under vacuum to release all volatile constituents from the inclusions (Abell et al., 1970; Mullis et al., 1994; Norman and Sawkins, 1987; Petersilie and Sörensen, 1970; Piperov and Penchev, 1973), while mechanical extraction consists of the release of fluid inclusion by crushing or milling the sample in vacuo or in inert gases (Andrawes and Gibson, 1979; Etiope et al., 2018; Grozeva et al., 2020; Kita, 1981; Norman and Sawkins, 1987; Petersilie and Sörensen, 1970; Piperov and Penchev, 1973; Sanz-Robinson et al., 2021; Stuart and Turner, 1992; Welhan, 1988).
Besides the mixing of multiple fluid inclusion populations (Blamey, 2012; Villa, 2001), the main challenges of fluid inclusion extraction techniques concern the production of blank gas species (Andrawes and Gibson, 1979; Etiope et al., 2018; Grozeva et al., 2020; Norman and Sawkins, 1987; Piperov and Penchev, 1973; Welhan, 1988), chemical re-equilibration (Piperov and Penchev, 1973), incomplete extraction due to partial adsorption (Barker and Torkelson, 1975; Norman and Sawkins, 1987; Welhan, 1988) and diffusion (Zhang et al., 2014). All of these processes can potentially alter the composition of gases extracted from fluid inclusions. Nevertheless, to our knowledge, very few works have yet reported isotopic labelling experiments (Sanz-Robinson et al., 2021) or interlaboratory comparisons (Etiope et al., 2018; Luciani et al., 2022; Potter and Longstaffe, 2007) to evaluate the preservation of CO2 and CH4 carbon isotopic composition after the extraction. Therefore, isotopic labelling experiments and interlaboratory comparisons are necessary steps in the development of rigorous fluid inclusion extraction protocols.
Recently, several protocols have been developed to combine fluid inclusion extraction techniques with CRDS for the isotope analysis of H2O hosted in fluid inclusions (Affolter et al., 2014; Arienzo et al., 2013; de Graaf et al., 2020; Weissbach et al., 2023). The CRDS system is low-cost compared to GC-IRMS and it guarantees high accuracy and fast measurements. Despite the availability of CRDS systems for δ13C measurement of CO2 and CH4, only two studies (Boutier et al., 2024; Etiope et al., 2018) applied this analytical technique to characterize carbon stable isotope composition of natural fluid inclusions.
In this work we try to fill these gaps by presenting a protocol for bulk off-line fluid inclusion extraction for the analysis of δ13C-CO2 and δ13C-CH4 using a Cavity Ring-Down Spectroscopy (CRDS) analyser (Picarro G2201-i). Two mechanical fluid extraction techniques were compared: ball milling in ZrO2 jars, and sample crushing in a stainless steel sealed tube under a hydraulic press. We tested the different protocols through blanks, isotopic labelling of CH4 and CO2, interlaboratory and inter-technique comparisons.
2 MATERIALS AND METHODS
2.1 Extraction apparatus
The ball milling extraction apparatus consists of two 250 mL zirconium oxide (ZrO2) Retsch™ jars equipped with three ZrO2 Retsch™ balls (Ø: 30 mm) and an aeration lid (Figures 1A–D). This material was chosen in order minimize the carbon content of the extraction apparatus, that can reach up to 1.2 wt% in stainless steel (upper concentration limit for stainless steel in the European Standard EN 10020–2000 for grades of steel definition and classification). The aeration lid was modified to couple two Swagelok® Quick-Connect stems allowing fast and easy connection with the gas and vacuum lines. To keep the jar sealed during extractions, the nuts and fittings connected to the jar lid were coupled with FMK O-rings guaranteeing good temperature resistance (up to 200°C). The ball milling was carried out with a Retsch™ PM-400 planetary mill. Gas samples were extracted from the jar with gas chromatography syringes with volumes ranging between 250 μL and 25 mL piercing through a rubber septum coupled with a Swagelok® UltraTorr fitting connected to the jar (Figure 1D). Additionally, gas samples were extracted from the jar by expansion of the gas to pre-evacuated Pyrex® bottles connected to the jar through a Swagelok® UltraTorr fitting.
[image: Figure 1]FIGURE 1 | The ball milling extraction apparatus. Panels (A), (B), (C), and (D) show the steps of the mechanical extraction protocol: (A) jar evacuation; (B) jar flushing and pumping with Zero Air; (C) milling; (D) sample extraction after milling; (E) sample injection in the SSIM2 Module connected to a G2201-I Picarro analyser. The FMK O-rings present in the extraction apparatus are coloured in yellow (detail in panel (D)). Abbreviations: V1, V2, V3: valves; QC: Swagelok Quick Connect fitting; UT: Ultra Torr.
The second apparatus consists of a 35 cm-long stainless steel tube (grade SS-316), (inner diameter ID: 9 mm; outer diameter OD: 12.7 mm) sealed with a stainless steel cap at one end of the tube (Figure 2). The other end is connected to a ball valve and a rubber septum for syringe gas extraction. Further details regarding the components of the extraction apparatus are provided in Supplementary Figure S1; Supplementary Table S1.
[image: Figure 2]FIGURE 2 | The crushing extraction apparatus. The stainless steel tube hosts the sample, it is closed with a cap on one extremity and with a ¼” ball valve on the other extremity. Crushing is operated through a hydraulic press. The gas sample is extracted through an Ultra Torr coupled with a rubber septum (green). Abbreviations: UT: Ultra Torr.
2.2 Gases
The mechanical extraction was performed under an atmosphere of Zero Air, consisting in a O2-N2 mixture, and under a He atmosphere, both purchased from SIAD™ s.p.a. (Figure 1B). The isotopic labelling experiments were performed using two secondary standards purchased from SIAD™ s.p.a. with the following compositions: CH4: 10.7 ppmv - CO2: 504 ppmv - O2: 20.91 vol% - N2: Remaining - δ13C-CH4: 44.6‰+/-0.3‰ - δ13C-CO2: 8.7‰+/-0.3‰; CH4: 52.1 ppmv - CO2: 1,005 ppmv - O2: 20.84 vol% - N2: Remaining - δ13C-CH4: 44.6‰+/-0.3‰ - δ13C-CO2: 8.7‰+/−0.3‰. The instrumental calibration of the isotopic analyser was achieved through two to three replicated measurements of the abovementioned secondary standards and the following CH4 and CO2 isotopic primary standards furnished by Airgas inc.: CH4: 1,000 ppm - δ13C-CH4: 68.6+/−0.3‰ - Remaining: zero air; CH4: 1,000 ppm - δ13C-CH4: 0.3‰+/-0.3‰ - Remaining: zero air; CO2: 3 vol% - δ13C-CO2: 19.7+/−0.5‰ - Remaining: zero air; CO2: 3 vol% - δ13C-CO2: +21.0+/−0.5‰ - Remaining: zero air.
2.3 Qualitative and quantitative measurements of gas concentrations and δ13C compositions
The CO2 and CH4 concentrations, expressed in ppm and δ13C-CH4 and δ13C-CO2 isotopic composition, expressed in ‰ relative to Vienna PDB (VPDB), of the gas samples were measured with a Cavity Ring-Down Spectrometer (CRDS) Picarro™ G2201-i at the Deep Carbon Lab (University of Bologna). This isotopic analyser allows simultaneous measurement of CO2 and CH4 with an accuracy of 200 ppb for CO2 and 5 ppb for CH4, < 0.06‰ for δ13C-CH4 at 10 ppm, and < 0.16‰ for δ13C-CO2 at 380 ppm. The Picarro™ G2201-i spectrometer allows the measurement of δ13C-CH4 for samples with low CH4 concentrations (1.2–15 ppm) in the High Precision mode (HP) and high concentrations (1.2–1,500 ppm) in the High Range mode (HR). The samples were introduced in the analyser through the Picarro™ A0314 Small Sample Introduction Module 2 (SSIM2) which has an internal volume of 20 mL allowing controlled sample dilution in a Zero Air matrix (O2-N2) for small sample volumes (Figure 1E). The SSIM2 module specifications guarantee a precision of < 1 ppm for CO2 (at 400 ppm) and < 3 ppb for CH4 (at 2 ppm), and δ13C-CH4 < 0.3‰ at 10 ppm; δ13C-CO2 < 0.5‰ at 500 ppm.
We conducted inter-technique comparison tests by performing bulk δ13C-CH4 measurements on three gas samples through Gas-Chromatography Mass Spectrometry (GC-IRMS) with a MAT 253 at the Goethe University (Frankfurt am Main). The mass spectrometer was calibrated through the measurement of three isotopic standards furnished by Arndt Schimmelmann (Indiana University). The analyses were performed both through direct expansion of the sample into a loop connected to the GC, or through cryogenic separation of CH4 using the protocol described by Fiebig et al. (2015). The duplicate analyses were performed by ball milling of a different subset of sample under a He atmosphere (see Section 2.2) at the Deep Carbon Lab (Bologna University).
The composition of blanks (as defined in section 2.6) was also analysed using gas chromatography-thermal conductivity detector (GC-TCD). The analyses were conducted at the laboratory of analytical chemistry of the “Giacomo Ciamician” chemistry Department in Ravenna with an in-house method available in the laboratory that exploited three in-series columns: HAYESEP N 80–100 MESH, HAYESEP Q 80–100 MESH, Mol. Sieve 5A 60–80 (Veen et al., 2020). The injection volume was set as 250 μL. Peak attribution was achieved via injection of standard gas O2, N2, CO2 and CH4.
2.4 Petrographic analysis
Petrographic analysis of fluid inclusions was performed at the Deep Carbon Lab (University of Bologna), with a Zeiss AxioScope5 and a Zeiss AxioScope7 petrographic microscopes equipped with Neofluar 50x and 100x objectives.
2.5 Raman spectroscopy
Raman spectroscopy characterization of the fluid inclusions was carried out at the BiGeA department (University of Bologna) using a WITec Alpha 300-R confocal micro-Raman spectrometer with a 532 nm laser source. The Raman shift was calibrated with a Hg-Ar lamp. Raman spectra were acquired with the following parameters: 600 g/mm grating; 20–35 mW laser power on the sample; acquisition duration between 1 and 5 min.
2.6 Synthetic and natural materials for the tests
The material selected for blanks include: 6 mm-thick industrial glass and 6 mm-thick slices of Novate granite, that is a peraluminous leucocratic two-mica granite from the Central Alps (Liati et al., 2000). Industrial glass was selected for blank experiments as a fluid inclusion-free synthetic material. The Novate granite was selected since optical microscopy and Raman spectroscopy characterization in thin section at the BiGeA Department at the Bologna University (Italy) revealed the presence of rare 5–20 μm large biphasic (liquid + vapor) plagioclase-hosted fluid inclusions (Supplementary Figure S2) hosting H2O and minor amounts of N2. Neither CO2 nor CH4 was detected (Supplementary Figure S3).
Two tests with natural samples hosting CH4-rich fluid inclusions were chosen for interlaboratory comparison. The first test was carried out on samples of quartz crystals from Val d’Illiez (Swiss Alps), which had been previously characterized by Mangenot et al. (2021). These authors identified both liquid and vapor-rich fluid inclusions hosting H2O + CH4 +/− CO2 based on Raman spectroscopy (Mangenot et al., 2021) (Figure 3A). The authors extracted the volatiles by mechanical crushing under vacuum inside an electromagnet device and measured the δ2H, δ13C, 12CH2D2 and 13CH3D of methane with a Thermo™ Ultra MAT253 IRMS (Mangenot et al., 2021). The δ13C-CH4 showed good homogeneity among six samples (avg: 28.5‰; 1σ = 0.4‰).
[image: Figure 3]FIGURE 3 | Photomicrographs of representative fluid inclusions hosted in the samples analysed in the interlaboratory comparison experiment. Panel (A) shows a cluster of monophasic (vapor) and biphasic (liquid + vapor) fluid inclusions hosted in a Val d’Illiez quartz crystal. Panel (B) shows trails of monophasic (vapor) olivine-hosted fluid inclusions in sample V18-2A. Abbreviations: FI = fluid inclusion; Ol = olivine; Qtz = quartz.
The second test was performed on a sample of partially serpentinized peridotite (V18-2A) from the Belvidere Mountain Complex (Vermont) that was previously characterized by Boutier et al. (2024); Boutier et al. (2021). The peridotite sample bears gaseous fluid inclusions hosted in olivine (Figure 3B), containing CH4 and minor amounts of N2 and NH3 (Boutier et al., 2024; Boutier et al., 2021) identified by Raman spectroscopy. The authors extracted the volatiles mechanically by ball milling (rotation speed: 700 rpm–duration: 8 min) under a N2 atmosphere inside a Fritsch 125 mL ZrO2 jar. The gases were analyzed with a CRDS analyser (Picarro G-2210-i) for δ13C-CH4 and C1/C2. A replication of the analysis was performed with GC-IRMS for δ13C-CH4 and δ2H-CH4 measurement. Both analytical techniques produced indistinguishable results with δ13C-CH4 values of −12.66+/-0.07‰ and −12.93+/-0.6‰ for CRDS and GC-IRMS, respectively.
Additional samples of variably serpentinized peridotites, and serpentinites crosscut by carbonate veins coming from the Belvidere Mountain Complex (Vermont) were selected for inter-technique comparisons (Supplementary Section S4 for geological context). These samples were chosen either because they contained similar generations of fluid inclusions or due to the rarity of CH4-rich fluid inclusions, as determined through optical microscopy and Raman spectroscopy analysis of thin sections (Supplementary Figures S4, S5, S6, S7, S8).
2.7 Sample preparation
The rock samples used for fluid inclusion extraction were cut into 6 mm thick slices and weathered surfaces were removed to avoid contamination in the jar. The use of thin slices of rock provided material that could be efficiently crushed to release fluid inclusions. Prior to milling, the rock slices were washed in ultrasonicated bath of distilled water for 10 min at 30°C and dried in an oven at 70°C for 12 h. During sample preparation we purposely avoided the use of any organic solvents which can affect measurements of low-boiling gas species such as CO2 (Mironova, 2010).
2.8 Protocol description
Between 50 and 113 g of filling materials loaded in the jar, corresponding to approximately 7% and 15% of the jar volume, respectively. The jar was connected to a turbomolecular pump and placed on a heating plate at 70°C to facilitate gas desorption on rock and jar surfaces and to remove atmospheric gases. The evacuation of the jar proceeded until an internal pressure in the range of 1–200 Pa was reached (Figure 1A). The jar was then connected to a flow of Zero Air (O2-N2 mix) for CRDS or He for GC-IRMS analysis, flushed for 1 min and pumped at a gauge pressure of 110 kPa (Figure 1B), corresponding to an internal absolute pressure of 210 kPa. A slight overpressure inside the jar during the extraction was adopted rather than vacuum to avoid inflow of ambient air during the experiment. This choice implies the dilution of the extracted gas in the gas matrix. The concentration of CO2 and CH4 in the extraction apparatus was monitored before every experiment by extracting 20 mL of gas and ranged between CH4: 0.01–0.07 ppm and CO2: 7–15 ppm (Supplementary Table S1). The milling was conducted at variable rotation speeds of 50–400 rpm (maximum speed of the planetary mill used in this study) with breaks and inversion in rotation direction every 30 s. A milling duration of 3 min was used in all the experiments, longer milling duration was avoided in order to minimize frictional heating (Figure 1C). The details of the milling parameters of every experiment are given in section 3. After the milling, the jar was placed again on a heating plate at 70°C to facilitate the desorption of extracted gases from the newly formed surfaces (Figure 1D). The gas samples were extracted from the jars for the analysis 5–10 min after the end of the milling. After each milling experiment the jar surfaces and the balls were cleaned by milling Fontainebleau quartz sand at 400 rpm for 7 min, and any remnant of dust in the jar surfaces and O-rings was removed prior to the next extraction.
The same procedure was applied for the stainless steel tube with only one difference that is the evacuation and Zero Air flushing and pumping were achieved through a double needle piercing the rubber septum. Blanks, isotopic labelling, and extraction experiments were performed by applying pressures ranging from 10 to 20 MPa with a hydraulic press (Figure 2). A new tube was used for each experiment. The recommendations for optimal analytical conditions, including sample size, sample type, and extraction technique are summarized in section 4.5.
3 RESULTS
3.1 Concentrations
The CO2 and CH4 concentrations measured by the Picarro G2201-i in this study depend on the internal pressure of the jar that was kept constant at 210 kPa at the beginning of every experiment, and on the accuracy of the sample dilution in the SSIM2 module. The latter is affected by (i) the amount of gas injected which might vary from one to another injection, and (ii) the additional volume of the inlet line, which was modified for the introduction of gas samples with GC syringes. The concentrations presented in this work do not consider possible changes of volume, temperature and pressure within the jar or tube and should be considered specific for this analytical setup.
3.2 Ball milling
3.2.1 Blank experiments
The change in CH4 and CO2 concentrations between the gas measured before and after the milling are hereafter expressed as Equations 1, 2:
[image: image]
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Hence, a positive ΔCH4 implies an increase in CH4 concentration in the gas phase inside the jar with respect to the initial conditions before the milling. Conversely, a negative ΔCH4 refers to a decrease in CH4 concentration in the gas phase inside the jar with respect to the initial conditions before the milling. The uncertainties on the ΔCH4 and ΔCO2 values were calculated considering the standard deviation reported by the analyser on the single CH4 pre-mill and CO2 pre-mill measurements, and the standard deviation calculated on two to three replicated CH4 post-mill and CO2 post-mill measurements (Supplementary Table S1).
The ΔCH4 and ΔCO2 were obtained at different rotation speeds and for three experimental setups: 1) 50 g of Novate granite (CH4- and CO2-free) + 3 balls; 2) 3 balls and no mill feed; 3) 50 g of industrial glass +3 balls. The experiments without mill feed were conducted at rotation speeds <200 rpm to avoid damaging the internal jar and balls surface.
The results suggest that the blank levels vary as a function of rotation speed, type of material, and grinding stock filling degree (Figures 4A, B). Experiments with Novate granite and without mill feed produced similar trends with a positive ΔCH4 which increased with rotation speed. The presence of rock sample in the jar resulted in lower ΔCH4 for a given rotation speed relative to the experiments without mill feed. These blank experiments produced both positive and negative ΔCO2 at low rotation speeds. Nevertheless, for rotation speeds >200 rpm, ΔCO2 was always positive. The experiment with Novate granite at 200 rpm resulted in slightly higher ΔCO2 (19.0 ppm) compared to the experiment without mill feed (12.8 ppm). Blank experiments with glass displayed slightly positive ΔCH4 at 150 rpm and 200 rpm, while at higher speeds no change in CH4 concentration was detected. All experiments with glass resulted in a negative ΔCO2 and a weak negative correlation between ΔCO2 and rotation speed.
[image: Figure 4]FIGURE 4 | The change in CH4 and CO2 concentrations (expressed in ppm) as ΔCH4 (A) and ΔCO2 (B) as a function of rotation speed (expressed in rpm). Each point corresponds to the difference between a single pre-mill measurement and an average value calculated based on 2-3 replicated post-mill measurements. The different symbols correspond to the three different analytical setups: 50 g of glass +3 ZrO2 balls in the jar; 2) 50 g of Novate granite +3 ZrO2 balls in the jar; 3) 3 ZrO2 balls in the jar. Error bars that are not visible are smaller than the symbol size.
The δ13C-CH4 of the blank gases in experiment with Novate granite and without mill feed varied between −44 and −49‰ in the HP mode and −152 and −228‰ in the HR mode (Supplementary Table S2). Such a difference in between these two values is unexpectedly high and likely reflects the presence of an interferent produced during the experiment. The interference causing high residuals and baseline offsets was indeed identified by the Picarro ChemDetect software. Such effects may be indicative of the presence of heavier hydrocarbons that could not be determined more specifically. Repeated measurements with the GC-TCD technique confirmed the presence of CH4, CO2, O2 and N2 in the blank experiments, but no other gas species could be detected (Supplementary Figure S9). Therefore, it was not possible to unambiguously determine the cause of the interference. When comparing the blank and the laboratory air chromatograms (normalized to the O2-N2 peak intensity to correct for differences in the injected volume), the absolute abundance of CH4 differs. The gas filling the jar displays higher relative CH4 abundance compared to the laboratory air (Supplementary Figure S10).
3.2.2 Isotopic labelling
We repeated the experiments after pumping two reference gases (detailed description of the composition in section 2.2) inside the jar at 100 kPa gauge pressure to evaluate changes in concentration and isotopic composition. The changes in δ13C-CH4 and δ13C-CO2 between the gas measured before and after a milling cycle are hereafter referred as Equations 3, 4:
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For instance, a positive Δ13Cpost-pre implies an increase in the 13C/12C ratio of CH4 between the gas sample extracted before and after the milling cycle. The uncertainties on the Δ13Cpost-pre values were calculated considering the standard deviation reported by the analyser on the single δ13Cpre-mill measurements, and the standard deviation calculated on two to three replicated δ13Cpost-mill measurements when available (Supplementary Tables S4, S5).
A positive ΔCH4 was calculated for experiment with Novate granite, without mill feed and with glass at 100 rpm, as observed in blank experiments, while a negative ΔCH4 characterized experiments with glass at 200 and 300 rpm (Figure 5A). A strongly negative ΔCO2 was detected in all the experiments where the milled material was present in the jar (Figure 5C). The Δ13Cpost-pre of CH4 in the HP mode, ranged between −1.4 and +1.1‰ in the experiments with Novate granite and without mill feed (Figure 5B), the δ13C-CH4 fell in the range of the isotopic standard (−44.6‰+/-0.3‰) and the experimentally produced CH4 (−43 to −49‰). In the HR mode the Δ13Cpost-pre of CH4 was characterized by extremely negative values in experiments with Novate granite and without mill feed (Supplementary Table S4). These results might reflect the same interference effect noticed in the blank experiments where δ13C-CH4 in HR mode displayed extremely negative values (−151 to −228‰) with this filling type. A positive Δ13Cpost-pre of CH4 was observed in experiments with glass where Δ13Cpost-pre increases with rotation speed, up to Δ13Cpost-pre = +10.7‰ at 300 rpm (Figure 5B). Carbon dioxide displayed a negative Δ13Cpost-pre in experiment with Novate granite and without mill feed at 200 rpm (between −1 and −4‰) while in the experiment with glass at 105 rpm, CO2 displayed a positive Δ13Cpost-pre = +2‰ (Figure 5D). The CO2 concentration was too low to measure δ13C-CO2 in experiments with glass at higher rotation speed. The experiment without mill feed at 200 rpm, characterized by the largest interference effect on δ13C-CH4 in HR mode, featured also the largest uncertainty on δ13C-CO2 post-mill measure.
[image: Figure 5]FIGURE 5 | Change in CH4 and CO2 concentrations after ball milling experiments, expressed as Δ CH4 (A) and Δ CO2 (B) and isotopic composition expressed as Δ13Cpost-pre for CH4 (C) and CO2 (D) as a function of rotation speed (expressed in rpm). Each point corresponds to the difference between a single pre-mill measurement and an average value calculated based on 2-3 replicated post-mill measurements, except for the experiment marked by an asterisk, where a single post-mill measure was available. The different symbols correspond to the three different analytical setups: 50 g of glass +3 ZrO2 balls in the jar +10 ppm CH4 – 504 ppm CO2 standard; 2) 50 g of Novate granite +3 ZrO2 balls in the jar +50 ppm CH4 – 1,000 ppm CO2 standard; 3) 3 ZrO2 balls in the jar +10 ppm CH4 – 504 ppm CO2 standard. Error bars are provided for all experiments except for the one marked by an asterisk. When not visible, the error bars are smaller than the symbol size.
3.3 Tube crushing–blank and isotopic labelling experiments
Following the same procedure described in section 3.2 we performed blank and isotopic labelling experiments on the tube crushing device. The concentrations and carbon isotope ratios of CH4 and CO2 in the tube before the crushing experiments are reported in Supplementary Tables S3−S6, respectively.
Crushing an empty stainless steel tube flushed and pumped with Zero Air produced no appreciable changes in CH4 and CO2 concentrations (Supplementary Table S3). Similarly, the isotopic labelling test with the crushing device did not produce any detectable change in either CO2 and CH4 concentrations or isotopic compositions compared to the reference gas (Supplementary Table S6). Repeating the experiment with 20 g of Novate granite gravel resulted in a negative δ13C-CH4 change of 1‰, while no changes in δ13C-CO2 and CH4 and CO2 concentrations were observed relative to the reference gas (Supplementary Table S6).
3.4 Interlaboratory comparison of natural CH4-bearing samples
Interlaboratory comparison tests were carried out on natural samples hosting CH4-rich fluid inclusions in quartz crystals coming from the Val d’Illiez (Swiss Alps) (Mangenot et al., 2021) and in a partially serpentinized peridotite coming from the Belvidere Mountain (Vermont) (Boutier et al., 2024) (Section 2.6). The extraction parameters and the results are summarized in Table 1.
TABLE 1 | Interlaboratory comparison test results comparing the data obtained in this study with the results of Mangenot et al. (2021) and Boutier et al. (2024). The δ13C-CH4 values reported from this study are measured in HR mode due to the high CH4 concentrations (up to 525 ppm) detected by the Picarro G2201-i analyser. Each δ13C-CH4 value from this study is an average of 2–3 replicated measurements of gas extracted from the jar/tube. The average δ13C-CH4 was calculated for injections in which the δ13C-CH4 change reached a steady state.
[image: Table 1]Several aliquots of gas were extracted from the jar after each experiment. Considering the high CH4 concentration in the sample, CH4 was diluted in Zero Air by injecting between 0.2 and 5 mL of extracted gas into the SSIM2 module. The CH4 concentration was then corrected for the dilution effect using the following Equation 5:
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Where CH4 meas indicates the CH4 concentration measured by the analyser, SSIMvol the internal volume of the SSIM2 module corresponding to 20 mL and injectedvol the volume of sample injected in the SSIM2 module. It is important to remark that the value of CH4 corr is not corrected for the difference in internal volume between the milling jars and the tubes. Therefore, the CH4 corr values reported for ball milling and crushing are not directly comparable.
Only the δ13C-CH4 measured in HR mode is considered in this study due to the high CH4 concentrations detected by the CRDS analyser despite the dilution in the SSIM2 module.
As shown in Figure 6, the CH4 concentration and δ13C-CH4 measured by the isotopic analyser changed through different injections from the jar after a milling cycle: increases in CH4 concentration and δ13C-CH4 values were observed after several syringe extractions up to a plateau approaching the values reported by Mangenot et al. (2021) (Supplementary Table S7). The same effect was observed in the experiment with the peridotite sample characterized by Boutier et al. (2024) (Figure 6; Supplementary Table S8) and in the crushing experiments. Therefore, the first 20 mL and 2–10 mL of gas extracted from the jars and the tubes, respectively, were excluded from the average CH4 concentration and δ13C-CH4 calculations for all the measurements.
[image: Figure 6]FIGURE 6 | CH4 concentration corrected for dilution (expressed in ppm) in red circles and δ13C-CH4 VPDB (expressed in ‰) in blue triangles as a function of volume extracted from the jar through a GC syringe after a single milling of cycle (milling duration: 3 min – rotation speed: 400 rpm). (A): experiment with 55 g of Val d’Illiez quartz; (B): experiment with 83 g of V18-2A. Each point represents a single measurement. The light blue rectangles highlight the range of δ13C-CH4 values measured by Mangenot et al. (2021) and Boutier et al. (2024). When not visible, the δ13C-CH4 error bars are smaller than the symbol size.
Despite the differences between the extraction apparatuses and the parameters used in this work compared to previous studies, both ball milling and crushing techniques allowed to replicate previously reported δ13C-CH4 within+/-1‰ (Table 1; Figure 7). Considering the extraction tests on quartz crystals, the milling at 200 rpm and the crushing technique produced higher δ13C-CH4, −27.4‰ and −26.9‰ respectively, compared to the milling at 400 rpm (−29.9‰) (Table 1; Figure 7). Regarding the test with the peridotite sample, the extraction technique did not affect the measured δ13C-CH4. Milling 68 g of Val d’Illiez quartz at 200 rpm released about 13,010 ppm of CH4, while milling of sample V18-2A at 400 rpm released about 2,958 ppm of CH4 (Table 1).
[image: Figure 7]FIGURE 7 | δ13C-CH4 VPDB (expressed in ‰) measured through CRDS, in red, and GC-IRMS, in blue, by ball milling at a rotation speed of 200 rpm, half-filled triangle, and 400 rpm, empty triangle, and by crushing, circle. The δ13C-CH4 measured for sample V18-2A and Val d’Illiez quartz (VDQ) are compared with values reported in previous studies by Boutier et al. (2024), in green, and Mangenot et al. (2021), in purple.
3.5 Inter-technique comparison on natural CH4-bearing samples
The inter-technique comparison between the CRDS and GC-IRMS techniques was performed on one sample of partially serpentinized peridotite and two samples of serpentinites crosscut by carbonate veins coming from the Belvidere Mountain Complex (Supplementary Section S4). The extraction parameters and the results are summarized in Table 2.
TABLE 2 | The results of the inter-technique comparison test carried out at 400 rpm with a milling duration of 3 min. The table shows the δ13C-CH4 VPDB, expressed in ‰, measured through CRDS and GC-IRMS analysis on different aliquots of the same sample. The CH4 concentrations corrected for the dilution effect in the SSIM2 are additionally reported in ppm.
[image: Table 2]The duplicate measurements were performed on different aliquots of the same sample, under a Zero Air atmosphere for CRDS, and under a He atmosphere for GC-IRMS analysis. The CRDS measurements were performed through syringe injection while the gas samples for GC-IRMS analysis were first transferred by expansion to pre-evacuated Pyrex® bottles. The average δ13C-CH4 values resulting from the CRDS analysis were calculated as described in Section 3.4, excluding the first 20 mL of gas extracted from the jar.
The comparison between the CRDS and the GC-IRMS techniques shows good reproducibility of the δ13C-CH4 values for duplicate analysis of the same sample with variations of δ13C-CH4 ranging between 1.3‰ and 0.2‰ over three different samples (Figure 7). Therefore, the precision of the inter-technique comparison experiments falls within the δ13C-CH4 analytical precision, <0.3‰ in the CRDS setup, or displays minor offsets up to 1.0‰. Overall, the δ13C-CH4 is independent of the sampling technique–i.e.: syringe injection vs. expansion to a bottle, and of the jar atmosphere–i.e.: Zero Air vs. He.
The CH4 concentrations in the analysed gases can vary significantly depending on the sample. Milling 101 g of carbonate veins rich in fluid inclusions from sample V22-94, yielded a CH4 concentration of 23,630 ppm (Table 2). On the other hand, milling 110 g of sample V22-118, poor in carbonate-hosted fluid inclusions, yielded a significantly lower CH4 concentration of 67 ppm (Table 2). Despite this large difference in CH4 concentration, fluid inclusions released from carbonate veins in both samples yielded overlapping δ13C-CH4 values (Figure 7). Even though Etiope et al. (2018) reported high CO2 concentrations when ball milling carbonate-rich samples, no increase in CO2 concentration was detected after milling samples V22–94 and V22-118. Milling 72 g of partially serpentinized peridotite from the same locality yielded a CH4 concentration of 285 ppm and heavier δ13C-CH4, ranging between −13.8 and −14.2‰. For comparison, olivine-hosted fluid inclusions from sample V18-2A, coming from the same locality, display similar δ13C-CH4, ranging between −12.9 and −11.6‰.
3.6 Comparison with fluid inclusion-poor samples
Three serpentinized peridotite samples, poor in fluid inclusions, were selected to test the reproducibility of the δ13C-CH4 measurements at low CH4 concentrations. Milling between 106 and 113 g of peridotite at 400 rpm yielded CH4 concentrations varying between 23.56 ppm and 31.78 ppm (Table 3) which are 2–3 orders of magnitude lower than the CH4 concentrations detected for samples in the interlaboratory comparison test (Table 1). At these low concentrations, background CH4 might represent a significant fraction of the analysed gas phase, offsetting the δ13C-CH4 of natural samples. To evaluate these effects, split samples were also analysed by crushing in stainless-steel tubes. The δ13C-CH4 values measured with the two extraction techniques differ slightly for a given sample (see Table 3). Milling samples V22-45 and V22-80 resulted in lower δ13C-CH4 (2‰ and 4‰ in difference, respectively) compared to the gases extracted by crushing the same samples. The crushing experiment with sample V22-78 produced extremely small concentrations of CH4 and lower δ13C-CH4 compared to the milling experiment. The latter result might suggest mixing with atmospheric CH4. An increase in air contamination (CO2 and H2O concentration) in the tubes was observed after extracting approximately 10–20 mL of gas from the crushed tubes.
TABLE 3 | The comparison between ball milling and crushing a sealed stainless steel tube with a hydraulic press with samples of partially serpentinized peridotite hosting a small number of CH4-rich fluid inclusions. The δ13C-CH4 values reported from this study are measured in HP mode due to the low CH4 concentrations (between 2 and 25 ppm) detected by the Picarro G2201-i analyser. Experiments for which a standard deviation is reported are an average of 2–3 replicated measurements of gas extracted from the jar/tube. Experiments lacking standard deviation are the result of a single measurement. The average δ13C-CH4 was calculated for injections in which the δ13C-CH4 change reached a steady state. δ13C-CH4.
[image: Table 3]4 DISCUSSION
4.1 Parameters controlling blank yields in the ball milling technique
Our results highlight complex changes in blank CO2 and CH4 yields as a function of three milling parameters: rotation speed, grinding stock filling degree and type of filling material. These parameters are discussed separately.
4.1.1 Rotation speed effect
Rotation speed seems to play a major role in the production of CH4 and CO2 in blank experiments (Figures 4A, B) as suggested in previous studies (Etiope et al., 2018). Increasing rotation speed leads to an increase in blank levels in both experiments with rock filling and without mill feed in the jar (Figures 4A, B). Experiments that produced the greatest blank yields actually show strong interference in the absorbance bands of CO2 and CH4 in High-Range mode and high residuals and baseline offsets. This suggests the production of an unidentified molecule, possibly heavier hydrocarbons, affecting the measurements. It has been demonstrated that increasing rotation speed generates higher temperatures inside ball mills (Schmidt et al., 2016) and favours mechanochemically driven reactions (Li et al., 2023; Sawama et al., 2020). This correlation advocates for a link between the energy generated mechanically by the milling balls impacts and the blank production of CH4 and CO2. Similar results were observed by Welhan (1988) and Etiope et al. (2018) in stainless steel crushers where increasing milling duration led to higher CH4 blank levels. It has been proposed that carbon-bearing impurities in stainless-steel can combine with hydrogen atoms to produce CH4 during metal-metal friction (Higaki et al., 2006). If trace amounts of carbon are present in the ZrO2 jar and/or milling balls a similar mechanism could explain our blank CH4 yields (Figure 4A). The O-rings present on the jar lid might represent another possible source of carbon in the extraction apparatus.
Another explanation for the blank production of CH4 could be the presence of carbon-bearing contaminants introduced in the jars during the experiments or persisting after cleaning of the extraction apparatus. Nonetheless, in the latter case, we would see variability in blank CH4 yields from one experiment to another, whereas our results show that the blank yields were homogeneous through time, replicable, and dependent only on rotation speed and filling material (Supplementary Table S1). Traces of condensed organic matter in rocks, like the Novate granite, could represent another possible source of contamination. At high temperatures organic matter can crack to generate artificial thermogenic CH4. This process can be particularly problematic in thermal decrepitation (Grozeva et al., 2020), nevertheless the current data do not allow to constrain the temperatures reached during ball milling in our experiments.
Alternatively, it has been demonstrated that in the presence of CO2 and H2O, ball milling can generate CH4 through mechanically induced methanation of CO2 (Sawama et al., 2020). This type of reaction might take place at the expense of CO2 and H2O that remained adsorbed on the jar and balls surfaces after the evacuation and flushing stages. This is unlikely, since at fixed milling parameters and jar filling, longer evacuation times (2 h vs 21 h) produced no change in blank CH4 yields (Supplementary Table S1). Mechanochemical methanation of CO2 could be also linked to the generation of H2 during milling of silicate-bearing rocks–like the Novate granite - in the presence of H2O (Sugisaki et al., 1983).
4.1.2 Grinding stock filling degree effect
The increase in grinding stock filling degree, represented in this study by the comparison between experiments without mill feed and with Novate granite, resulted in lower CH4 blank levels (Figure 4A) and lower interference in the HR mode. These results agree with previous studies carried out with stainless steel extraction apparatuses (Etiope et al., 2018; Grozeva et al., 2020; Welhan, 1988), where increasing the volumetric ratio between the sample and the extraction apparatus resulted in lower blank levels. It has been demonstrated that increasing the grinding stock filling degree reduces the milling bed temperature (Schmidt et al., 2016) due to the decrease of the milling balls speed and path. Moreover, the grinding stock acts as a heat sink as energy is dissipated in more material (Schmidt et al., 2016).
Alternatively, adsorption of blank-generated CH4 onto rock powder might result in apparent lower blank levels (Welhan, 1988). The latter hypothesis will be discussed in greater detail in section 4.2. Milling Novate granite at 200 rpm resulted in higher CO2 blank yields compared to experiment without mill feed (Figure 4B). This difference might be related to the presence of small amounts of CO2 in the Novate granite fluid inclusions that could not be detected through Raman spectroscopy. Although natural untreated materials are often used in blank experiments (Etiope et al., 2018; Salvi and Williams-Jones, 2003; Sanz-Robinson et al., 2021), such data call for caution in their use for blank evaluation.
The 250 mL ZrO2 jars used in this study allowed to load up to 100–110 g of partially serpentinized peridotite samples cut into 6-mm thick slices, in order to maximize the grinding stock filling degree and minimize the frictional heating. For reference, considering a density of the serpentinized peridotite ranging between 2.6 and 2.9 g/cm3, the optimal grinding stock volume for the ball milling technique ranges between 34 and 37 cm3 of rock sample, corresponding to 13%–14% of the internal jar volume. Considering this volumetric ratio as the optimal condition to minimize frictional heating, a jar with an internal volume of 50 mL should allow to reduce the sample size to 8 cm3, corresponding to 18–20 g of partially serpentinized peridotite. Nevertheless, it is highlighted that smaller jar volumes may result in too high dilution effects if the adopted analytical protocol uses a Picarro SSIM2.
4.1.3 Type of filling
Very large discrepancies are observed when comparing the CO2 and CH4 blank yields between different types of filling: experiments with glass display significantly lower blank levels compared to experiments with Novate granite (Figures 4A, B). Rosenkranz et al. (2011) observed significant differences in the ball motion of milling balls depending on the type of filling present in the ball mill. These authors observed the formation of a mill feed coating on the milling balls causing changes in the friction conditions during the comminution process (Rosenkranz et al., 2011). Therefore, it could be possible that large variations in blank CO2 and CH4 yields might depend on the type of rock/filling material used in the experiments. Alternatively, the large differences in blank levels might arise from the interaction between CO2 and CH4 molecules and new fresh, chemically active surfaces generated during the milling process.
Another factor that should be carefully evaluated prior to any fluid inclusion carbon isotope analysis is the presence of carbon-rich solid phases, which could lead to blank CH4 and/or CO2 production when exposed to heat generated by frictional heating. For instance, Li et al. (2023) reported CH4 generation through mechanochemical hydrogenation of carbon substrates (such as PET, anthracite, coal, and active carbon) using ball milling. Similarly, Etiope et al. (2018) reported higher CO2 concentrations and δ13C-CO2 values in ball milling experiments with limestone compared to experiments with granite, and quartz, pointing to CO2 input from calcite.
4.2 Adsorption
One of the main disadvantages of mechanical extraction techniques is the adsorption of the extracted gases onto newly formed chemically active surfaces (Barker and Torkelson, 1975; Norman and Sawkins, 1987; Welhan, 1988), causing lower extraction efficiency and potentially leading to isotopic fractionation effects. Some of the trends observed in the isotopic labelling results might result from adsorption processes. For instance, the decrease in CO2 concentration in all the experiments where a gas standard was stored in the jar together with freshly generated glass or rock powder (Figure 5C) might be caused by CO2 adsorption. The magnitude of CO2 concentration decrease changed dramatically with rotation speed. For instance, in the presence of a glass powder produced at 105 rpm, only 30% of the CO2 pumped in the jar was recovered, while for a glass powder produced at 200 rpm only 2% was recovered. This trend could be consistent with the adsorption process since increasing rotation speed causes a decrease the grain size of the powder and, therefore, an increase in the powder surface area. The extent of CO2 concentration decrease varied considerably depending on the nature of the jar filling: for a rotation speed of 200 rpm, the magnitude of CO2 adsorption is approximately twice as strong on glass powder as on Novate granite powder (Figure 5C). This may be explained by different adsorption properties among materials (Kalinkin et al., 2002; Rigopoulos et al., 2018; Welhan, 1988).
Changes in CH4 concentration were more complex and dependent on the nature of the filling phase. For instance, CH4 concentration decreased only in experiments with glass at 200 and 300 rpm (Figure 5A) suggesting that this type of material, compared to granite powder, might potentially favour CH4 adsorption. This hypothesis would explain the generally lower blank CH4 yields in experiments with glass (Figure 5A). In general, these results are consistent with previous works that showed that CO2 is more easily adsorbed than CH4 and that silica-rich powder favours CH4 adsorption (Barker and Torkelson, 1975; Welhan, 1988). Considering the large variety of rock types and minerals that can host fluid inclusions and their different mechanical properties, a more comprehensive study would be needed to better understand CO2 and CH4 interactions with the surfaces of different rock powders.
4.3 Syringe sampling effect
The increase in CH4 concentration and δ13C-CH4 observed after several syringe extractions from the same jar after a single milling cycle (Figure 6) bears strong similarities with the trends observed in CH4 diffusion experiments through porous materials (Zhang and Krooss, 2001) where the lighter 12CH4, displaying faster diffusivity compared to 13CH4, is enriched in the diffusion front generating a depletion in δ13C-CH4 in the first time of the experiment. The process occurring in the jar and in the tubes instead of being driven by time seems to be controlled by the extracted volume: the first 20 mL of gas extracted from the jar display lower δ13C-CH4 approaching a steady value of δ13C-CH4 after several extractions. Therefore, the observed trends might reflect a diffusion isotopic fractionation process occurring in the jar during CH4 migration from the freshly opened inclusions towards the rubber septum. This process could result in a heterogeneous distribution of CH4 in the jar/tube after the milling/crushing experiments with the development of a diffusive front depleted in 13CH4. Our results suggest that progressive removal of gas with the syringe drives homogenization of CH4 inside the jar/tube.
Alternatively, these analytical artifacts might be a result of the gas sampling technique with the GC syringes adopted in this study, which are not equipped with valves. A leak of gas from the GC syringes when the jar has an internal overpressure could explain the increase in CH4 concentration observed after several extractions, as the gas pressure in the jar decreases. Nevertheless, it is difficult to explain the changes in 13C/12C ratio with this mechanism, since during the diffusion process the CH4 fraction remaining in the syringe should display heavier δ13C-CH4.
Overall, the comparison between results collected through syringe injections and gas transferred to Pyrex® bottles show minimum differences in δ13C-CH4, up to 1‰ (Figure 6). This indicates that, excluding the initial 20 mL of gas from the analysis, gas sampling with GC syringes does not notably impact the measured δ13C-CH4 values.
4.4 Evaluating isotopic integrity
The preservation of CH4 and CO2 carbon isotope signatures during their extraction from fluid inclusions is not a straightforward process. However, to our knowledge, very few works have yet reported isotopic labelling experiments (Sanz-Robinson et al., 2021) or interlaboratory comparisons (Etiope et al., 2018; Luciani et al., 2022; Potter and Longstaffe, 2007) to evaluate the isotopic integrity of CO2 and CH4 carbon isotopic composition after the extraction. The isotopic labelling experiments with Novate granite and without mill feed in the 10–52 ppm concentration range and 105–200 rpm rotation speed range showed good reproducibility of δ13C-CH4 (within+/-2‰) in HP mode, whereas δ13C-CH4 in HR mode and δ13C-CO2 displayed larger offsets up to −50.9‰ and −4.2‰, respectively (Figures 5B, D; Supplementary Tables S4, S5). These offsets could be caused by the presence of other molecules produced during the milling and causing cross-interference with the absorbance bands of CO2 and CH4 in HR mode. Nonetheless, it was not possible to unambiguously determine the origin of this interference. It is important to notice that the isotopic composition of blank generated CH4 (−42 to −48‰) overlaps with the composition of the reference gas (−44.6‰), which hampers the evaluation of mixing between the reference gas and the artificially generated molecules.
The most remarkable changes in δ13C-CH4 were observed in experiments with glass, which show an increase in δ13C-CH4 up to 10.7‰ at 300 rpm (Figure 5B). The increase in 13C/12C ratio was coupled with a decrease in CH4 concentration. Li et al. (2022a) showed that diffusive loss of CH4 from poorly sealed bottles causes an increase in δ13C-CH4 through time. This process might explain the changes observed in the experiment with glass but fails to explain all the other experiments in which a CH4 increase was observed after milling. Since the same jars were used for all the tests presented in this study it is unlikely that CH4 leakage is the cause of the observed trends.
An alternative explanation could be the partial oxidation of CH4 catalyzed mechanically by ball milling. The oxidation process would drive the remaining CH4 towards heavier compositions (Kueter et al., 2020). It has been shown that yttria-stabilized-zirconia (YSZ) is a promising material for methane oxidation at high temperatures (>767 °C) (Kogler et al., 2014). Nevertheless, the current data do not allow to constrain the temperature reached during the milling in our experiments. The decrease in CO2 concentration observed in the experiments with glass also does not support this hypothesis even though we did not evaluate the production of other common by-products of this reaction like graphite and CO (Kueter et al., 2020). In addition, the comparison between replicated measurements performed through milling under a Zero Air atmosphere or milling under a He atmosphere resulted in minor δ13C-CH4 differences, up to 1‰, suggesting that the presence or lack of O2 in the jar atmosphere had a minor effect on the analysis.
Another potential interpretation of the observed trends could be isotopic re-equilibration between CO2 and CH4 on mineral surfaces favored by increasing temperature at high rotation speeds. Nevertheless, most of the available experimental works (Horita, 2001; Kueter et al., 2019; Sackett and Chung, 1979; Sackett and Conkright, 1997) suggest that the presence of silicate surfaces is insufficient to re-equilibrate CO2 and CH4 and that metal catalysts are required. Additionally, CH4 could interact and/or re-equilibrate with H2O extracted from the fluid inclusions or adsorbed to the jar walls or milling balls. These processes were investigated in previous mechanical extraction studies (Sanz-Robinson et al., 2021) and showed no relevant effects on the δ13C-CH4 value. Even though we did not examine this topic in detail, the interlaboratory comparison test on quartz crystals hosting both CH4 and H2O-bearing fluid inclusions (see Mangenot et al., 2021) allowed to reproduce previously reported δ13C-CH4 within+/-1‰ suggesting no significant effect of H2O on the 13C/12C ratio of CH4.
Alternatively, the observed trends might be related to adsorption of CH4 onto glass powder. Despite the effects of adsorption on CH4 isotopic composition are still poorly understood, some studies suggest preferential 12CH4 adsorption in the presence of solid substrates (Fuex, 1980; Gunter and Gleason, 1971; Kettel, 1996; Liu et al., 2020). However, it is not clear whether this process alone could explain the magnitude of isotopic fractionation observed in this study. The coupling between adsorption and diffusion could explain the large variation observed in δ13C-CH4. A decrease in CH4 in the free gas phase coupled to an increase in adsorbed CH4 is expected to favour diffusion processes causing an exponential decrease in the amount of CH4 degassed and increase in δ13C-CH4 (Li et al., 2022b).
To summarize, the results of the isotopic labelling experiment with the ball milling technique in the concentration range 10 and 50 ppm of CH4 and 500 and 1,000 ppm CO2 highlighted complex changes in CO2 and CH4 concentrations and carbon isotopic compositions that are challenging to interpret. The largest isotope fractionation effects were observed at low CH4 concentrations – 10 ppm – and in experiments with synthetic glass.
The results of the interlaboratory comparison experiment suggest that independently of the mechanical extraction technique, the protocols presented in this study allowed to replicate previously reported δ13C-CH4 values within+/-1‰ for CH4 concentrations in the range of 1,000–10,000 ppm of CH4. The CH4 concentrations measured in these tests were 2–3 orders of magnitude higher than the blanks (Table 1). The crushing technique involves lower energy transfer over a short time period compared to ball milling and it does not generate detectable amounts of CO2 or CH4. Moreover, isotopic labelling experiments suggest that CO2 and CH4 concentrations and carbon isotopic compositions are not affected by secondary processes, like adsorption, for CH4 and CO2 concentrations of 50 ppm and 1,000 ppm respectively. Nevertheless, the stainless steel tubes host smaller volumes of gas compared to milling jars and are more sensitive to air contamination when volumes larger than 10–20 mL are extracted with GC syringes (Section 3.6).
The comparison of the two extraction techniques on split samples hosting small amounts of CH4-bearing fluid inclusions, and CH4 concentrations in the range of 20–30 ppm, highlighted differences up to 4‰ in the measured δ13C-CH4 values (Section 3.6). These discrepancies could be the result of mixing between the CH4 extracted from the inclusions and the blank CH4 generated by the milling process (Section 3.2.1).
Even though ball milling is sensitive to analytical artifacts at low CH4 concentrations, between 10 and 50 ppm, the replicate analyses performed on two different subsets of the same sample showed good reproducibility with small δ13C-CH4 changes up to 1‰ (Figure 7; Table 2). In addition, the changes in δ13C-CH4 observed in a range of concentrations varying between 67 and 23,630 ppm appear to be closely related to the mineralogy of the host mineral–olivine in V18-2A and V22-124 and carbonate in V22–94 and V22-118 – and the presence of specific generations of fluid inclusions instead of being controlled by the CH4 concentration (Table 1, 2, Supplementary Section S5).
Although the CRDS technique allows fast and accurate analysis of CH4 and CO2 isotopic composition without separation, it is important to consider the presence of potential interferents present in natural samples that could affect the carbon isotopic composition measured by the analyser. For instance, Rella et al. (2015) reported a variety of species that have cross-interferences with the CH4 absorbance spectrum, affecting the δ13C-CH4 measured by a Picarro G2132-i. For instance, H2S, NH3, C2H6 and C2H4 are known to cause distortions of the measured CH4 absorption spectrum (Rella et al., 2015). The magnitude of this effect varies depending on the molecule and it is proportional to the mole fraction of the contaminant species, and inversely proportional to the CH4 concentration (Rella et al., 2015). The interlaboratory and inter-technique experiments presented in this study showed good reproducibility between CRDS and GC-IRMS results, suggesting that cross-interference effects, if present, were not significant on the measurement of δ13C-CH4 of the natural fluid inclusions analyzed in the present work.
Though on-line extraction is generally preferred to off-line systems due to lower detection limits (Salvi and Williams-Jones, 2003), the off-line protocols that we developed provided accurate and replicable measurements of natural samples hosting small CH4 concentrations, down to 10 ppm of CH4 (Section 3.6). The extraction protocols developed throughout this research may be potentially extended to the measurement of δD-CH4 and δ18O-CO2. Furthermore, large extraction apparatuses (Sanz-Robinson et al., 2021), like the ball milling system designed in this work (Section 2.1), allow to maximize the sample size (up to 207 cm3) providing large volumes of analyte. This is a prerequisite for the recently developed CH4 clumped isotopes (13CH3D and 12CH2D2) measurements (Gonzalez et al., 2019; Mangenot et al., 2021; Ono et al., 2014; Sanz-Robinson et al., 2021; Young et al., 2017), which can provide unique insights into CH4-forming processes (Douglas et al., 2017; Mangenot et al., 2021; Stolper et al., 2018; Young et al., 2017).
4.5 Recommendations for fluid inclusion extraction
The protocols developed in this study provide simple and fast means to accurately measure bulk CH4 and CO2 concentrations and carbon isotopic composition in natural fluid inclusions. However, some precautions are needed in order to avoid analytical artifacts that could preclude the preservation of CH4 and CO2 isotopic composition:
- The crushing technique should be preferred for samples with low CH4 concentrations, in the range of 10 ppm–50 ppm of CH4 and for samples with CO2 concentrations in the range of 1,000 ppm;
- At high concentrations, in the range 3,000 ppm of CH4, both the crushing and the ball milling techniques allow accurate δ13C-CH4 measurements (within+/-1‰);
- At lower concentrations, the validity of the ball milling technique should be verified independently. We suggest comparing the two extraction techniques on split samples or monitoring changes in δ13C-CH4 values as a function of CH4 concentration on large datasets to distinguish values affected by analytical artifacts;
- The blank production CH4 and CO2 generated by ball milling can be minimized by increasing the volume of rock sample in the jar. Optimal conditions for a 250 mL jar can be reached with approximately 100 g of rock sample, corresponding to 13%–14% of the internal jar volume.
- In the presence of carbon-rich solids (e.g.: carbonates, organic matter), the crushing technique should be preferred to minimize blank CO2 and CH4 production through frictional heating.
5 CONCLUSION
This study allowed to evaluate the relative benefits and drawbacks of two off-line mechanical extraction techniques, namely ball milling and crushing in stainless steel tubes, for the extraction of CH4 and CO2 hosted in natural fluid inclusions. We combined these techniques with a Cavity Ring-Down Spectroscopy (CRDS) analyser (Picarro G2201-i) allowing accurate CH4 and CO2 concentration and δ13C isotopic composition measurement without gas separation.
We carried out a detailed characterization of potential analytical artifacts through blanks and isotopic labelling experiments. The results suggest that for ball milling, rotation speed, grinding stock filling degree, and filling type are the main parameters controlling changes in CH4 and CO2 concentration and δ13C isotopic composition. Therefore, these factors should be considered when performing fluid inclusions extraction with ball milling.
To overcome the main limitations of ball milling (large volumes of sample required, blank CH4 and CO2), alternative mechanical extraction techniques may be adopted, as they seem to limit the development of experimental artifacts. For instance, the crushing technique tested in this work did not generate detectable blank levels of CH4 and CO2 and requires smaller sample volumes.
The protocols that we developed allowed to replicate previously measured δ13C-CH4 values within+/-1‰ and can be applied on gas samples with CH4 and CO2 concentrations above 10 and 1,000 ppm respectively. The inter-technique comparison between CRDS and GC-IRMS showed good reproducibility of the δ13C-CH4 values within+/-1‰ suggesting the lack of cross-interference effects on the CRDS analysis on the studied samples.
The extraction apparatuses designed in this study are versatile and can easily be combined with different analytical techniques, like CRDS, GC-MS or be used to prepare bottles of gas samples. Moreover, the large volume of the ball milling jars gives the opportunity to extract large volumes of analyte, making it potentially suitable for CH4 clumped isotopes (13CH3D and 12CH2D2) measurements (Gonzalez et al., 2019; Mangenot et al., 2021; Ono et al., 2014; Young et al., 2017).
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