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Abstract. The ratio of stable carbon isotopes, §'°C, serves as a fundamental tracer for geological processes.
Experiments aiming to replicate isotopic exchange between carbon reservoirs encounter significant analytical
challenges due to the limited sample size and issues related to sampling, particularly when dealing with volatile
species. Here we present a novel methodology that integrates a capsule-piercing device, a quadrupole mass spec-
trometer (QMS), and isotopic ratio mass spectrometry (IRMS) to measure the CO, concentration and natural-like
813C ratio of CO, in the volatile COH phase generated in petrological experiments. To validate the technique,
we first analyze the COH fluid resulting from the thermal decomposition of 1 mg of anhydrous oxalic acid. The
optimal values of the carrier gas flow in the QMS, sampling times, and chromatography column temperature for
IRMS are determined. The high degree of similarity, within acceptable errors, observed in both compositional
and isotopic analyses indicates a robust reproducibility, minimally affected by contamination and fractiona-
tion effects during sampling. We also show that this methodology can be applied for estimating the §'3C of
CO3 produced from high-pressure, high-temperature, redox-buffered piston—cylinder experiments. This offers a
multitude of opportunities in designing experiments focused on determining isotopic fractionation models for

geological processes that involve, but are not restricted to, CO;-bearing COH fluids.

1 Introduction

Fluids produced in high-pressure, high-temperature piston—
cylinder petrological experiments are contained in capsules
and are commonly analyzed ex situ. After quenching, the
capsules are removed from the experimental apparatus and
opened; then, the fluids are sampled and analyzed using ei-
ther gas chromatography or mass spectrometry (e.g., Eggler
et al.,, 1979; Rosenbaum and Slagel, 1995). For the analy-
sis by mass spectrometry, Tiraboschi et al. (2016) designed
a capsule-piercing device connected to a quadrupole mass
spectrometer (QMS; Fig. 1) to quantify the bulk C, O, and
H (N) composition of experimental fluids by measuring the
volatile species HO, CO,, CH4, CO, Hj, O3, and N». Due
to a high sensitivity and precision — for most of the species
the detection limits are less than 1 pmol and the uncertainty
in the measurement is on the order of 1% — this technique
has proven to be a valuable tool in evaluating the accuracy of

thermodynamic models that predict the speciation of COH
fluids and assessing some important deviations (Miozzi and
Tumiati, 2020; Peng et al., 2022; Tiraboschi et al., 2018,
2022; Toffolo et al., 2023; Tumiati et al., 2017, 2020). By
scanning specific mass-to-charge (m/z) ratios the QMS can
also detect the isotopic variants of the above species (Tu-
miati et al., 2022). Nevertheless, the low natural abundances
of the common stable isotopes of C, O, and H coupled with
the scarce overall mass of the volatile phase in the capsule
(typically less than 100 umol; e.g., Tiraboschi et al., 2016;
Toffolo et al., 2023; Tumiati et al., 2020) translates into sig-
nals that are too weak, hampering an accurate quantification.
This hindrance can be bypassed by designing high-pressure,
high-temperature experiments in which isotopically doped
materials are used. For instance, Tumiati et al. (2022) ap-
plied this approach to monitor the 8'3C of CO, produced
under subduction conditions (3 GPa, 700 °C) from the in-
teraction between water and a model sediment composed
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of synthetic graphite and labeled '3C-rich CaCO3. The re-
sults were used to determine that the 8'3C (expressed as dif-
ference to the Vienna Pee Dee Belemnite (VPDB), interna-
tional reference standard) of volcanic arc emissions is pos-
sibly controlled by CO> produced through the irreversible
oxidative dissolution of organic matter (graphite) and its iso-
topic buffering with carbonate sediments (CaCO3). However,
in circumstances where the isotopic characterization of nat-
ural materials is necessary, the best analytical method is to
use isotopic ratio mass spectrometry (IRMS), which has been
developed to be sensitive to naturally occurring variations in
stable isotopes (as low as ~ 0.1 %o) of light elements (H, C,
0O, N, S) (Brand et al., 2015; Meier-Augenstein, 1999). As
an example, Kueter et al. (2019a) used IRMS to measure
the §13C of coexisting CHg4, CO, CO», and C produced by
high-temperature (300-1200 °C), near-atmospheric-pressure
pyrolysis of organic compounds characterized by natural iso-
topic abundances; the results were used to obtain a calibra-
tion of CO,—CHy4, CO»—CO, and CH4—CO carbon isotope
fractionation factors.

In this article we provide a new methodology that com-
bines the capsule-piercing device with QMS and IRMS in
order to determine both the composition and the ratio of sta-
ble carbon isotopes, 813C, of experimentally produced COH
fluids. We took advantage of the fact that in the apparatus of
Tiraboschi et al. (2016) only a small fraction of the volatile
phase is actually conveyed to the QMS; the rest is vented to
the atmosphere. Here, we designed a sampling strategy and
tuned an analytical protocol to let the IRMS analyze the vol-
ume of the gas that is usually discarded. We demonstrated
that this method can be successfully used to measure the §'3C
of CO, with a natural isotopic signature generated in petro-
logical experiments. This will open new possibilities to study
the carbon cycle in crustal and mantle systems, where under-
standing the fractionation of stable carbon isotopes is essen-
tial for deciphering the origin and evolution of rocks and flu-
ids (e.g., Luque et al., 2012; Mason et al., 2017; Stachel et
al., 2017; Tumiati et al., 2022).

2 Material and methods

2.1 Experimental strategy

In high-temperature, high-pressure experiments, samples are
often contained within sealed noble metal capsules. At our
laboratory (Experimental Petrology Laboratory, DiSTAD,
University of Milan), we commonly use two experimental
capsule configurations for experiments involving a volatile
phase.

— Single capsule. This setup uses capsules with a
maximum inner diameter of 4.3mm and a length
of ~10mm, providing a sample volume of up to

~ 70 mm3.
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— Double capsule. This configuration is used when redox
buffering is required (Eugster, 1957; Eugster and Skip-
pen, 1967). The inner capsule, with a maximum inner
diameter of 2mm and a length of ~ 8 mm, provides a
sample volume of up to ~ 25 mm?>.

Typically, the total amount of volatiles measured after the
run is less than 100 umol (see Tiraboschi et al., 2016; Tof-
folo et al., 2023; Tumiati et al., 2020). Based on our expe-
rience, with the above capsule dimensions, larger quantities
of volatiles increase the risk of capsule explosion during the
experiment or during quench and depressurization.

Given the small amount of volatiles involved, our primary
goal was to evaluate the feasibility and reproducibility of
813C determination for CO,. To achieve this, we conducted
a series of experiments in which a COH fluid was gener-
ated through the decomposition of anhydrous oxalic acid
(C2H,204; OAA) — which is a potential source of COH flu-
ids in petrological experiments (e.g., Tiraboschi et al., 2018)
— at 250 °C and near-ambient pressures. We then explored
potential applications of this method and compared our re-
sults with isotopic fractionation models to evaluate the attain-
ment of equilibrium in redox-buffered, high-pressure, high-
temperature experiments. Specifically, we performed double-
capsule experiments, where COH fluid was obtained from
the pyrolysis of organic matter (green microalgae), simulat-
ing sub-arc subduction conditions at 3 GPa and 700 °C and
with oxygen fugacity ( f O;) buffered to AFMQ = +0.8 (i.e.,
0.8 log units higher than the fO, imposed by the assemblage
fayalite—-magnetite—quartz; see Sect. 2.1.2).

2.1.1  Anhydrous oxalic acid (OAA) decomposition
experiments

In the first set of experiments (OAA_1, OAA_2, OAA_3,
OAA_4; Table 1), a small quantity (1 mg) of pure OAA
(>99.0%; Sigma-Aldrich®; §"3Cpy = —26.36 £ 0.07 %0;
see Sect. 2.2.4) was inserted into single gold capsules (outer
diameter: 4.5 mm; inner diameter: 4.3 mm; length: 10 mm),
which were consequently sealed using a pulse arc welder. In
one experiment (OAA_4) the capsule also contained a frag-
ment of a Pt-plated Ni foam catalyst (manufactured by Rece-
mat BV). The capsules were maintained in an oven at 250 °C
for an hour in order to attain the complete decomposition of
the OAA according to Reaction (1).

CoH204 — nHy0 + (2 — n)CO, +nCO+ (1 —m)Hs  (R1)

Reaction (1) is reported to not produce any solid residue,
which could potentially fractionate a part of the carbon
(Kueter et al., 2019a; Tiraboschi et al., 2018). The decompo-
sition of 1 mg of OAA will produce a maximum of ~ 68 umol
of total volatile species, therefore being comparable to the
content measured in typical petrological experiments.

A blank experiment, necessary to assess the potential con-
tribution to the §!3C of CO, from contaminant air, was also
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Figure 1. Layout of the line connecting the capsule-piercing device with the QMS (adapted from Tiraboschi et al., 2016). In (a) the standard
analytical setup is shown, where most of the COH fluid is vented into the atmosphere (“Vent”). In (b) the vacuum pump is disconnected in
order to convey the volatile phase to a test tube. In (¢) a detailed view of the sampling process, where the gas flows through a syringe needle
into a test tube pre-filled with He. MFC: mass flow controller; LPT: line pressure transducer; RPT: reactor pressure transducer.

performed by sealing an empty gold capsule and heating it
for 1 h at 250 °C.

An additional experiment (OAA_5) was conducted to de-
compose OAA at 250 °C directly within the QMS line, al-
lowing an independent determination of the chemical and
isotopic signature of the volatile phase produced. This ap-
proach also minimizes potential mass loss that might occur
during capsule preparation (e.g., from heating the OAA dur-
ing welding) or during the experimental run (e.g., H» loss
through the metal walls of the capsule). In this experiment,
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1 mg of OAA was placed in a Pt crucible, which was then
loaded into a Colaver® borosilicate glass tube (outer diame-
ter: 7 mm; inner diameter: 4 mm; length: 192 mm) along with
two bars of Pt-plated Ni foam catalyst (Fig. 2). The glass
tube, provided with a porous septum in its middle section,
was positioned within a tube furnace and connected to the
heated QMS line via two gas-tight Swagelok® Ultra-Torr fit-
tings. Two three-way valves (V5 and V6 in Figs. 1 and 2)
allowed the heated QMS line to be diverted to the furnace.
The decomposition of OAA was performed by isolating the
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Table 1. Run table of the experiments.

Experimental Run description Run  Run pressure Redox Run Inserted material type
run temperature  (GPa) state dura-  and quantity (mg)
(°C) tion
(h)
OAA_1 OAA devolatilization in single 250  Near room - 1 OAA:1
Au capsule (OD = 4.5 mm; ID pressure
=4.1 mm)
OAA_2 OAA devolatilization in single 250  Near room - 1 OAA:1
Au capsule (OD = 4.5 mm; ID pressure
=4.1 mm)
OAA_3 OAA devolatilization in single 250  Near room - 1 OAA:1
Au capsule (OD = 4.5 mm; ID pressure
= 4.1 mm)
OAA_4 OAA devolatilization in single 250  Near room - 1 OAA:1
Au capsule (OD = 4.5 mm; ID pressure
= 4.1 mm) + Pt-plated Ni
catalyst
Blank Sealed single Au capsule (OD 250  Near room - 1  Empty
=4.5mm; ID = 4.1 mm) pressure
containing air
OAA_S OAA devolatilization in Pt 250 Near room - 1 OAA:1
crucible + Pt-plated Ni catalyst pressure
COH210 COH fluid production from 700 3 AFMQ 168  Tetraselmis suecica:
organic matter, redox state = 24
buffered with double capsule +0.8
(inner: AugoPdsg; OD
=2.3mm; ID = 2.0 mm;
outer: Au; OD = 4.5 mm; ID
=4.1 mm)
COH245 COH fluid production from 700 3 AFMQ 168  Tetraselmis suecica:
organic matter + H»O, redox = 1.9;H,0O: 1.1
state buffered with double +0.8

capsule (inner: AuggPdyo; OD
=2.3mm; ID = 2.0 mm;
outer: Au; OD = 4.5 mm; ID
=4.1 mm)

furnace from the QMS line, heating the sample to 250 °C,
and holding this temperature for 1 h. The furnace temperature
was monitored and controlled using a K-type thermocou-
ple connected to an Eurotherm® PID (proportional—integral—
derivative) controller.

2.1.2 Organic matter pyrolysis experiments

Two redox-buffered high-pressure and high-temperature ex-
periments (COH210, COH245; Table 1) were conducted
using commercially available green microalgae Tetraselmis
suecica (813 Cpuik = —23.4£0.1%0; Corg ~25wWt%; see
Sect. 2.2.4) as a source of carbon. The choice of using green
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microalgae instead of graphite stems from the fact that the
pyrolysis of organic matter produces char — a form of disor-
dered carbonaceous material — which is expected to be more
reactive than crystalline graphite (Toffolo et al., 2023; Tu-
miati et al., 2020). This increased reactivity enhances the
likelihood of reaching chemical equilibrium with the COH
fluid within the limited time frame of the experimental run,
thereby also increasing the potential for achieving isotopic
equilibrium (Horita, 2001). The algae were preliminarily
washed and centrifuged to remove any water-soluble salt,
then dried at 70 °C, and inserted into an AueoPd4g alloy cap-
sule (outer diameter: 2.3 mm; inner diameter: 2 mm; length:
7-8 mm). In experiment COH245, ~ 1 uL of ultrapure wa-
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Figure 2. The horizontal tube furnace used for OAA decomposition test. (a) Schematic section of the furnace in operation: the temperature
in the furnace is monitored through a K-type thermocouple (Tc) and maintained through a PID controller acting on the resistor (heater);
Ultra-Torr fittings provide gas-tight sealing. (b) Detail of the borosilicate glass tube containing the Pt crucible and two Pt-plated Ni foam

catalysts.

ter (Milli-Q®, treated using nitrogen stripping, while boil-
ing to remove dissolved atmospheric CO,) was added to the
algae to maximize CO; production through graphitic car-
bon oxidative dissolution (see Tumiati et al., 2020). The
welded-shut AugoPd4g capsule was enclosed in a larger Au
capsule (outer diameter: 4.5 mm; inner diameter: 4.3 mm,;
length: 9-10mm) containing a fayalite—magnetite—quartz—
water (FMQ) fO»/fH; buffer in order to control the re-
dox potential during the experimental run. Such relatively
oxidizing conditions were necessary to obtain CO; as the
dominant volatile carbon species in the COH fluid (e.g.,
Connolly, 1995). Note that at our experimental pressure and
temperature conditions the assemblage fayalite + magnetite
+ quartz reacts to form ferrosilite + magnetite + coesite.
This imposes O that is 0.8 log units higher compared to
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the metastable assemblage fayalite + magnetite 4 quartz
(AFMQ = +0.8). Details of buffer preparation, buffering
process, and relevant reactions can be found in Toffolo et
al. (2023) and Tumiati et al. (2020). The weld-sealed double
capsule was placed in the center of a 34 mm long assembly
composed of an inner MgO rod (diameter: 6 mm), a graphite
furnace (outer diameter: 8 mm), and an outer NaCl sleeve
(pressure medium; outer diameter: 12.6 mm). The run tem-
perature was monitored using a sheathed (outer steel sheath
plus alumina ceramic insulator) K-type thermocouple (with
a precision of %5 °C) inserted in the MgO rod and sepa-
rated from the capsule by a 0.6 mm thick polycrystalline
Al,O3 disk. The experiments were run using a 600 tonne
rocking end-loaded piston—cylinder apparatus (Experimen-
tal Petrology Laboratory, DiSTAD, University of Milan). A
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pressure calibration relying on the quartz-to-coesite phase
transition curve (Bose and Ganguly, 1995) enables an ac-
curacy of +0.1 GPa. The experiments lasted 168 h (7 d) and
were terminated by switching off the power supply, ensuring
a temperature drop at a rate > 40°Cs~!. In the case of C—
O-H fluids, this rate is sufficiently high to preserve the high-
pressure, high-temperature fluid speciation (Tiraboschi et al.,
2016). At the end of the experiment the double capsule was
cleaned in a bath of HCI-H,O 1 : 20 solution to remove any
residue of MgO, and then the outer Au capsule was partly
opened to expose the inner AuggPd4 capsule and heated in
a vacuum oven at 110 °C for 30 min to remove the residual
water impregnating the buffer assemblage. The dried capsule
was partly embedded in epoxy resin, leaving the opened part
exposed to the surface to enable the piercing and release of
volatiles for subsequent analysis.

2.2 Sampling and analysis of the COH volatile phase

In order to extract and analyze the COH volatile phase the
experimental capsules were mounted in a capsule-piercing
device connected to a quadrupole mass spectrometer (Exper-
imental Petrology Laboratory, DiSTAD, University of Mi-
lan). After the measurement, the run products — specifically,
the volatile phase alone in OAA decomposition experiments,
as well as both the volatile phase and solid residue in organic
matter pyrolysis experiments — were recovered to determine
their isotopic signature by means of an isotope ratio mass
spectrometer (Stable Isotopes Laboratory, DiSTAD, Univer-
sity of Milan).

2.2.1 Volatile-phase extraction

The capsule-piercing device, developed by Tiraboschi et
al. (2016), which consists of a PTFE reactor embedded in
an electric furnace (Fig. 1), was used to sample the COH
volatile phase from the experimental capsules. The epoxy
mount containing the capsule is placed in a sample holder
that is integrated with the hollow base of the reactor. Using a
wrench to turn the base (with each full rotation correspond-
ing to a 2mm vertical movement), the capsule is gradually
brought closer to a fixed steel end-mill cutter, which finally
pierces it. Upon puncturing, the gas contained in the cap-
sule fills the reactor, which is maintained at a temperature of
~ 90 °C, necessary to let water completely evaporate. On the
top of the reactor two three-way valves (V3 and V4 in Fig. 1)
control the inlet for Ar carrier gas and the outlet of the gas
mixture to be analyzed by the mass spectrometer. The gas
flows from the reactor through a stainless steel piping to a
three-way needle valve (V7), where a small flux is sampled
by the spectrometer line; the largest part of the gas is con-
veyed to another three-way valve (V8) connecting the main
line to either a vacuum pump or the vent line. The vacuum
pump is only used in preliminary cleaning of the line and
the reactor; in successive operations it is excluded from the
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line (Fig. 1a). The line segment that goes from the reactor to
the spectrometer is heated to 105 °C by a winded resistance
to prevent water condensation. The carrier gas flux is regu-
lated by a Bronkhorst® mass flow controller. The pressure
in the line and in the reactor is measured by two Baumer®
high-sensitivity transducers having an error of £1 mbar. The
temperatures of the line, the reactor, and the furnace are pro-
vided by three K-type thermocouples. An Eurotherm® PID
recorder and controller allows the monitoring of the temper-
atures and pressures and automatically performs temperature
adjustments. When OAA decomposition is conducted in an
inline tube oven (see experiment OAA_S), the reactor is by-
passed, and the volatile phase is sampled by simultaneously
opening valves V5 and V6 immediately after the experimen-
tal run ends.

2.2.2 Quadrupole mass spectrometry

The composition of the COH volatile phase was determined
using an Extorr Inc. XT200 quadrupole mass spectrometer
(QMS) equipped with a secondary electron multiplier. The
spectrometer operates at high vacuum (~ 5 x 10~/ mbar),
which is obtained through a turbomolecular pump coupled
with a backing pump (Edwards® T-Station 85). The QMS
simultaneously measures 13 m/z channels through a Fara-
day cup, covering the fragmentation products of key volatile
species (CHy4, CO, CO3, Ha, H>0, N, O;), with signal col-
lection lasting 1554 s. Signal intensity is enhanced by insert-
ing a secondary electron multiplier during both background
and sample acquisitions. Data are presented as time (s) versus
signal intensity (arbitrary unit) elution profiles. The integra-
tion and the conversion of the profiles to micromoles is done
using a dedicated Wolfram Mathematica® routine incorpo-
rating a calibration matrix. To address instrumental drift, the
calibration is periodically updated using measurements of
pure water, air, and specific gas mixtures: (1) Ar + CO; (10
vol. %) + O3 (9.85 vol. %); (2) Ar + Hp (10 vol. %); (3) Ar +
CHy (10 vol. %) + CO (10 vol. %). Measurement accuracy is
ensured by analyzing the volatiles (H,O, CO, CO;, and Hy)
generated by the thermal decomposition at 250 °C of 1 mg
of oxalic acid dihydrate (Tiraboschi et al., 2016). Relative
uncertainties in the measurements are estimated at approxi-
mately 1 % for H;O, CO,, CHy, H», and O3, except for CO,
which exhibits an uncertainty of ~ 10 % due to interference
with N from the air on the channel m/z = 28.

2.2.3 COg2 sampling

During QMS analysis, only a small fraction of the carrier gas
and sample mixture is directed to the spectrometer through
a needle valve V7 and a quartz capillary tube, while the re-
mainder is released into the atmosphere through the vent line
(Fig. 1a). Consequently, we developed a procedure that in-
volves the sampling of the otherwise discarded gas. The gas
flow is redirected at the three-way valve V8 from the vent
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to the line of the vacuum pump, which has been previously
disconnected (Fig. 1b). A syringe needle with a shaft length
of 95mm and a lumen diameter of 0.85 mm is attached to
the end of the tube. To sample the gas, the needle is inserted
through a silicone septum into the bottom of an Exetainer®
12 mL borosilicate glass test tube, previously filled with pure
He at 1 bar (Fig. 1c). Just before inserting the needle, the sep-
tum is punctured by another smaller syringe needle (15 mm
long, with a lumen diameter of 0.45 mm) to prevent pressure
buildup in the test tube. The 12 mL test tube is filled within
70s at the specified carrier gas flow rate of 10mL min~!.
Upon completion of the sampling, the longer needle is ex-
tracted before removing the shorter one. The need to avoid
overpressurization arises from the requirement to introduce
minimal amounts of gas into the IRMS to ensure optimal
sensitivity. To maximize the quantity of sampled CO;, the
volume of gas that produced the peak in the QMS elution
profile must be intercepted.

2.2.4 |sotope ratio mass spectrometry

The §13C signature (standardized to VPDB) of CO; was
determined using a Thermo Scientific™ Delta V Advan-
tage isotope ratio mass spectrometer (IRMS) equipped with
a GasBench II gas preparation and introduction device op-
erating in continuous flow mode. In the GasBench II, an
autosampler collects the CO;-bearing gaseous sample con-
tained in a gas-tight vial using a He carrier gas flux. The gas
mixture first flows through a water diffusion trap composed
of a glass tube containing a Nafion™ membrane, and then
it reaches a 100 uL loop injection system, where an eight-
port Valco® valve loads and injects the gas into a PoraPLOT
Q™ jsothermal gas chromatography (GC) column (capil-
lary length: 25 m; inner diameter: 0.32 mm; film thickness:
10 um) in order to separate different molecular species. The
effluent gas, before entering the spectrometer, is conveyed
through a second water trap to an active open-split interface,
where it can be automatically diluted with He if the first sig-
nal pulse exceeds a threshold of 10 000 mV. In the spectrome-
ter, the gas is ionized through an electron impact source. The
spectrometer takes advantage of five Faraday cup detectors:
two are dedicated to measuring the masses at m/z 2 (H; )
and 3 (HD™); a universal triple collector collects the signal
associated with the masses at m/z 44 (12C16O+, 14Né60+),
45 (13cl60;, 12cl6ol70+’ 15N14N16o+’ 14N O+), and 46
(12C160180, 12C1702+, 14Né80+, 15N%6O+, ANISNITOH).
The isotopic characterization of the sample is achieved by
referencing it to a pure (99.998 %) CO, working gas, which
is separately introduced into the spectrometer through an in-
jection system, featuring an active open-split interface. A
typical continuous-flow IRMS chromatogram comprises 13
consecutive signal pulses: the first 4 relate to the working gas,
while the remaining 9 pertain to the sample. The signal is re-
ported as voltage, and values below 1000 mV cannot be reli-
ably quantified using our analytical setup. Signal acquisition
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and processing, including the conversion to 8'3C signatures,
are obtained using the Isodat software suite. The accuracy of
the IRMS is checked periodically by analyzing the 8§'3C of
CO; produced by the digestion with phosphoric acid of cal-
cium carbonate in-house standards (Merck® carbonate: §13C
= —41.20%0; MAQ Carrara marble: §13C = +2.58 %o).

The §13C of bulk OAA and Tetraselmis suecica, as well
as of the residual char contained in the capsules of exper-
iments COH210 and COH245, was determined by connect-
ing the IRMS with a Thermo Scientific™ Flash 2000 organic
elemental analyzer (OEA) set to nitrogen and carbon (NC)
mode. In this configuration, the sample contained in a Sn foil
capsule is inserted by an autosampler in a combustion reac-
tor (a quartz tube containing CuO, as oxidizing agent, and
silvered Co(ILIII) oxide, as sulfur trap) at 950 °C. A 10 s flux
of oxygen (250 mL min~!) fully oxidizes the sample. The
resultant gases are conveyed by He carrier gas to a second
reactor (a quartz tube containing metallic copper) at 840 °C
where reduction of nitrogen oxides to N> and filtering of ex-
cess Oy occur. The gas mixture then flows through a glass ab-
sorption filter containing magnesium perchlorate to trap the
residual H>O and is injected into a GC column (2 m stainless
steel tube) to separate CO, from N». A thermal conductiv-
ity detector (TCD) measures the total carbon content of the
sample, after which CO; is directed through a Thermo Sci-
entific™ ConFlo IV interface to the IRMS for isotopic char-
acterization. OEA peripheral control and data-handling are
performed with EagerSmart™ software.

2.3 Preservation of the redox buffer assemblage

In the double-capsule experiments involving the pyrolysis
of microalgae, the buffering of the redox state is effective
as long as the entire assemblage (ferrosilite + magnetite +
quartz 4 water) is preserved throughout the run. The preser-
vation of the buffer is assessed in two steps. First, the pres-
ence of water in the buffer is evaluated upon opening the
outer gold capsule. As a qualitative indicator, water typically
gushes out when the capsule is pricked. If this does not oc-
cur, the capsule is weighed immediately after opening and
again after drying in a vacuum oven to detect any weight loss
attributable to water. Second, after the capsule is pierced and
the volatile analysis is conducted, the solid assemblage is ex-
amined. Standard 25.4 mm (1 in) epoxy mounts are prepared
and polished to expose the redox buffer assemblage. Mineral
composition is determined using a JEOL 8200 wavelength-
dispersive electron microprobe (DiSTAD, University of Mi-
lan), operating at 15kV accelerating potential, 5 nA sample
current, and 1 um beam size. Fayalite is used as the standard
for Fe and grossular for Si, with a counting time of 30s (in-
cluding 10 s for the background) for all elements.
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Figure 3. IRMS chromatograms obtained by varying the flux of the QMS CO, calibration mixture in the line, the sampling time, and the
temperature of the chromatography column. See the main text for a detailed explanation.

3 Results

3.1 Preparatory IRMS tuning and fractionation test

The effective separation of the contributions of CO; and NO,
to the m/z channels 44, 45, and 46 is essential in every IRMS
analysis. Nitrogen, in fact, is a ubiquitous contaminant in the
analyzed gases: it is present during capsule preparation and
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CO;, sampling, both being performed in air, and it is con-
tained as trace amounts in the Ar carrier gas of the QMS
line. Additionally, the accuracy of the analysis conducted by
the IRMS improves when the signal intensity of the sample
closely matches that of the working gas. To determine the op-
timal conditions, four tests were conducted in which we an-
alyzed the CO; calibration mixture of the QMS. To replicate
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the gas sampling procedure employed for the experimental
capsules, the calibration gas flowed through the QMS line
and was then sampled according to the procedure outlined
in Sect. 2.2.3. In these tests, the following parameters were
adjusted: the flux of the calibration gas in the QMS line, the
duration of sampling from the line into the glass test tube,
and the temperature of the IRMS GC column. The results
are reported in Fig. 3. In each sample analysis the more in-
tense signal pulses correspond to CO;, while the less intense
relate to nitrogen oxides (NOy). In the first two tests, the
temperature of the chromatography column was too low (30
and 35 °C, respectively) to achieve adequate separation be-
tween NO, and CO; (Fig. 3a, b). Moreover, in both cases, the
signal intensity was excessively high (> 10000 mV) due to
prolonged sampling from the QMS line (20 and 5 s, respec-
tively), prompting the automatic dilution system of the IRMS
(see Sect. 2.2.4). Consequently, in the third test, the tempera-
ture of the column was raised to 40 °C, and the sampling du-
ration was further reduced to 3 s (Fig. 3c). While satisfactory
peak separation was attained, the signal (> 10000 mV) re-
mained too high compared to the working gas (~ 3000 mV).
Hence, in the fourth test, the flux of the QMS calibration mix-
ture was decreased from 10 to 4 cm?® min~—!, while the col-
umn temperature and sampling duration remained the same
as in the third test. This final test yielded optimal condi-
tions of signal intensities (~3000mV) and peak separation
(Fig. 3d). Using these conditions and the CO; sampling pro-
cedure described in Sect. 2.2.3, we measured the §!3C of
the QMS CO; calibration mixture directly from the cylinder
(Table S1), maintaining the QMS line at room temperature
(28°C). The 8'3Cco, was —42.33 +0.07 %o. To test for po-
tential temperature-induced fractionation effects in the QMS
line, we repeated the measurements with the line temperature
set to 105 °C, the standard temperature for QMS analysis.
This resulted in a very similar §!3Cco, of —42.57 £0.10%.

3.2 Chemical and isotopic characterization of
experimental CO»2-bearing COH fluids

3.2.1 Anhydrous oxalic acid decomposition experiments

All the product COH fluids consist of a mixture of H,O, CO3,
and CO, but the proportions of the volatile species, the Hy
content, and the § 13Cco2 appear to be dependent on the pres-
ence of a catalyst (Table 2 and Tables S2 and S3 in the Sup-
plement).

Experiments without catalyst

In the three experiments performed without the Pt catalyst,
the proportion among H,O, CO,, and CO is approximately
1:1:1and no H; has been detected. The ratios between CO,
and CO and the CO, molar fraction, XCO, [= CO»/(CO,+
CO)]molar, are in the range ~0.9-1.1 and ~ 0.47-0.52, re-
spectively. The § 13Cco2 is very similar within uncertainty
and averages at —20.1 £ 0.2 %eo.
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Experiments with catalyst

In the experiment OAA_4 and in control experiment OAA_S,
where a Pt catalyst was used, up to 3 pmol of H; is produced;
moreover, the CO, / CO ratio and XCO; are ~ 2.2 and 0.69
in both experiments. However, in experiment OAA_4 an ex-
cess amount of water is observed compared to the compo-
sition expected from the decomposition of OAA (Fig. S1).
Nonetheless, § 13CCO2 values in the two experiments are
comparable and average at —26.0 4= 0.6 %o.

In the blank experiment the QMS could detect only N>
and Oy (not reported), the main components of air; also, the
IRMS could not determine the & 13Cco2 of the air enclosed in
the capsule due to the extremely low signal on the three chan-
nels m/z44 =12mV;m/z 45 = 15mV; m/z 46 = 20mV).

3.2.2 Redox-buffered, high-pressure, high-temperature
organic matter pyrolysis experiments

In the two experiments carried out at 3 GPa, 700 °C, and
AFMQ = +0.8 (COH210, COH245), a COH fluid consist-
ing of CO; and H,O was generated (Tables 3, S4, S5).
The experiment COH245 contains more water than COH210
(10 umol against 3 pmol, respectively), since in the former
water was added as a starting material.

The measured 813Cc02 values are —15.40 +0.04 %o and
—16.24 £ 0.05 %o for COH210 and COH245, respectively.

4 Discussion

4.1 Reproducibility and accuracy

The QMS analysis of the OAA decomposition products sug-
gests that no mass loss or alteration in volatile proportion
occurred during the experiment or through the sampling pro-
cess (Fig. S1). The experiment duration of 1h prevented
significant Hy loss from the Au capsule, an issue observed
by Tiraboschi et al. (2016) during longer experiments us-
ing oxalic acid dihydrate. Only one experiment (OAA_4)
shows an excess of ~ 1.5 umol of H,O compared to the ex-
pected volatile proportion from the decomposition of stoi-
chiometric OAA. This anomaly is likely due to HyO ab-
sorbed by the reagent rather than accidental infiltration of
humidity during sampling. Nevertheless, this minor water
contamination does not affect subsequent carbon isotopic
determinations. The systematic difference in (313CC()2 val-
ues between the two sets of OAA decomposition experi-
ments — with and without a catalyst (—26.0£0.6%o and
—20.1 £ 0.2 %o, respectively) — is noteworthy. Isotopic frac-
tionation or contamination during the sampling of the volatile
phase can be excluded for the following reasons. First, in
the test where the CO» calibration mixture was directly sam-
pled from the cylinder, with the QMS line maintained at two
different temperatures (28 and 105 °C; Sect. 3.1), two very
similar §'3C values for CO, were obtained (513CC02, 2goC =
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Table 2. Composition of the volatile phase and carbon isotopic signature of CO, from OAA decomposition experiments. The bulk & 13C of
OAA is —26.36 +0.07 %o. The numbers in brackets refer to the analytical errors, expressed as 1o on the last digits, with the exception of
CO,/CO and XCO,, where the error is obtained by propagation of the uncertainties associated with the individual species.

Experiment H, H,0 CHy CO CO, CO,/CO  XCOy  8'3Cco, (%0),
(umol), (umol), (umol),  (umol),  (umol), QMS +
QMS QMS QMS  QMS QMS IRMS
OAA_1 bdl 497(5)  bdl 54(5) 5.193) 0.97(10) 0.49(3) —20.37(15)
OAA_2 bdl 5.09(8)  bdl 539(8)  5.85(5) 1.09(17)  0.52(4) —20.03(4)
OAA_3 bdl 6.60(9)  bdl 7.8(9)  6.82(5) 0.87(10)  0.47(3) —19.89(3)
OAA_4 (catalyst) 1.639(5)  3.64(4)  bdl 2.14)  472(2) 2.2(4) 0.69(4) —25.63(3)
OAA_S (catalyst)  2.721(25) 4.52(19) bdl 51(19)  11.22(11)  2.2(8) 0.69(8) —26.45(7)
Blank bdl bdl bdl bdl bdl nd nd nd

bdl: below detection limit; nd: not determinable.

Table 3. Composition of the volatile phase, residual carbon fraction, and isotopic signature of both CO, and char produced from green algae
(Tetraselmis suecica) pyrolysis experiments at 3 GPa, 700 °C, and AFMQ = +0.8. The bulk $13C of green algae is —23.4 £ 0.1 %o. The
numbers in brackets refer to the analytical errors, expressed as 1o on the last digit.

Experiment Hj H,O CHy co CO, Residual  8'3Cco, (%o),  8'3Cepar (%),
(umol),  (umol), (umol), (umol), (umol), carbon QMS + OEA +
QMS QMS QMS QMS QMS fraction IRMS IRMS
COH210 bdl 2.7(2) bdl bdl 3.11(1) 0.938 —15.40(4) —23.8(1)
COH245 bdl 4.75(2) bdl bdl 10.44(4) 0.741 —16.24(5) —26.6(1)

—42.3340.07%0 and §"*C, g50c = —42.57 +0.10%0),
indicating that temperature-induced carbon isotopic fraction-
ation during sampling of the volatile phase is negligible. Sec-
ond, in the blank experiment, containing only air in the cap-
sule, volatile carbon species were undetectable by the QMS
(< 1pmol), and the low signal associated with CO; iso-
topologues (< 20mV) prevented a §'3C determination by
the IRMS, ruling out any significant contribution to §'3C
from CO; in the air, either trapped in experimental cap-
sules or infiltrated into the QMS line during sampling. Ad-
ditionally, periodic analysis of calcium carbonate standards
further ensures no drift in the IRMS results. Remarkably,
catalyst-assisted decomposition produced CO, with a §'3C
value identical to the bulk §'3C of OAA (—26.36 4 0.07 %),
whereas experiments without the catalyst yielded higher
513CC02, indicating, in the latter case, a stronger fractiona-
tion effect between coexisting CO, and CO. The fluids pro-
duced in the two sets of experiments also differed, with the
catalyst-assisted experiments being enriched in H, and show-
ing higher and less scattered CO,/CO (~2.2) and XCO,
(~0.69). As noted by Sackett and Chung (1979), at such
low temperatures and short experiment durations, isotopic
exchange between volatile carbon species is inhibited, and
the isotopic abundances are governed by reaction kinetics
(i.e., kinetic isotope effect, KIE; see also Kueter et al., 2020,
and references therein). According to Sato et al. (2002), at
low temperatures (< 650 °C) the conversion of CO to CO;
via the water—gas shift reaction (CO + H,O = COy+ H»)
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results in isotopically heavier residual CO, yielding an ap-
parent fractionation factor approaching 0 at 300 °C. In agree-
ment with this, fractionation factors between coexisting CO»
and CO (Aco,-co) calculated for our catalyst-assisted ex-
periments are close to 0 (Table 4; see Sect. 4.2.1). Therefore,
the KIE associated with a different progression of the water—
gas shift reaction may, at least in part, explain our results.
A further investigation of the causes of carbon fractionation,
however, is beyond the scope of this study. Nonetheless, it is
important to note that both groups of experiments produced
consistently similar 813Cco2 ratios with low standard devia-
tions (o0 = 0.6 %o and 0.2 %o for the sets of experiments with
and without a catalyst, respectively). Therefore, rounding up
the uncertainty, the precision of our method can be conserva-
tively estimated at around 1 %eo.

4.2 Potential applications

4.2.1 Fractionation factor calculation

Our method allows for the determination of both the compo-
sition of the volatile phase and the 813CC()2 from the same
sample contained in experimental capsules. These data can
be combined in the following mass balance equation:
83 Chui = 83Cco, - X(CO2) + 8Ceo - (1 - X(CO2). (1)

where the 8§13 Cpuix of OAA is known (—26.36 %0+0.07 %o) to
determine the 8'3C for CO and, consequently, the Aco,—co

https://doi.org/10.5194/ejm-37-25-2025



L. Toffolo et al.: Determining the 613C of CO5 from experiments 35

Table 4. Calculated §!3C of CO and CO,—CO fractionation fac-
tors for OAA decomposition experiments. The numbers in brackets
indicate the 1o uncertainty on the last digits.

Experiment 8! 3CCO Aco,-co

(%), (%o)

calculated

OAA_1 —32.1(19) 11.8(19)
OAA_2 —33.2(32) 13.2(32)
0OAA_3 —32.0(20) 12.1(20)
OAA_4 (catalyst) —28(5) 2(5)
OAA_S5 (catalyst) —26(10) 0(10)

(Table 3). In our OAA decomposition experiments, we ob-
tain an average 613Cco of —32.5+1.4%c and a Aco,—co
of 12.4 + 1.4 %o for catalyst-free experiments, while average
813C¢p and Aco,—co are —27 £ 5%o and 1 £ 5 %o, respec-
tively, for catalyst-assisted experiments. These values dif-
fer significantly from the equilibrium Aco,—co reported by
Kueter et al. (2019a) at 250 °C, i.e., 34+ 1 %o. However, given
the uncertainty regarding equilibrium attainment at 250 °C
after only 1h and the effect of the catalyst on both reac-
tion progress and isotopic exchange, our fractionation fac-
tor should be interpreted as an apparent value. Nevertheless,
with specifically designed experiments, it should be possi-
ble to determine equilibrium fractionation factors between
coexisting volatile carbon pairs (e.g., CO,—CO, CO,—CHy)
under geologically relevant conditions. Moreover, providing
the IRMS with specific working gases would allow for the di-
rect 813C determination of the other volatile carbon species.

4.2.2 Assessment of equilibrium attainment in
petrological experiments involving a CO»-bearing
volatile phase

In both double-capsule experiments performed at 3 GPa,
700 °C, and AFMQ = 4-0.8 (COH210, COH245), we were
able to determine the volatile composition of the fluid as
well as the 8'3C of CO,. Although the fluids in both ex-
periments were compositionally similar, i.e., CO>+ H,O
mixtures, the CO; /HyO ratios were approximately 1 in
COH210 and 2 in COH245. This difference likely arises
because in COH210, both water and CO, originated solely
from the pyrolysis of organic molecules, whereas in COH245
water was added as a starting material, prompting a more
extensive oxidative dissolution of organic matter into CO,.
Consequently, the percentage of carbon converted to CO,
was 6.2 % in COH210 and 25.9 % in COH245. The residual
char also exhibited distinct §'3C values in the two experi-
ments: 8'3Cehar = —23.840.1 %0 in COH210 and §'3Cepor =
—26.640.1%0 in COH245. The decrease in both §'*Cco,
and §3Cpar along with the remaining fraction of carbon
is consistent with a model of closed-system isotopic frac-
tionation from graphite to CO, (Fig. S2). This model was
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calculated using the software “Thermotopes” (Boutier et
al., 2024), selecting a fractionation factor of 7.7 %o, as de-
termined by Bottinga (1969). For graphite with an initial
813C of —23.4%o (corresponding to 813Cpuik of Tetraselmis
suecica) and with residual carbon fractions of 0.938 or
0.741, the calculated §'3C ratios are 813CC()2 = —16.7 %o
and 83 Cgraphiticc = —24.4%o or §'*Cco, = —18.1%0 and
813Cgraphi[icc = —25.8 %o, respectively. The good correspon-
dence between our results and the model has two key impli-
cations. First, our method of CO, sampling and analysis is a
reliable tool for fully characterizing the volatile composition
and the natural-like §'3C of CO,-bearing volatile phases, en-
abling us to potentially assess equilibrium attainment during
redox-buffered, high-pressure, and high-temperature petro-
logical experiments. Second, using organic matter as a source
of carbon, rather than graphite itself, proved to be an effec-
tive approach for producing a CO;-bearing volatile phase
that is close to isotopic equilibrium with solid carbon. Pre-
vious studies have shown that at up to ~ 700 °C graphite has
sluggish reactivity and tends to dissolve irreversibly (Toffolo
et al., 2023; Tumiati et al., 2022; Ziegenbein and Johannes,
1980). This, combined with very low carbon diffusivity, re-
sults in isotopically zoned graphite where inner portions re-
tain the initial '3C and only the rims participate in carbon
isotope exchange when CO; or other volatile carbon species
are produced (Kueter et al., 2019b; Scheele and Hoefs, 1992;
Tumiati et al., 2022). However, our experiments suggest en-
hanced isotope exchange between char and CO,. A possible
explanation is that since both char and CO; formed contem-
poraneously from organic matter, isotope exchange between
the two phases could occur. To our knowledge, no experi-
mental data currently exist on this process; therefore a dedi-
cated study is needed for a deeper understanding.

5 Conclusions

In this paper we demonstrated the possibility of integrating
an IRMS with the capsule-piercing device to analyze the vol-
ume of gas that is discarded during standard QMS analysis of
a volatile phase produced in petrological experiments. This
setup enables the simultaneous determination of both the
volatile composition and carbon isotopic signature of CO;-
bearing COH fluids. The measured §'3C ratios exhibit high
reproducibility and accuracy (within 1 %o) and are not signif-
icantly affected by fractionation processes during sampling.
The data obtained through this method can be used to calcu-
late the 8'3C of volatile species coexisting with CO, and the
fractionation factors governing the isotopic exchange. Fur-
thermore, this approach can be combined with standard anal-
yses of solid carbon — in the form of graphite/diamond but
also carbonate — to provide a comprehensive scenario of car-
bon isotope exchange, allowing for evaluating the attainment
of chemical and isotopic equilibrium between solid carbon
and COH fluids. Ultimately, this method opens the possibil-
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ity of designing experiments dedicated to exploring the par-
titioning of carbon isotopes among various reservoirs within
the Earth’s interior.
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