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Abstract
Unlike in many other stable isotope systems, equilibrium isotope fractionation in
the carbon system is predicted by statistical mechanics’ theory to be in the order of several permil at high temperatures corresponding to Earth’s deep and extreme environments. Experimental studies confirming such theoretical predictions
are rare, and lacking for most mineral-mineral, mineral-fluid, and fluid-fluid pairs.
This thesis investigates carbon isotope exchange experiments between 300 – 1500
°C in the systems (i) CH4 -CO2 -CO, (ii) graphite-Na2 CO3 -CaCO3 (melt) and (iii)
CH4 -CO2 -CO-graphitic carbon. Experiments have been conducted with box- and
gas-mixing furnaces, externally-heated pressure vessels (“cold seals”), and piston
cylinder apparatuses. Sample characterization (before and after experiment) involved gas-chromatography (GC), elemental analyzer (EA) and gas bench (GB)
systems connected to an isotope ratio mass spectrometer (IRMS).
Project (i) examined the carbon isotope exchange in a gas phase by using a variety of organic starting materials that were, sealed under vacuum in quartz tubes,
thermally decomposed (300 -1200 °C) to create a CH4 -CO2 -CO gas mix plus an
elemental carbon residual. While the decomposition and gas generation is nearly
instantaneous, chemical and isotopic equilibration is protracted: vials with an additional piece of Ni-foil catalyzed the equilibration reactions, whereas experiments
without Ni yield only minor chemical and isotopic reactions, if any. Measured gas
speciation of catalyzed gases correspond well to the expected range from thermodynamic calculations. The experiments define carbon isotope partition functions for
the CO2 /CH4 , CO2 /CO and CH4 /CO pairs as (T in Kelvin)
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Project (ii) explored the carbon isotope exchange during graphite crystallization
in a Na2 CO3 -CaCO3 melt at 900-1500 °C, 1 GPa using a piston-cylinder device. Graphite was grown anew from organic material during the melting of the carbonate

mixture. Graphite growth proceeds by (1) decomposition of organic material into
globular amorphous carbon, (2) restructuring into nano-crystalline graphite, and
(3) recrystallization into hexagonal micron-sized graphite flakes. Each transition is
accompanied by carbon isotope exchange with the carbonate melt. As the experiments did not yield bulk-equilibrated graphite at lower temperatures, the >1200
°C data was combined with empirical fractionation factors for carbonate-graphite
obtained from upper amphibolite and lower granulite facies carbonate-graphite pairs
reported by Kitchen & Valley (1995; J. metamorphic Geol., 13: 577-594) and Valley & O’Neil (1981; Geochim. Cosmochim. Acta 45: 411-419) which results in the
general fractionation function (T in Kelvin)
3.37(4) · 106
∆ Ccarbonate−graphite =
T2
This function is usable as a geothermometer for solid or liquid carbonate at
>600 °C. Similar to previous observations, lower-temperature experiments (61100
°C) deviate from equilibrium. By comparing the experimental results to diffusion
and growth rates in graphite, it is shown that at <1100 °C diffusion rates are slower
than graphite growth and equilibrium surface isotope effects control the isotope fractionation between graphite and carbonate-melt. The competition between diffusive
exchange and growth rates requires a more careful interpretation of isotope zoning in graphite and diamond, especially since in high-temperature systems isotope
fractionation is often assumed to proceed at or near equilibrium.
Project (iii) investigates the influence of a COH-fluids redox state on the carbon isotope composition of graphite/diamond precipitated from it. Time series experiments were run to examine the carbon isotope exchange between carbonaceous
system-components during the progressive oxidization of an initially CH4 -dominated
fluid. Stearic acid, thermally decomposed at 800 °C and 2 kbar, produced a reduced
COH-fluid together with an elemental carbon phase. Progressive hydrogen loss from
the capsule caused continuous methane dissociation accompanied by the precipitation of elemental carbon. The precipitating carbon, which aggregates as globules, is
always 6.8 ±0.3 ‰ lighter than the methane, the opposite of what is expected from
equilibrium isotope fractionation. In dynamic environments, kinetic isotope fractionation may hence control the carbon isotope composition of graphite or diamond.
The commonly observed 13 C-enrichment trends in diamonds are then consistent with
deep reduced fluids oxidizing upon their rise.
Finally, with the experimentally-derived fractionation functions now available
it is possible to calculate carbon isotope fractionation factors for the CO2 – graphite/diamond and CH4 – graphite/diamond pairs, which is necessary, as their isotopic equilibration appears impossible in experiment. The fractionations are defined
as (T in Kelvin):
13

103 ln αCO2 /graphite = −

9 · 104 9580
+
− 2.72
T2
T

and
103 ln αgraphite/CH4 =

8.9 · 105 9 · 104 9580
−
−
+ 2.72
T 1.65
T2
T

With this extended set of equilibrium carbon isotope fractionation factors, tools
are provided that will be useful for applied geochemical and industrial problems,
and help developing more sophisticated models on the origin, evolution and fate of
Earth’s carbon reservoirs.

Zusammenfassung
Die erwartete Gleichgewichtskohlenstoffisotopenfraktionierung bei sehr hohen Temperaturen ähnlich denen des Erdmantels ist so hoch wie in kaum einem anderen
System der stabilen Isotope. Die Theorie der Statistischen Mechanik sagt bei Temperaturen zwischen 800 und 1500 °C für meisten Mineral, Mineral-Fluid und Fluidpaaren Isotopenfraktionierungen in der Größenordnung von mehreren Promille
voraus. Allerdings sind diese vorhersagen nur durch wenige Experimente überprüft.
In drei unabhängigen experimentellen Studien erweitert diese Doktorarbeit unser
Wissen zur Hochtemperaturisotopenfraktionierung im Kohlenstoffsystem, und zwar
im speziellen für (i) CH4 -CO2 -CO, (ii) Graphit-Na2 CO3 -CaCO3 und (iii) CH4 -CO2 CO-„Graphitischer Kohlenstoff“. Je nach Studie wurden die Experimente in Boxund Gasmischöfen, extern beheizten Hydrothermalautoklaven („Cold Seal“) und in
Stempel-Zylinder-Pressen durchgeführt. Die Analysen wurden an einem Massenspektrometer durchgeführt, welches für die präzise Bestimmung von Isotopenverhältnissen ausgelegt ist (isotope ratio mass spectrometer, „IRMS“). Die experimentellen
Proben, wie auch die Startmaterialien zuvor, wurden vor der IRMS Analyse mit Hilfe
von vorgeschalteten Analysegeräten aufbereitet, namentlich dem Elementanalysator
(Elemental analyzer, „EA“; für organische Materialien), einem Gaschromatographen
(GC; für die Auftrennung von Gasen) und einer automatisierten Gasextraktionsanlage für Karbonate (gas-bench, „GB“).
Das erste Projekt (i) hat die chemische und isotopenchemische Equilibration von
CH4 , CO2 und CO untersucht. Hierfür wurden organische Materialien in Quarzglassröhrchen geladen, evakuiert und eingeschweißt, und anschließend in einem Ofen versorgt. Die thermische Zersetzung der Organik setzt ein CH4 -CO2 -CO Gasgemisch
frei und fällt meistens als Nebenprodukt elementaren Kohlenstoff aus. Nach der
initialen Zerfallsreaktion weiterhin der hohen Temperatur ausgesetzt, sollte sich das
Gasgemisch chemisch und isotopenchemisch equilibrieren, was sich allerdings nur
in Experimenten vollzog, denen vorher ein Nickel-Katalysator hinzugegeben wurde.
Die Gaschemie solch katalysierter Experimente stimmt hervorragend mit thermodynamischen Vorhersagen überein. Aus diesen Experimenten konnten nun die Gleichgewichtskohlenstoffisotopenfraktionierungskoeffizienten für die Paare CO2 -CH4 , CO2 CO und CH4 -CO bestimmt werden (T in Kelvin):
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Projekt (ii) untersuchte den Kohlenstoffisotopenaustausch währen des Neuwachstums von Graphit aus einer ein-molaren Natrium-Kalziumkarbonatschmelze zwischen 900 und 1500 °C und 1 GPa. Die Kohlenstoffquelle war organisches Material, dass sich beim Aufheizen thermisch zersetzt und amorphen Kohlenstoff bildet.
Dieser wird in der Karbonatschmelze gelöst und dann als Nanographit ausgefallen,
welcher sich in einem letzten Schritt der Umkristallisierung zu µm-großen Graphitkristallen umbaut. Bei jedem Schritt kam es dabei zu einem signifikanten Austausch von Kohlenstoffisotopen mit der Karbonatschmelze wobei schlussendlich Gleichgewichtsfraktionierungen erreicht wurden. Aus experimentellen und empirischen
Daten zur Gleichgewichtskohlenstoffisotopenfraktionierung (Kitchen & Valley 1995,
J. metamorphic Geol. 13: 577-594 ; Valley & O’Neil 1981, Geochim. Cosmochim.
Acta 45: 411-419) kann folgende deskriptive Funktion gewonnen werden (T in
Kelvin)
∆13 CKarbonat−Graphit =

3.37(4) · 106
T2

Sie beschreibt die Gleichgewichtskohlenstoffisotopenfraktionierung für den Temperaturbereich 600 – 1500 °C und findet Anwendung als Geothermometer. Diese
Studie zeigt außerdem den Grenzbereich zwischen Gleichgewichts- und kinetischer
Isotopenfraktionierung auf: Ist das Kristallwachstum schneller als der diffusive Isotopenaustausch im Kristall, so wächst das Mineral als ganzes im Isotopenungleichgewicht (kinetisch kontrolliert) mit der Schmelze. Der Übergang zur isotopenchemischen Gleichgewichtskristallisation ist fließend, und ist verbunden durch einem
Bereich wo nur die äußersten atomaren Schichten im Isotopengleichgewicht mit
der Schmelze stehen. In diesem Intervall bestimmen Oberflächenisotopenfraktionierungskoeffizienten die Gesamtisotopie des wachenden Kristalls.
Projekt (iii) untersucht die Abhängigkeit des Redoxpotentials einer COH-Fluide
auf den Kohlenstoffisotopenaustausch der Systemkomponenten. Hierfür wurde in
Zeitserie-Experimenten Stearinsäure in Goldkapseln eingeschweißt und bei 800°C
und 2 kbar zersetzt. Das so produzierte CH4 -reiche Fluid verliert mit zunehmender
Laufzeit Wasserstoff, was wiederum eine kontinuierliche Methandissoziation auslöst,
bei der ebenfalls kontinuierlich elementarer Kohlenstoff ausfällt. Dieser bildet initial globulare Aggregate die mit zunehmenden experimentellen Verlauf wachsen. Die
Isotopenanalyse der Systemkomponenten verrät dabei, dass der ausgefallene Kohlenstoff um 6.8 ‰ leichter ist als das Methan aus dem es ausgefallen wird; das Gegenteil von dem was die Statistische Mechanik für Gleichgewichtsisotopenfraktionierung
voraussagt. Diese Studie zeigt, dass selbst bei sehr hohen Temperaturen kinetische

Isotopeneffekte ablaufen, welche die gesamte Kohlenstoffisotopenkomposition eines
Materials wie Graphit oder Diamant bestimmen können und Isotopenverteilungen
erzeugt, die zuvor mit Gleichgewichtsannahmen erklärt wurden. Das hat direkten
Einfluss auf unser Verständnis über den Oxidationsstatus von Mantelfluiden, da ihr
Redoxpotential aus den 13 C/12 C Verhältnissen in Graphit und Diamant abgelesen
wird.
Zu guter Letzt ist es nun möglich, auf Grundlage der experimentellen Fraktionierungsdaten Gleichgewichtskohlenstoffisotopenfraktionierungskoeffizienten für die
Paare CO2 -Graphit/Diamant und CH4 -Graphit/Diamant herzuleiten, was nötig ist
da sich diese Systeme im Experiment nicht isotopenchemisch equilibrieren lassen.
Wir erhalten (T in Kelvin):

103 ln αCO2 /Graphit = −

9 · 104 9580
− 2.72
+
T2
T

und

103 ln αGraphit/CH4 =

8.9 · 105 9 · 104 9580
−
−
+ 2.72
T 1.65
T2
T

Mit diesem erweiterten Satz an Gleichgewichtskohlenstoffisotopenfraktionierungskoeffizienten haben wir wichtige Werkzeuge die es uns erlauben geochemische und
industrielle Probleme anzugehen und unser Verständnis über die Herkunft, die Entwicklung und die Zukunft der Kohlenstoffreservoire auf unserer Erde zu verbessern.
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Chapter 1
General Introduction

“[...] the well-marked path to knowledge is open to anyone willing to make the
effort to follow it, though no one will ever quite reach its end."
Hans Cloos – Conversation with the Earth

1

Chapter 1

1.1

About this thesis

About 1.07 % of terrestrial carbon is made of the heavy isotope 13 C, next to 98.93
% 12 C that comprises the only other stable form of carbon (Rosman and Taylor
1998). Although the relative abundance of the stable carbon isotopes is well known,
slight differences in the 13 C/12 C ratio appear widely in carbon materials and are
often material-specific and process indicative. With this realization, carbon isotope
chemistry became rapidly established in the beginning of the 20th century, and has
been shaping ever since - among others - our understanding of the main carbon
reservoirs present on Earth, their exchange over short and long geological periods
of time, and the influence of the biosphere to the geological evolution of our planet
since the Eoarchean (e.g. Schopf et al. 2007).
Carbon, which is the most versatile element in the periodic table, is capable of
forming bonds with almost any other element, hence its presence can be expected
even in extreme terrestrial environments (Hazen et al. 2013). And unlike many other
light elements of interest in stable isotope research (H, O, N, S), statistical mechanics theory predicts significant fractionation of carbon isotopes even at high temperatures, rendering this very abundant element as an optimal choice to comprehend
geological processes acting under the extreme conditions in the deep Earth. Natural
graphite and diamond (Fig. 1.1), materials commonly associated with such environments, were found to inherit a puzzling variability in carbon isotopic composition in
both individual mineral populations and within single crystals (e.g. Cartigny 2005;
Luque et al. 2012; Palot et al. 2013; Petts et al. 2015; Petts et al. 2016; Santosh
et al. 2003; Smart et al. 2016; Smit et al. 2016). Also unlike other light elements,
exceptionally slow carbon diffusion in many carbon-minerals, especially in graphite
and diamond, preserve 13 C/12 C ratios without post-genetic modification, allowing us
to study its often fluid-mediated and redox-dependent precipitation. Possibly due to
this often refractory behavior of carbon phases, experimental investigation of carbon
isotope fractionation is laborious and challenging; hence the number of systematic
studies is relatively small. Instead, statistical mechanics theory and empirical studies
on natural samples were used to assess theoretical equilibrium fractionation factors
among carbon-materials. Nevertheless, experimental investigations are fundamental
to test theoretical and empirical theory, as they require the least number of a priori
assumptions (Chacko et al. 2001).
This doctoral thesis is dedicated to the experimental exploration of carbon isotope systematics acting (i) during phase crystallization, (ii) during carbonization of
organic compounds, (iii) between gases, melt and gas interactions at temperatures
between 300 and 1500 °C.
The structure of this thesis will guide the reader through an introductory section
where a brief review summarizes the history of high-temperature carbon isotope research, followed by an introduction to the nomenclature, concepts of mass-dependent
isotope fractionation and the theory behind fractionation calculations. The performed experimental work is then presented in three subsequent chapters in form of
independent manuscripts submitted for publication in peer-reviewed international
scientific journals. All projects touch different aspects of isotope fractionation: The
first manuscript “Experimental determination of equilibrium CH4 -CO2 -CO carbon
2
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Figure 1.1: a) Graphite crystals in a marble from Forno, South Alpine, Italy. b)
Cathodoluminescence-image of a complexly zoned mixed-habit diamond from Marange, Zimbabwe. Carbon isotope composition may contrast tremendously between different growth
zones. (Diamond-image courtesy Karen V. Smit, GIA)

isotope fractionation factors (300-1200 °C)” investigates equilibrium carbon isotope
exchange between carbon gases, and among others, points out the chemical and
isotopic inert behaviour of the CO2 -CH4 and (at 6600 °C) the CO2 -CO pairs, if no
catalyzing agent is employed.
The second manuscript describes an important transition in isotope exchange
processes in graphite, leading from bulk isotope equilibration to only surface equilibration with a carbonate melt. These observations demonstrate the importance of
the competition between crystallization rates and carbon self-diffusion rates for the
final carbon isotope composition of graphite as well as diamond. This manuscript is
entitled “Experimental carbonatite/graphite carbon isotope fractionation and carbonate/graphite geothermometry”.
Eventually, the third manuscript, “High-temperature kinetic isotope fractionation during methane dissociation explains 13 C/12 C trends in graphite and diamond”,
considers kinetic carbon isotope fractionation at 800 °C, controlling the carbon isotope composition of elemental carbon precipitated from a progressively oxidizing
methane-rich COH-fluid. It demonstrates for the first time that kinetic isotope
fractionation can cause significant carbon isotope fractionation at high temperatures and, acting in a closed-system Rayleigh distillation process, can create isotopic
zonation similar to those observed in natural graphite and diamond.
It is my sincere hope that this scientific contribution will lead to a critical, yet
prosperous discussion about high-temperature isotope fractionation processes and
may result in plenty of new ideas eventually followed by many empirical, theoretical
and experimental studies further extending our knowledge about this fascinating
field of research.
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1.2

A short history of (high-temperature) carbon
isotope research

With the realization that masses of elements only occur in integer numbers (Thomson et al. 1921; Soddy 1913; Fajans 1913), and henceforth most elements of the
periodic table must occur as several masses, the merits of the newly merged field of
isotope chemistry rapidly spread within few decades into nearly all branches natural sciences (Sharp 2017). Under Jacob Bigeleisen, Maria Goeppert-Mayer, Alfred
O.C. Nier, Harold C. Urey, isotope chemistry evolved in the 1930’s and 1940’s into a
discipline which theoretical background and evermore increasing analytical accessibility became more and more interesting for solving geological questions. The early
realization that isotopes fractionate by physical processes (Briscoe and Robinson
1925), was theoretically considered by Urey and coworkers (e.g. Urey and Greiff
1935) as well as Bigeleisen and Goeppert-Mayer on the basis of statistical quantum
mechanics, resulting in the 1947 landmark papers “The Thermodynamic Properties of Isotopic Substances” and "Calculation of equilibrium constants for isotope
exchange reactions"; laying the foundation for modern light stable isotope geochemistry (Sharp 2017; O’Neil 1986).
This work derived theoretical isotope fractionation factors for light-element substances calculated solely from its (theoretical) spectroscopic properties, allowing to
foresee the great scientific potential lying in the analysis of isotope ratios. Eventually, mass spectrometers became sophisticated enough to actually reveal these
minute isotopic differences (McKinney et al. 1950), and the number of theoretical
and experimental studies started to rise. The first systematic study of the carbon
system was published in 1953 as a summary of a doctoral thesis by Harmon Craig;
a student of Urey. Craig (1953) derived theoretical partition functions for CH4 ,
CO2 , CO2−
and diamond, showing that 13 C concentrates in the order CO <CH4
3
<diamond/graphite <CO2 <CO2−
3 (Fig. 1.2). More importantly, following the previously defined δ-notation by (McKinney et al. 1950), Craig introduced a reference
material for quantifying small differences in 13 C/12 C abundance ratios, well-known as
the South Carolina Peedee belemnite (Belemnitella americana, Morton 1830). The
work of Urey and Craig on theoretical partition functions covers only temperatures
up to 327 °C (600 K), presumably because the calculations were tedious to perform
and were of no great use for higher temperatures as such small isotopic fractionation could barely be resolved at this time. Also, Urey (1947) noted uncertainties in
his calculations based on insufficient spectroscopic data or quantum-mechanical assumptions that were necessary to make. In the 1960’s and 1970’s, a new generation
of isotope geochemists took advantage of better spectroscopic data and advanced
computational techniques and recalculated partition functions for a variety of isotope systems. Of these early papers, Bottinga (1969) and Richet et al. (1977) (most
notable for this thesis) published extensive tables for isotope fractionation among
solids, liquids and gases. These fundamental, and widely used data sets for carbon
isotope fractionation have been later extended by Polyakov and Kharlashina (1995)
who provided theoretical partition functions for graphite, diamond, CH4 and CO2
based on the specific heat capacity of these substances.
With theoretical fractionation factors available for the range of temperatures
4

Chapter 1

Figure 1.2: Equilibrium carbon isotope fractionation relative to graphite. Solid lines represent
theoretical calculations, densly dashed and widely dashed lines represent empirical and experimental data. respectively. 1) Bottinga (1969); 2) Chacko et al. (1991); 3) Deines and Eggler
(2009); 4) Top: Dunn and Valley (1992), bottom: Wada and Suzuki (1983); 5) Kitchen and
Valley (1995) ; 6) Polyakov and Kharlashina (1995); 7) Scheele and Hoefs (1992); 8) Valley
and O’Neil (1981); 9)Stachel et al. (2017).

relevant for petrology, empirical studies on natural high-temperature carbon-phases
increased, putting theory to test (Fig. 1.2). Most studies focused on the graphitecarbonate system as the common occurrence of graphite and carbonate minerals
in metamorphic terranes (i.e. graphite-bearing marbles, Fig. 1.1a) as well as the
refractory nature of graphite promised unprecedented opportunity to unravel the
pressure and temperature history of orogens. In a pioneering paper, Hoefs and
Frey (1976) recognized progressive 13 C enrichment of organic matter in progressively
metamorphosed Liassic shales of the Swiss Alps and considered isotopic exchange
with coexisting carbonates. In the following years, many more studies were published on carbon isotope fractionation in graphite-bearing marbles confirming the
thoughts of Hoefs and Frey (1976) and allowing now detailed mapping of metamorphic temperature isograds (Dunn and Valley 1992; Kitchen and Valley 1995; Valley
and O’Neil 1981; Wada and Suzuki 1983). Eventually, empirically calibrated isotope
thermometers were developed based on the combination of independent petrologic
thermometry with observed carbon isotope fractionations from graphite-carbonate
pairs (Kitchen and Valley 1995; Valley and O’Neil 1981) (Chapter 4).
The use of carbon isotopes in high-temperature systems goes beyond temperature estimates. As soon as analytical techniques for carbon isotope analysis were
established, 13 C/12 C ratios were measured on all kinds of carbon-bearing materials,
including high-temperature materials such as basalts, kimberlites, graphite or diamond (Craig 1953), and soon different 13 C reservoirs were revealed that were linked
5
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by carbon exchange ("carbon cycle"). It turned out that, compared to other stable
isotope systems, an outstanding property of the carbon system is its high variability
in isotopic composition in high-temperature materials. The first systematic isotope
studies on diamond revealed a wide compositional range, defying the assumption
of a mantle with an uniform carbon isotope reservoir (Deines 1980; Galimov 1984;
Javoy et al. 1984). By then, thousands of isotope analysis had been performed on
graphite and diamond and revealed a surprisingly large range of δ 13 C-values from
+5 to -40 ‰ (Cartigny et al. 2014; Luque et al. 2012) and modern in situ analytical
techniques uncovered similar heterogeneities even within single crystals.
As statistical quantum mechanics predict opposite equilibrium fractionation behavior of elemental carbon with CO2 or CH4 , Deines (1980) suggested that the
carbon isotope composition of graphite and diamond formation may be a useful
proxy for the redox state of deep-crustal and mantle fluids. Today, this theory
finds wide application in the form of equilibrium fractionation Rayleigh distillation
models used for the interpretation of 13 C trends measured within single diamonds
or graphite (Cartigny et al. 2014; Luque et al. 2012; Ray and Ramesh 2000). As
will be seen in Chapter 5, the assumption of equilibrium isotope fractionation during graphite and diamond may be challenged by the presence of irreversible kinetic
isotope effects.
Overall, theory and empirical conclusions require experimental back-up. Isotopes
have been used early to understand reaction mechanisms (e.g. Brandner and Urey
1945), and other pioneering experiments aimed for the isotopic equilibration of substances to derive equilibrium isotope fractionation factors; most notably the work of
James O’Neil and coworkers in the oxygen system (O’Neil and Clayton 1964; O’Neil
et al. 1969; O’Neil and Taylor 1967; O’Neil and Taylor 1969). However, experiments addressing high-temperature carbon isotope exchange remain comparatively
scarce, possibly attributed to (i) the lower abundance of carbon minerals relative to
those containing oxygen and hydrogen and (ii) the sluggishness of carbon isotope
exchange, especially when graphite and diamond are involved. The earliest fractionation experiments aimed at the allegedly easy isotopic equilibration of CO2 and CH4
(common constituents of hydrothermal discharge) between 200 and 700 °C, yet such
studies produced inconclusive results or simply demonstrated extraordinarily slow
isotope exchange rates for this pair (Harting and Maass 1980; Sackett and Chung
1979; Sackett 1995). Eventually, by employing a nickel catalyst, Horita (2001) was
able to demonstrate carbon isotope equilibrium between CO2 and CH4 up to 600 °C.
To this day, isotope exchange at higher temperatures and between other carbon gas
pairs (e.g. CO2 -CO) has not been experimentally investigated (Chapter 3). Carbon
isotope exchange on the gas – basaltic melt interface was investigated by Javoy et
al. (1978) at ∼1200 °C, this work was later extended by Mattey et al. (1990) and
Mattey (1991). Additionally, due to considerable experimental challenges (i.e. extremely slow carbon isotope exchange rates in graphite), carbon isotope exchange in
the carbonate-graphite pair was approached with direct and indirect equilibration
methods by Chacko et al. (1991), Scheele and Hoefs (1992) and Deines and Eggler
(2009) (Chapter 4).
Finally, quite a number of experiments on organic-bearing sediments exist that
demonstrate that kinetic isotope effects reign during the thermal maturation of
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organic matter at diagenetic to low-grade metamorphic temperatures (cf. Andresen
et al. 1995, and references therein). Overall, the contribution of kinetic isotope
fractionation on the carbon isotope composition of the Earth’s geological carbon
reservoirs remains vastly under-explored.

1.3

Nomenclature

The nomenclature for stable isotope ratio measurements has been defined by the
International Union of Pure and Applied Chemistry (IUPAC; Coplen 2011), and
the most important notations are outlined below. Isotope ratios in materials are
commonly reported in the δ-convention, originally defined by McKinney et al. (1950)
to express small differences in the isotope abundance between analyte and a reference
material. For carbon isotope analysis, δ-values are strictly defined by

13

δ CV P DB

(13 C/12 C)sample
−1
= 13 12
( C/ C)V P DB

(1.1)

where VPDB denotes the international carbon isotope standard Vienna Peedee
Belemnite, comprising of a 13 C/12 C ratio of 0.0111802. Although the δ-value is
actually a dimensionless quantity, it is convenient to express the relative difference
in permil (‰) by multiplying Eqn. 1.1 by 1000. Differences in the isotopic ratios
between two substances may be expressed in form of capital delta (∆), isotope
fractionation (ε) or isotopic fractionation factor (α). For carbon, capital delta for
two substances A (heavy isotope) and B (light isotope) is

∆13 CA−B,V P DB = δ 13 CA,V P DB − δ 13 CB,V P DB

(1.2)

expressed in ‰. The quantities ε and α relate to the δ-value as

ε13 CA/B = α13 CA/B − 1 =

δ 13 CB,V P DB + 1
−1
δ 13 CA,V P DB + 1

(1.3)

It is common to express the fractionation factor α as 103 ln α in experimental
studies aiming for the equilibration of isotope ratios. This yields the more familiar
relationship

3

3

10 ln αA/B = 10 ln



  13

δ 13 CA
δ CB
+1 /
+1
≈ ∆13 CA−B
1000
1000

(1.4)

holds well when ∆13 CA−B <10 ‰ (cf. Sharp 2017).
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1.4

Isotope fractionation

Many physical processes cause isotope separation in nature and are classified as
mass-dependent or mass-independent isotope fractionation. Mass-independent isotope effects are found in elements with more than three isotopes and describe deviations from a mass-dependent linear fractionation relation between two different
isotope pairs. Such effects are caused by, for example, radiation affecting one isotopologue of a substance more than the other, resulting in physical separation or
dissociation reactions. Classical examples for mass-independent fractionations in
light elements are the formation of ozone by electrical discharge (Heidenreich and
Thiemens 1986) and the Archean to Early Proterozoic oxygenation of the Earth
atmosphere indicated by sulfur Farquhar et al. (2000). As carbon only contains two
stable isotopes, mass-independent fractionations are not further discussed.
Mass-dependent isotope fractionation, under which umbrella this thesis is covered, arises essentially from (i) the vibrational characteristics that create equilibrium
isotope effects and (ii) differences in the translational velocity that eventually cause
kinetic isotope effects. The brief introduction given in the next subsection is mainly
based on publications of Richet et al. (1977), O’Neil (1986), Chacko et al. (2001),
Sharp (2017) and Mariotti et al. (1981), in which more detailed information may be
found.

1.4.1

Equilibrium isotope effects

Overall, the fractionation process is determined by the reaction rates. At steady
state, and similar to chemical equilibrium, the reaction rates between substances
are balanced,
k1

∗
aA∗ + bB −
)−
−*
− aA + bB
k2

(1.5)

where A and B refer to substances (small a, b are stoichiometric coefficients) and
the asterisk marks the heavy isotope. If the forward (k1 ) and backward (k2 ) reaction
rate coefficients are equal, the system is in isotopic equilibrium and differences in
isotope ratios are solely due to mass effects affecting the bond energy. This effect may
be best illustrated in an energy-well-diagram, in which the vibration (oscillation) of
a di-atomic bond is shown as a parabolic energy curve (Fig. 1.3). According to
quantum theory, the excitation of the bond (state) determines discrete energy levels
on the curve, even at absolute zero (0 K). At ground state, oscillations take place,
hence the minimum of the parabola is never reached. The difference of the parabola
minimum and the ground state is termed zero-point-energy (ZP E) and yields unique
values for the same bonding made of different isotopes. The mass of the isotopes in
the bond directly determines the oscillatory frequency (ν) as

1
ν=
2π
8
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Figure 1.3: Energy-well-diagram illustrating the anharmonic change in potential energy relative to the interatomic distance. Displayed are ground vibrational states for heavy and light
isotope bonds of C=O (e.g. in CO2 ) and C–H (e.g. in CH4 ). The distance from a quantum
energy level to the minimum of the energy parabola defines the zero-point energy, which is (i)
different for every type of bonding (defining the ∆ZPE between substances) and (ii) always
lower for the heavy-isotope bond of a given boning-type (dashed lines). Bonds of lower ZPE
are more stable as reflected by higher dissociation energies (cf. Edis ,13 C-H <Edis ,12 C-H) and
will concentrate the heavy isotope. Statistically preferred dissociation of light isotope bonds
cause kinetic isotope effects during chemical reactions (see text).

where k is the force constant and µ the reduced mass (m) of the isotopes (A, B)
given by
µ=

via

mA mB
mA + mB

(1.7)

Accordingly, the potential energy of a bonds excitation state can be calculated

E = (n + 1/2)hν

(1.8)

where n is the energy level (commonly 0 at temperatures relevant for Earth
Sciences), and h is the Planck constant. It can be seen that ν is lower for heavy
isotope bonds than for light-isotope equivalents which, in fact, explains the always
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higher wave number (ω) of heavy isotope bonds resolved in spectroscopy (as ω = ν/c,
where c is the speed of light in vacuum; see Fig. 1.4). Eventually, lower ν result
in total lower ground state energies and hence lower ZPE (Fig. 1.3). Independent
of whether we look at isotope substitution between isotopologues (e.g. 12 CH4 ↔
13
CH4 ) or between substances (e.g. CO2 and CH4 ): as nature aspires to reach lowest
energy levels, any molecule is competing for the heavy isotopes and this competition
is won by the substance with the lowest average ZPE. Hence, relevant for isotope
fractionation among substances is the difference in the specific ZPE (∆ZPE, Fig.
1.4). Accordingly, the substance with the lower ZPE concentrates the heavy isotope,
e.g. CO2 in Fig. 1.3. Lastly, also the dissociation energies for substances with higher
ZPE are lower which is especially important if we consider dissociation reactions of
isotopologues, as discussed in the following chapter.

Figure 1.4: Raman spectrum of 99% 13 CO2 (red) and CO2 with natural isotope abundance
(blue). Due to its higher mass, the frequency of the 13 C–O oscillation is slower compared
to 12 C–O, causing a well-resolvable a Raman shift to higher wave numbers. Modified from
Arakawa et al. (2007).

1.4.2

Kinetic isotope effects

Kinetic isotope effects (KIE) arise from (i) the lower translational velocity and (ii)
lower ZPE of heavier isotopologues relative to light ones, and therefore theoretically
occur in any kind of chemical reaction or molecular movement within a disequilibrated system. Differences in the translational velocity decrease with increasing
isotopic or molecular mass, rendering especially light elements and their simple
chemical products prone to kinetic isotope effects: The kinetic energy of two particles (A, B) is given by
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1
A,B
Ekin
= (mνa )A,B
2

(1.9)

where m and νa denote the particles mass and average velocity, with the latter
one expressed as
r
νaA,B

=

3

kT
mA,B

(1.10)

where k = Boltzmann’s constant and T in K. Combining Eqn. 1.9 with
B
A
= Ekin
Ekin

and solving for the average velocity for A, we obtain
r
mB B
A
νa =
·ν
mA a

(1.11)

(1.12)

Assigning particle B to the heavy isotope (or isotopologue), we see that its
average translational velocity at any temperature is slower by a given percentage
relative to the light equivalent. The velocity, for example, of a H1 -H1 molecule is
22.5 % faster than of H1 -H2 , the translational velocity of 12 CH4 is 3.1 % faster that
of 13 CH4 . This indicates that for example diffusion processes alone may cause a
kinetic separation of isotopes.
Kinetic isotope effects occurring during chemical reactions are defined by the
ratio of the reaction rate constants (kn ) for the heavy and light isotope substance
(i, j), and may be best illustrated with an unidirectional dissociation reaction, such
as for methane:
ki

12

CH4 −−1→ 12 C + 2H2

13

CH4 −−1→ 13 C + 2H2

(1.13)

and
kj

(1.14)

The kinetic isotope effect (KIE) for the reaction can be written as

KIE =

k1i
k1j

(1.15)

It appears that besides the temperature, also the order of reaction defines the
degree of KIE, eventually rendering kinetic isotope fractionation factors as reactionspecific and difficult to pinpoint compared to equilibrium isotope fractionation. The
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cause of KIE may be explained (similar to equilibrium isotope effects) by the ∆ZPE
of heavy and light isotopologues, which in the case of a chemical reaction yield
a lower dissociation energy for the light-isotope substance, i.e. its higher average
reactivity.
The above example of a unidirectional dissociation reaction illustrates an endmember situation with no back reactions. However, chemical reactions that approach equilibrium (k1i,j = k2i,j ) presuppose that during the reaction itself k1i,j 6= k2i,j
holds true. Hence, any chemical reaction is accompanied by a certain degree of
kinetic isotope effects. In closed systems, such KIE are (often immediately) obliterated when chemical equilibrium is reached and the interplay of isotope diffusion
and equilibrium isotope exchange adjusts the reaction-induced isotopic imbalance
with time. This is especially true for high temperatures as reflected by the 1/T
dependency of diffusion; yet sometimes deceiving to the generalization that kinetic
isotope effects become irrelevant at high temperatures. However, in Chapter 5 we
will see that KIE acting in the carbon system can still produce significant degrees
of isotope fractionation in the order of several permil at as high as 800°C.

1.5

Theoretical aspects

The theoretical aspects of equilibrium isotope fractionation have been reviewed in
detail by Richet et al. (1977), O’Neil (1986) and Chacko et al. (1991) and here only
general concepts are repeated. Similar to a chemical system at steady state, isotope
equilibrium can be described by a reaction constant (K). Accordingly, a carbon
isotope exchange reaction between CO2 and CH4 may be written as
13

CO2 +12 CH4 ↔12 CO2 +13 CH4

(1.16)

which yields

KCO2/ CH4 =

(13 C/12 C)CO2
(13 CO2 /12 CO2 )
=
= αCO2/ CH4
(13 CH4 /12 CH4 )
(13 C/12 C)CH4

(1.17)

Similar to chemical reactions, isotope exchange is associated with changes in
Gibbs free energy and can therefore be expressed as
0
0
0
∆G0CO2/ CH4 = ∆HCO
− T ∆SCO
+ P ∆VCO
= RT ln KCO2/ CH4 (1.18)
2/ CH4
2/ CH4
2/ CH4

As isotope exchange reactions proceed quasi isochoric (except in the hydrogen
system), the pressure term of Eqn. 1.18 can be neglected. In fact, this makes isotope
thermometers superior over cation exchange thermometers, which are only valid
at the pressure of experimental calibration. Rearranging Eqn. 1.18 (without the
pressure term) and expanding it with the natural logarithm gives the conventional
alpha notation for isotope fractionation

1000 ln
12

∆G0CO2/ CH4
−RT

= 1000 ln KCO2/ CH4 = 1000 ln αCO2/ CH4

(1.19)
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Figure 1.5: Flow chart illustrating the theoretical calculation of the fractionation factor α for
CO2 and CH4 based on statistical quantum mechanics.

However, thermodynamic datasets on isotopically pure substances are rare and,
overall, isotope exchange reactions are generally characterized by low ∆G (tens of
joules, compared to kilojoules released in chemical reactions), which makes it difficult
to calculate α based on an experimental thermodynamic basis. Quantum statistical
mechanics theory provides an expedient solution to this problem based on the fundamental vibrational characteristics of isotopic substances, observable by spectroscopy
(e.g. Raman or FTIR) or theoretically accessible by solving Schrödinger’s equation.
Urey (1947) as well as Bigeleisen and Mayer (1947) provided the theoretical background for theoretical calculations concerning equilibrium isotope exchange between
substances. Fig. 1.5 shows schematically the calculation steps required to derive the
equilibrium isotope fractionation factor α for the two substances CH4 and CO2 : (i)
calculation of the partition function for the isotopologues of each substance based on
the vibrational properties, (ii) calculation of the partition function ratio for the substances which yields the beta-factor (i.e. reduced partition function), (iii) deriving
α by taking the ratio of the β-factors.
The equilibrium constant K defined in Eqn. 1.17 may also be expressed as

KCO2/ CH4 =

Q∗
Q

 ∗
Q
/
Q CH
CO2



(1.20)
4

where Q is the partition function of the heavy (∗ ) and light isotope substances,
and is basically the sum of all specific partition functions describing the quantum
states (i) acting within a molecule. Accordingly, Q is expressed as

Q=

X

gi exp (−Ei /kT )

(1.21)

i

where g denotes the degeneracy of the quantum state and k is the Boltzmann
constant. Ei is the energy contribution of the individual quantum states i given in
sum as
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Etot = Etr + Erot + Evib + E0 + Eanh + Erot−vib + Erot−str + Ee

(1.22)

where the translational Etr , rotational Erot , zero-point energy E0 , and vibrational Evib terms yield the most important contribution to the partition function Q.
Richet et al. (1977) extended E by anharmonicity Eanh and rotational-vibrational
Erot−vib terms, however, the overall contributions of the rotation-stretch Erot−str and
electronic-energy Ee terms are generally omitted by their insignificant contribution
to Q. The calculation of Q is tedious as it requires one to consider molecule symmetries, quantum states, vibrational properties for every isotopologue of a substance of
interest, which explanation exceeds the scope of this chapter. Excellent reviews on
this topic were published by Richet et al. (1977) and O’Neil (1986), further the works
of Chacko et al. (2001) and Urey (1947) are recommended for detailed insights.
The quantity of individual energy terms in Eqn. 1.22 as well as the approaches to
approximate unknowns in the equations (e.g. ZPE of rare-isotope substances; Fig.
1.4) has changed in time, resulting in different partition functions and eventually
fractionation factors. Also the quality of the spectral data used as input influences
the accuracy of such theoretical calculations, and overall, it is notoriously difficult to
estimate uncertainties. For example, Richet et al. (1977) derived 2.6 to 0.6 ‰ uncertainty between 0 and 1000 °C when considering a 1 cm−1 error in the spectral data.
Experimental backup of theoretical calculations is henceforth important, not only
for confirming their utility for thermometric applications, but more fundamentally
as a proof of theory.

1.6
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General experimental and analytical
methods

“As for difficulties," replied Ferguson, in a serious tone, "they were made to be
overcome.”
Jules Verne – Five weeks in a Balloon

19

Chapter 2

2.1

Introduction

This methods chapter will provide information complementary to the methods sections in chapters 3 to 5, and covers (i) the gas sample treatment, (ii) experimental
methods and (iii) analytical approaches. Newly-developed machinery and improvements on previously existing ones will be explained in brevity to provide useful
documentation for future users.

2.2
2.2.1

Gas handling
Vacuum line

Experimental and analytical work with gases requires a vacuum system allowing
for a contamination-free handling of volatiles. A vacuum line was constructed from
commercially available stainless steel parts to allow maximum flexibility when modification of the line is required (Fig. 2.1). The vacuum line is equipped with an
oil-free scroll pump (Edwards nXDS10i) capable to pull a 2x10−3 mbar fine vacuum
(slight seasonal variations observed). The vacuum is monitored by a digital Edwards DCP 3000 vacuum gauge (Fig. 2.1B). The line contains four 3/8” Swagelok
ball-valves adapters equipped with custom-made luer-adapters for syringe needles
required for the evacuation of vials (Fig. 2.1A). Those can easily be replaced with
other Swagelok adapters for different vacuum operations (e.g. evacuation of gas
bottles).
The vacuum line is further equipped with an additional ball-valve adapter attached to a flexible stainless steel hose connected to a 6-mm diameter Swagelok ring
adapter (Fig. 2.1B). Sample-bearing pyrex or quartz tubes can be evacuated and
then sealed with a propane-O2 torch. This adapter is replaceable which allows the
evacuation of quartz or pyrex tubing of different outer diameter.
A cryo-unit (cooling-finger and dewar; hidden behind the metal plate in Fig. 2.1)
can be filled with liquid nitrogen (LN2 ) to further improve the vacuum or freeze out
condensable volatiles (e.g. CO2 , H2 O). The vacuum line can be extended further,
e.g. by zeolite-filled cryo-units for selective off-line gas separation.

2.2.2

Gas recovery

2.2.2.1

Capsule piercing device and gas recovery

Experimental gases trapped in noble metal capsules were recovered in a custom-built
piercing device (“cell”) connected to a tank of analytical grade helium (He) and the
vacuum line described above (Fig. 2.1 and Fig. 2.2).
Five valves (V1 – V5) control the evacuation and gas transport to a storage
volume (e.g. a glass vial). A pressure gauge (G1) connected to the cell monitors
pressure changes, e.g. during piercing. Capsules are pierced open with a needle
reaching through a septum-port sealed with an easily replaceable 9.5 mm Agilent
CrossLab Gray general purpose inlet septa (No. 8010-0252; replacement required
after ∼5 cycles). The piercing and gas recovery process proceeds as follows (cf. Fig.
2.2):
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Figure 2.1: Vacuum line and extraction cell. Top: Sketch of the plumbing system. Bottom:
Image of the vacuum line with attached capsule-piercing device. A = Vacuum tabs with
luer-taper connections for evacuating storage volumes; B = glass-tube adapter (quartz tube
connected); C/D = Pirani pressure gauge; E = water bath for quick cooling of freshly-sealed
quartz tubes: F = plumbing system of the capsule piercing device; G = capsule-piercing cell.
For details on F & G cf. Fig. 2.2
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• Capsule (max. length 20 mm) is fixed on a tray and loaded into the cell.
• Cell is flushed for 10 minutes with a continuous flow of 50 ml/min He to remove
air (open V1 and V2, close V4, V5 in flush-position)
• Cell is disconnected from He and evacuated below 2x10−2 mbar (close V1 and
V2, open V4 until vacuum is sufficient, then close V4)
• Capsule is pierced open with a sharp needle reaching through a septum port
in the front of the cell. Successful gas release is immediately indicated by a
raise in pressure
• Connect a pre-evacuated vial via a needle to the extraction line. The vial is
equipped with a hand-held pressure gauge (G2). Turn V5 to load-position
• Gas transfer. Close V3 to stop He-flow to the auxiliary flushing line (prevents
air contamination when V5 is in flush-mode). Open V2 (sample gas streams
passively to the vial following the pressure gradient). When pressures G1 and
G2 are equilibrated, open V1. He flushes the cell and transports the remaining
gas into the storage volume.
The volume of the sample was calculated during the piercing process by knowing
the total volume of the cell and the plumbing between V1 and V2 (V = 5.54 cm3 ).
The sample is then diluted with He to the 1 to 5 wt% required for subsequent gas
analysis, resulting in internal vial pressures between 1.5 and 3.5 bar.
2.2.2.2

Testing the cell for isotope fractionation

Potential isotope fractionation that changes the isotope composition of a gas sample
during the recovery process was tested by injecting 1, 4 and 8 ml of a CH4 standard into the evacuated cell. Similar to an actual gas sample, the standards were
transferred to the storage volume from which they were sampled with a Hamilton
gas-tight syringe and analyzed in the GC-IRMS-system outlined below. The injection volumes ranged between 50 and 250 µl, depending on the methane concentration
in the vials. The treated CH4 -standards were compared to an untreated methane
aliquot from the same tank. T-test statistics yield no significant difference between
the treated and non-treated CH4 -aliqots (t = 1.589, p = 0.124). The average of
the untreated standard is -37.4 ±0.3 ‰ (n=15) compared to -37.5 ±0.2 ‰ for all
injected aliquots (n=25; see appendix of Chapter 5). The gas recovery process does
not cause resolvable carbon isotope fractionations (Fig. 5.10).
2.2.2.3

Critical parts of the cell-system and suggested improvements

The gas recovery from noble metal capsules via piercing generally worked well. However, the device is relatively prone to failure, as assembly parts wear out quickly (e.g.
screw threads, unions and needle valves). Occasional blow-outs of carbon dust from
the pressurized capsules contaminated the system and intense cleaning of the cell was
required. Further, unnecessarily high dead-volumes remain and the lack of plumbing
heating impedes the undisturbed transfer of reaction water from the capsules. A
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Figure 2.2: Plumbing system of the piercing device (cf. Fig. 2.1). Left image: Cell loaded with
a gold-capsule ready for piercing. The needle is brought into position (touching Au) before the
evacuation process begins to minimize needle-movements during the piercing process. Right
image: typical glass vial as used for the storage of sample gases. Gas sampling is performed
with Hamilton gas-tight syringes (right).

next step for improvement, that only reached planning stage during this thesis, is
shown in Fig. 2.3 . Instead of gas transfer to an external storage volume, capsules
are pierced directly within a gas storage volume. A capsule is fixed in commercially
available glass vials that are closed with a septum lid. The vial, fixed in a retainer, is
then flushed with He and evacuated via a simple plumbing system involving flexible,
chemically inert PEEK tubing with a needle-adapter termination. A pressure gauge
monitors the process. The capsule is pierced open via a needle mounted on a rack
and centered above the capsule. The rack allows a controlled mechanical perforation
of the septum and the capsule material, minimizing the risk of septum failure and
carbon blow-out from the capsule. The advantages of this system are:
• Total recovery of all volatiles
• No loss of solid sample due to blow outs (all material remains in vial available
for quantification)
• Low amount of dead-volume
• Commercial septum vials allow
– Safe sample storage (tested leak tight and durable)
– Adjustable gas volumes
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– Rapid preparation of larger sample amounts
– Efficient and highly reproducible automated analysis via auto-sampling
techniques.
For analysis, gases are sampled either (i) manually by using Hamilton gas tight
syringes (e.g. if sample gas volumes are sufficiently large for multiple analysis), or
by (ii) flushing the vial with a continuous stream of helium in order to transfer the
gas sample into a liquid nitrogen cryo trap (e.g. if gas volumes are very small).

Figure 2.3: Improved design for a capsule piercing mechanism, where the capsule is opened
within the gas storage volume. Ease of handling and lower dead-volumes minimize the risk
of failure (gas loss, leakage, carbon blow-outs) and allows automated gas analyses of larger
sample amounts.

2.3

Experimental devices

Experimental equipment used in this thesis includes box and atmosphere furnaces,
externally heated pressure vessels, and piston cylinder devices available at the Institute of Geochemistry and Petrology at ETH Zurich (Switzerland). Experimental
design and techniques will be outlined in brevity; emphasis will be given on those
adjusted or improved during the course of this project.

2.3.1

One atmosphere experiments

2.3.1.1

Sample preparation

One-atmosphere experiments were performed to investigate the chemistry and carbon isotope composition of carbon gases outlined in Chapter 3. All experiments
were performed in quartz glass tubes due to the materials toughness against thermal shocks: Quartz glass tubes allow rapid and failure-free quenching from >1400
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°C to room temperature by simple dropping from the hot-zone of a furnace into cold
water bath underneath. Experiments used one-sided closed quartz tubes (6 mm
o.d., 4 mm i.d.) that were previously tenside-cleaned, water and ethanol rinsed and
pre-conditioned at 950 °C for 8 hours in a box furnace. Loaded tubes were attached
to the vacuum line, evacuated to <1.5 x 10−3 mbar and welded shut at a length of
40 mm with an oxygen-propane torch.
2.3.1.2

Box furnace

Experiments that required long equilibration times were run in a Nabertherm Box
furnace, equipped with a K-type thermocouple located about 5 cm above the samples and a fire clay tube retainer with a capacity for 13 tubes (Fig. 2.4). At 600 °C,
thermal gradients along the retainer measured with three internal B-type thermocouples were less than 5 °C.
Tubes in 600 °C experiments were exposed directly to run conditions. Experiments run at lower temperatures were exposed to 1000 °C for 4 hours and then cooled
to run conditions at a rate of 1.5 °C per minute. Quenching proceeded within seconds by quickly moving the tubes with a tong from the furnace to a nearby water
bath.
2.3.1.3

Gas mixing furnace

Experiments at >800 °C were run individually in Gero/Carbolite gas mixing furnaces
as this allowed (i) experiments under very stable thermal conditions up to 1400 °C,
(ii) the control of redox conditions by employing specific CO2 -H2 blends and (iii)
rapid quench into a water bath at even faster than achieved at the box furnace.
For this project, gas mixing was not performed, yet pure H2 gas atmospheres were
employed to minimize diffusive H2 loss from the quartz tubes. The success of this
approach is discussed in Chapter 3. Gas flow was controlled with Bronkhorst flow
controller. The thermal profile of the furnaces was previously mapped on cm-scale
with a B-type thermocouple, indicating hot zones of 10 cm length with <10 °C
deviation (or 5 cm with <5 °C deviation).
Tubes were loaded into a platinum wire basket and hooked on two platinum
wires reaching through a ceramic rod (Fig. 2.4). The assembly was mounted to the
furnace with the tubes being in the upmost position near the water cooling, allowing
to establish the hydrogen atmosphere first. The experimental protocol involved:
1. Flushing furnace with CO2 for 5 minutes at 200 ml/min to remove atmospheric
O2
2. Adding 100 ml/min H2 into the stream, then wait 5 minutes
3. Shut down CO2 supply and wait 5 minutes until H2 atmosphere has established
4. Expose experiment to the hot zone by shifting the ceramic rod down
Quenching was performed within seconds by applying an electrical current on
the wires that caused flash melting of the Pt-wire holding the tube (Fig. 2.4). Such
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Figure 2.4: Overview of the furnaces used in this study. A) Nabertherm box furnace loaded
with a tray of quartz tubes. A K-type thermocouple is situated 5 cm above the tubes (not
visible). B) sample tray loaded with 13 quartz tubes, easily removable with a plier for fast
transfer to a water bath. Note: picture is arranged, actual withdrawal and quenching of tubes
proceeded one by one. C) Gero atmosphere furnace running an experiment. The black and
red cables transmit, at the touch of button, a high voltage that melts a thin platinum wire
which releases the tube into a water bath underneath. D) Quartz tube sample placed in a
platinum wire basket hooked to a thin wire.
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that the sample is liberated into a water bath underneath (prepared prior to starting
the experiment). Sample recovery requires care to prevent an explosive water-gas
shift reaction of hydrogen with atmospheric oxygen:
1. Shut H2 -flow, wait until pressure is down to normal and the flow controller
yields no flow
2. Simultaneously open CO2 and flush with 200 ml/min
3. When H2 -flow is down, flush for five more minutes with CO2
4. Recover sample by unscrewing the water bath below (avoid opening top and
bottom cover simultaneously to prevent explosive reactions caused by a chimney effect and residual H2 )
2.3.1.4

Gas recovery from quartz tubes

Experimental gas charges were recovered by loading the quartz tubes into a tube
cracking device (Fig. 2.5). This “tube cracker” consists of a flexible metal bellow
that can be closed vacuum tight on both ends with either a metal plug or replaceable
septum port. The loaded tube cracker was evacuated to <1.5 x 10−3 mbar, detached
from the vacuum pump and manually bent to crack the quartz tube, hence releasing
the gas. After cracking, the tube cracker was pressurized to 1.5 to 2.5 bar (depending
on the amount of released gas) with analytical grade helium, in order to obtain a 1:4
sample gas : helium mix. The cracking and dilution process was controlled with a
pressure gauge attached to the tube cracker via the septum port. The tube cracking
system allowed direct sampling of the experimental gas with Hamilton gas tight
syringes and its analysis in the GC-C-IRMS system outlined below.

Figure 2.5: Left: Quartz tubes prior (left two) and after experiment (right two). Right:
Bendable tube cracking device and a cracked-open quartz tube.

2.3.2

Piston cylinder apparatus

Starting materials were filled into tin can-shaped 4 x 7 mm (d x l) platinum capsules
closed by a lid and welded shut under argon. Most experiments were run in end27
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loaded Boyd & England-type piston cylinders using a 14 mm diameter talc-pyrexMgO-assembly (Fig. 2.6; Boyd and England 1960) with a graphite resistance heater
and B-type thermocouple for temperature control. Some experiments at 900 and
1000 °C were run in a Johannes-type single stage piston cylinder using the same
type of assembly (Johannes 1973). Experiments were pre-compressed to 5 kbar
and then heated with a rate of 10° / min to the desired run temperature while
continuously increasing the pressure to 10 kbar to prevent capsule rupture upon
sudden decomposition of organic material into elemental carbon and a COH-gas
phase (cf. Chapter 4). Temperature gradients within the capsule were calculated
employing the model of Hernlund et al. (2006) and are 15 to 20 °C at 900 to 1500
°C, respectively. Recovered capsules were cleaned of MgO in circulating 5 mol% HCl
in H2 O at 60°C over night.

Figure 2.6: Typical piston cylinder assembly used in this study. Dimensions in millimeter.T.C.
= thermocouple, separated from the capsule by a ruby-disc (red)

2.3.3

Externally heated pressure vessel

Externally heated pressure vessels (EHPV) were employed for the CH4 -dissociation
experiments discussed in Chapter 5. The hydrothermal laboratory is equipped with
three fast-quench externally heated pressure vessels capable of running experiments
at up to 2000 bars and 1300 °C. The merit of this system lies in its capability of
fast exposure and quench of experiments that can be performed within seconds at
run conditions (Fig. 2.7). With the start of the doctoral project, the furnace and
vessel design was changed fundamentally to overcome severe operational problems
concerning temperature and pressure stability. Most important improvements are
outlined in the following section.
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Figure 2.7: Externally heated pressure lab. Left side: Experiment is running in subhorizontal
position of 10° inclination (hot-side-up). Right side: Experiment is quenched by quickly
turning the entire vessel-furnace assembly into vertical position.

2.3.3.1

Improved vessel design

The vessel-design consists of a stainless steel rod (cold end) connected to a special
alloy rod of molybdenum–hafnium–carbon alloy (hot end, MHC, 98.7 %, 1.2 % and
0.1 %, respectively; manufactured by Plansee in Austria) (Fig. 2.8). An inconel
steel sheath protects the MHC rod from oxidation. Both rods are bound via a malefemale cone joint, leak-tight sealed with either custom-built gold or copper washer
cones. At this connection, differences in the thermal expansion coefficients of the
employed materials can cause minute leakages during heating which necessitates a
water cooling jacket.
The vessel is loaded with an experimental capsule via the cold-end-side and
closed with a male-female cone seal between union-nut and stainless steel rod. A
leak-free performance of the union is assured by employing soft-metal cones pressed
from commercially-available 12 mm diameter copper washers (Fig. 2.8). The effectiveness of this method in preventing pressure leakages is reflected by tremendously
improved experimental success-rates, and is now also used with success in the hydrothermal laboratory at the Department of Geological and Planetary Sciences at
Caltec, California/USA (Pers. Comm. Daniel Weidendorfer).
The vessels accommodate experimental capsules of maximum 4 mm outer diameter. The internal thermal profile yields a hot zone of >20 mm length (∆T <5°)
defining a recommended maximum capsule length. Capsules may be loaded either
directly or attached to a stainless steel or noble-metal filler rods (recommended for
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Figure 2.8: Comparison of the old and new design of externally heated pressure vessels
(EHPV). The new design omitted the brass double cone and consists of commercially available and easily replaceable components allowing easier assembly. Absolute leak-tightness is
achieved by implementing cones pressed from copper washers (see inlay).

smaller capsules or multi-capsule experiments).
2.3.3.2

Previous EHPV design issues and solutions

The most fundamental problems of the previous EHPV design are briefly summarized in the following. The old and new designs are compared in Fig. 2.8.
1. Problem: Brass-double cone connecting cold-end stainless-steel and
high-temperature rod. Compiling new vessels was error-prone as the doublecone seal often misaligned causing leakages. Exchange of brass by other metal
alloys did not solve the problem. Brass seals were significantly deformed creating a bottle neck trap for capsules.
Solution: Brass double cone was omitted by directly connecting MHC with a
new type of stainless steel rod reducing the vessel by one cold-seal connection.
2. Problem: Pressure nut prone to leakage, and stainless steel rod and pressure nut
were insufficiently connected by a custom-built pressure nut. The alignment
of these parts was difficult and prone to errors. Direct metal-on-meal seals
required time-consuming reshaping of male and female cones, often without
success.
Solution: Custom-built stainless steel rod and pressure nut were replaced by
commercially available high-pressure components (SITEC-Sieber Engineering
AG, Switzerland), facilitating a well-aligned assembling of the components.
The male and female cones are now protected and sealed by copper cones.
3. Problem: Large dead-volume between EHPV and furnace ceramic. The large
inner diameter of the ceramic shielding the heater from the EHPV was too thin,
creating a large dead-volume between furnace ceramic and EHPV, causing
turbulent air convection and restive heating of the vessel.
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Figure 2.9: Cartoon illustrating the temperature calibration of the EHPV. A permanentlyfixed K-type thermocouple (K-TC) is placed above the middle of two B-type TC calibration
points inside the vessel (B-TC1 and B-TC2). The distance between B-TC1 and B-TC1 in 20
mm and defines the recommended maximum length of the experimental capsules. Temperature
differeces between these meter points are <5 °C. The power of the SiC heating element is
controlled by a B-type process thermocouple (PrTC)

Solution: The inner diameter of the ceramic tubing was reduced from 48 to 38
mm. Less dead-volume between vessel, higher thermal mass of the Al2 O3 and
improved insulation creates highly stable thermal conditions with temperature
fluctuations of <1 °C.
4. Problem: Security valves triggered below set point, gas release could not be
stopped.
Solution: Security valves were replaced by rupture disks.
2.3.3.3

Vessel calibration

The MHC-side of the EHPV is placed into DM-Type silicon carbide heating elements
(Micropyretics Heaters International, Inc.). For reasons of consistency, each vessel
is assigned to one of the three furnaces. A vessel is equipped with an external Omega
K-type thermocouple (TC) that measured the temperature above the center of the
hot zone (Fig. 2.8 & 2.9). Each external TC is calibrated against two internal
Omega B-type thermocouples placed (i) at the vessel termination and (ii) at 20 mm
in front of the termination (Fig. 2.9). The calibration was performed at pressurized
conditions (although no pressure effects on the calibration were observed) and a table
inclination of 10° (hot-side-up). The temperature difference between the internal TC
was commonly <5 °C. The temperature difference between outer K-type TC and the
internal reference B-type TC’s is specific for each EHPV-furnace set-up and strongly
dependent on the water-cooling rate: First generation of the newly designed EHPV
with one cooling jacket supplied with 200 l/hour water yield temperature differences
of 20 and 30 °C. The second generation with two cooling jackets (Fig. 2.8) supplied
with 400 l/hour water raised the difference to 80 °C.
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2.3.3.4

General experimental setup

Experiments outlined in Chapter 5 employed gold capsules of constant size (l = 8
mm, o.d. = 4 mm, i.d. =3.5 mm) that were filled with starting material and welded
shut under an Ar-stream using a Lampert PUK arc welder.
Loaded in the EHPV and mounted to the furnace, capsules remained at the
cold end of the vessel positioned in sub-horizontal position (10° tilt, hot-side-up)
until desired pressure and temperature conditions were reached. A quick clock-wise
rotation of the table by 90° exposed the experiment gravitationally to experimental
temperatures. The table was slowly turned back to sub-horizontal position where it
remained until the end of the experiment. The quenching was performed by turning
the experiment 90° counter-clockwise, where the capsule slides back to the cold-end
of the vessel. Successful temperature exposure and quench is indicated by a pressure
peak of c. 50 bar. Successful quenching was further ascertained aurally by tilting the
vessel, previously unmounted and kept in horizontal position: capsule movements
in the cold-end can be clearly heard.

2.4
2.4.1

Analytical methods
Raman spectroscopy

Raman analysis on amorphous carbon or graphite was performed in the first-order
region (900-2100 cm−1 ) with a Dilor Labram instrument equipped with a 532 nm
diode laser. Spectra were obtained twice per spot with acquisition times of 20
seconds (well-crystallized graphite) to four minutes (amorphous carbon) using a
confocal lens with either 50x or 100x magnification. Individual samples were measured commonly more than five times at different locations. Raman spectra were
calibrated against the 1332 cm−1 peak of diamond. Raw data were processed with
the iterative fitting software IFORS to avoid errors in the peak parameterization
during manual data reduction (Lünsdorf and Lünsdorf 2016). The automatic fitting
uses a fifth-order polynomial base-line function as a combination of Gaussian and
Lorentzian functions to describe the spectrum. Further fitting parameters were set
as follows: minimum distance of bands = 5 cm−1 , minimum bandwidth = 1 cm−1
and maximum bandwidth = 60 cm−1 .

2.4.2

Isotope ratio mass spectrometry (IRMS)

The analysis of carbon isotope ratios of starting materials and experimental run
products was performed on a Thermo Fisher Delta V isotope ratio mass spectrometer (IRMS). Tuned for the analysis of masses 44, 45 and 46 (12 CO2 , 13 CO2 and
12 18
C O2 , respectively), all carbonaceous run products required a conversion to CO2 .
The CO2 is corrected for machine-internal isotope fractionation with a CO2 reference gas calibrated against NIST RM8562, RM8563 and RM 8564. A schematic
overview of the continuous flow IRMS system with its analytical periphery is shown
in Fig. 2.10. IRMS-tuning, data acquisition and processing was performed with the
Thermo Fisher ISODAT 3.0 software package.
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2.4.2.1

Elemental analyzer (EA)

The 13 C/12 C ratio analysis of elemental and reduced carbon (e.g. graphite or organic
materials) was performed in a fully automated Thermo Fisher Flash-Elemental Analyzer (EA), coupled to an IRMS. Sample aliquots containing ∼50 µg carbon were
wrapped in tin foil and loaded into the EA, where samples where sequentially flashcombusted to CO2 at 1020 °C under a 3 to 5 second stream of analytical-grade O2 .
The CO2 was subsequently cleaned from excess O2 by streaming over native Cu at
650 °C and separated from N2 in 5-Å zeolite chromatography column (Fig. 2.10).
Reference materials run with the solid samples bracket the isotopic composition of
the sample material; Peptone (a complex peptide-amino acid compound; δ 13 C =
-15.67 ‰) Atropine (C17 H23 NO3 , δ 13 C = -21.34 ‰) and Nicotinamide (C6 H6 N2 O,
δ 13 C = -31.07 ‰). Reference materials were calibrated against the international
standard materials NBS22 (δ 13 C -30.03 ‰) and IAEA CH-6 (δ 13 C -10.46 ‰). Elemental carbon measurements were repeated at least three times and commonly yield
a reproducibility commonly better than 0.15 ‰ (absolute).
2.4.2.2

Gas bench (GB)

The fully automated Gas Bench (GB) method is employed for the analysis of 13 C/12 C
ratios of oxidized carbon bound in carbonates as CO2−
3 . Aliquots of ∼130 µg carbo-

Figure 2.10: Schematic overview of the continuous flow system used to analyze 13 C/12 C isotope
ratios. All isotope ratios were measured with a Delta V IRMS. Samples were introduced into
either to a Gas Bench (carbonates), a Gas Chromatograph (Gas samples), or an Elemental
Analyzer (elemental and reduced carbon). The peripheral is connected via a conflow gas
controlling unit to the IRMS. Modified from Hunkeler & Bernasconi (2010).
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nate were loaded in Exetainer® glass vials and reacted at 72°C with orthophosphoric
acid to CO2 , which was analyzed in a Thermo Fisher Scientific Gas Bench II connected to an IRMS following the methods of Breitenbach and Bernasconi (2011)
(Fig. 2.10). Every carbonate sample was measured at least 3 times, resulting in a
reproducibility typically better than 0.1‰ (absolute). Graphite impurities within
the carbonate did not affect the analysis since graphite is inert against orthophosphoric acid and does not yield any CO2 . Internal CaCO3 -reference materials used
were Carrara marble “MS2” (δ 13 CV P DB = +2.13 ‰, δ 18 OV P DB = -1.81 ‰), “Isolab
B” (δ 13 CV P DB = -10.20 ‰; δ 18 O = 18.59 ‰) and Merck “Suprapur” CaCO3 (CASNo: 471-34-1; δ 13 CV P DB = -42.02 ‰, δ 18 OV P DB = -15.5 ‰), which are calibrated
against the international reference materials NBS 19 (δ 13 CV P DB = 1.95 ‰ and
δ 18 OV P DB = -2.20 ‰), NBS 18 (δ 13 CV P DB = -5.01 ‰, δ 18 OV P DB = -23.2 ‰) and
LSVEC (δ 13 CV P DB = -46.6 ‰, δ 18 OV P DB = -26.7 ‰).
2.4.2.3

Gas chromatography (GC)

The analysis of 13 C/12 C on gaseous compounds (CO2 , CO, CH4 , C2 H6 ) required their
(i) separation via gas chromatography (GC) and (ii) conversion to CO2 (of reduced
species) for analysis in the IRMS. The gas chromatograph used is a modified version
of an HP 6890, equipped with an Agilent Poraplot-Q column, a custom-build liquid
nitrogen (LN2 ) gas trap, an oxidation reactor, and a Nafion® membrane sample gas
drier.
Gas samples (usually µl-sized low-percentage sample gas dilutions in helium)
were introduced manually from storage volumes (vials or tube cracker) into the
GC-IRMS system (Fig. 2.11) with Hamilton gas-tight syringes (Fig. 2.2). The
LN2 trap focused the gas in a Porapak-QTM filled quartz capillary for 200 seconds
before it was flash-released at 150 °C into the GC-column by sliding the trap into a
heating-block. The gas sample entered the gas chromatograph either equipped with
an Agilent Poraplot-Q (A) column or an Agilent GS-Carbonplot column (B) where
gas species were separated: (A) N2 from CO (-70 °C), CO from CH4 (-35 °C) and
CH4 from CO2 and C2 H6 (0-20 °C); (B) N2 from CO (-70 °C), CO from CH4 (-15
°C) and CH4 from CO2 and C2 H6 (0-20 °C). Gas species then passed sequentially
through a CuO-NiO-Pt combustion reactor where reduced carbon species (CO, CH4
and C2 H6 ) oxidized to CO2 and H2 O at 1050 °C. The oxidation capacity of the metal
oxides was kept stable by trickling minute volumes of O2 into the oxidation reactor.
After passing the oxidation reactor, combustion-water was removed from the gas
stream with a Nafion® membrane (Merritt et al. 1995) prior to entering the IRMS.
2.4.2.4

Typical gas analysis protocol

The plumbing system of the GC-IRMS system is schematically shown in Fig. 2.11.
The analysis of relative gas concentrations of a sample required the analysis of all
gas species within a single run (“speciation runs”). Most of the isotopic compositions
of gases were also obtained from such runs, unless their relative abundance was too
low or high causing linearity issues.
The isotope composition of trace gases could be obtained by injecting and cryofocusing larger volumes (up to several ml) of sample gas to enhance peak sizes.
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Figure 2.11: Sketch of the gas chromatography plumbing system.

Detector overload due to the overabundance of accompanying main gas species was
prevented by disconnecting the GC from the IRMS at the right time via the interconnected Conflow gas-flow regulator. The (latest) protocol for a complete analysis
of carbon gas yields (cf. Fig. 2.11):
• Basic line setting
– V1 = Trap-mode
– V2 = Load-mode
– V3 = Oven-mode
– V4 = Oxidation-mode (V1, V3 & V4 are not to be changed)
• Basic GC setting (ramp rates always 40 °C/min)
– Inlet pressure 2.1 bar
– Ramp1 = -70 °C (hold 360 seconds, separate N2 and CO)
– Ramp2 = -15 °C (hold 180 seconds, separate CO and CH4 )
– Ramp3 = +20 °C (hold 420 seconds, separate CH4 , CO2 , C2 H6 )
• Setup measurement in Isodat Acquisition running routine
• Inject gas sample (Injection port A). Focus sample for 200 seconds (Fig. 2.11
left side).
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• Turn V2 to “inject-mode”, shift cold trap into hot position (Fig. 2.11 right
side). Start GC-program (ramps are running)
• Start measurement routine in Isodat Acquisition
The measurement is complete after 15 to 20 min and the procedure may be
repeated with the next sample injection.
The isotope analysis of CO2 -only does not require the LN2 gas trap, provided
CO2 is not a trace component. In this case, the trap line may be disconnected by
turning V1 into “no-trap-mode” and the gas can be injected into the injection port
B.
System-induced isotope fractionation occurs (i) at the GC-interface and (ii)
within the IRMS which was corrected by running in-house CO2 and CH4 reference
gases calibrated against NIST RM8562, RM8563 and RM 8564 (CO2 ) and Indiana
Methane #1, #2 and #3 (CH4 , Biogeochemical Laboratories, Indiana University).
No international reference gases for CO and C2 H6 were available, accordingly, corrections relied on the CO2 reference gas.
Speciation runs and individual isotope analysis of gas samples was repeated at
least two, but commonly more than three times, yielding an absolute reproducibility
of 0.5‰ for isotope analysis and 0.5% for speciation.
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Chapter 3
Experimental determination of
equilibrium CH4-CO2-CO carbon
isotope fractionation factors
(300-1200 °C)

“But nature is always more subtle, more intricate, more elegant
than what we are able to imagine"
Carl Sagan - The Demon-Haunted World:
Science as a Candle in the Dark
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Abstract
Carbon isotope fractionation in the CO2 system was investigated at 300-1200 °C at
near-atmospheric pressures by thermally decomposing a variety of organic materials
in sealed quartz tubes. Measured gas speciations correspond well to the expected
range from thermodynamic calculations. We show that chemical and isotopic equilibrium among gas species is obtained when applying a nickel catalyst for CO2 /CH4 ,
CH4 /CO, and CO2 /CO at 6600 °C or without a catalyzing agent for CO2 /CO at
>800 °C. The experiments define equilibrium carbon isotope fractionation factors
for the CO2 /CH4 , CO2 /CO and CH4 /CO pairs as

3
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10 ln αCO2 /CH4 = 8.9 (±0.6) · 10 ·

3

6



10 ln αCO2 /CO = 1.07 (±0.05) · 10 ·

3

3

10 ln αCH4 /CO = 1.1 (±0.2) · 10 ·

1
T2



0.825 (±0.005)

1
T2

1
T2

0.830 (±0.003)

0.462 (±0.001)

(200 - 1200 °C)

(300 - 1200 °C)

(300 - 1200 °C)

which reproduce the experimental values within 0.2 ‰ for CO2 /CH4 and
CO2 /CO and within 0.12 ‰ for CH4 /CO (T in K, 1σ fit uncertainties in brackets,
CO2 /CH4 includes the 6600 °C experimental data of Horita (2001). Carbon isotope
fractionation factors at 1000 °C are still large for CO2 /CH4 and CO2 /CO (6.6 and
7.5 ‰, respectively) but only 1.5 ‰ for CH4 /CO.
Elemental carbon precipitated through thermal decomposition of the organic
starting materials yields δ 13 C values that depend on the X(O)=O/(O+H) of the
organic starting material, i.e. the initial oxidation state of carbon in the organics.
We further observe a catalytic effect of the quartz walls on chemical and isotopic
exchange in the CO2 /CO system, probably due to the activation of the silicate
surface by H+ and OH− ions at >650 °C. Our experimental results yield improved
calibrations of the CO2 /CH4 equilibria and the first experimental calibration of
CO2 /CO and CH4 /CO carbon isotope fractionation. Applications are in the tracing
of magmatic hydrothermal gas emissions, in carbon-precipitating COH-fluids, and
in monitoring of coal-seam fires, but our results may also be applied for quality
control during steel-making processes.
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3.1

Introduction

Carbon isotope geochemistry is one of the major tools for deciphering Earth’s carbon cycles, both at the surface and at depth. These two properties render carbon
isotopes an excellent recorder of geological processes and allow for a better understanding of carbon sources and related volatile fluxes on geological time scales. High
temperature carbon isotope signatures are ultimately the result of mass-dependent
13
C/12 C fractionation during prograde gas, fluid or melt generation or metasomatic
fluid- and melt-rock interactions during rise of these liquids. Carbon isotope fractionation between the three major carbonaceous gas species methane (CH4 ), carbon
dioxide (CO2 ) and carbon monoxide (CO) have been used for e.g. in the derivation
of the sources of volcanic emissions (Sato et al. 2002), fluid-rock or fluid-fluid interactions leading to graphite precipitation (Ray 2009) or models of the redox state
and composition of diamond-forming metasomatic fluids (Deines and Eggler 2009;
Stachel et al. 2017).
While the relatively slow carbon isotope exchange rates are an advantage in terms
of recording geological processes, they pose considerable challenges for experimental
studies. Equilibrium carbon isotope fractionation has therefore been determined via
theoretical calculations using vibrational and heat capacity properties of the species
of interest (Bottinga 1969; Polyakov and Kharlashina 1995; Richet et al. 1977).
Experimental studies on carbon isotope exchange in COH-volatiles are rare and
systematic studies are limited to the CO2 /CH4 pair at temperatures of 150-650
°C (Horita 2001; Smith et al. 1998). Extrapolations to higher temperatures, relevant for high grade metamorphic, magmatic and mantle conditions (e.g. Ray 2009;
Stachel et al. 2017), may be problematic as functions describing fractionation factors do often not obey a T −2 dependency at low temperatures (Richet et al. 1977).
Furthermore, carbon isotope fractionation between CO2 and CO, highly relevant
for high-temperature low pressure degassing, remains poorly constrained although
theoretical calculations predict fractionations of e.g. 5.6 ‰ at 1200 °C (Richet et
al., 1977; Fig. 3.1). Horita (2001) reports δ 13 C values for trace CO formed during
his experiments indicating fractionation factors even slightly higher (Fig. 3.1), but
considers that the CO compositions have been modified during quenching. Other
studies in the CO2 /CO system focus on experimental reaction rates and exchange
mechanisms (Brandner and Urey 1945; Wei and Iglesia 2004), but did not systematically examine equilibrium isotope fractionation over large temperature intervals.
One of the most important aspects of knowing CO2 -CO-CH4 carbon isotope
fractionation factors is that C-O-H gases mostly have several of these species, depending on oxygen fugacity and pressure. Consequently, any modeling of carbon
isotope evolution during degassing requires at least two pairs. This study investigates carbon isotope exchange between CH4 -CO2 -CO-C0 in the COH-system at
temperatures of 300-1200 °C. We experimentally quantify the CO2 /CH4 , CO2 /CO
and CH4 /CO carbon isotope fractionation factors. These factors as well as the
catalytic effects observed in this study are of broader interest in geoscience and
technology, as exemplified.
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Figure 3.1: Theoretical and experimental fractionation factors for CO2 vs.CH4 or CO. Theoretical calculations from Bottinga (1969, B’69) and Richet et al. (1977; R’77). Experimental
data from Horita (2001; H’01). Open circles (CO H’01) are fractionation factors calculated
from δ 13 C values for CO and CO2 reported by Horita (2001). Uncertainties are 1σ.

3.2
3.2.1

Methods
Experiments

The organic compounds docosane (DOC), cholesterol (CHOL), stearic acid (STEA),
benzoic acid (BEA), sucrose (SUC), tartaric acid (TAC) and oxalic acid (OXA) were
used to generate gas blends by pyrolysis (Table 3.1). Gas released from the pyrolytic
decomposition of these materials contain CH4 , CO2 , CO, H2 O and H2 in proportions
depending on pressure (P), temperature (T) and the O:H ratio (X(O) = O/(O+H))
of the organic material. Reduced (CH4 -rich) or oxidized (CO2 -rich) gas compositions are produced for a X(O) of the organic material smaller or greater than 1/3,
respectively, allowing for a wide range of redox states when varying bulk compositions (Fig 3.2). The pyrolytic decomposition of organic compounds (carbonization)
releases the bulk of gases between 300 to 550 °C by cracking oxygenated functional
and aliphatic CH-groups (as well as other volatile impurities; Oberlin, 1989).
Aliquots of 1.3 to 3.0 mg of organic material were loaded into cleaned quartz
glass tubes of 6 mm outer and 4 mm inner diameter. Experiments with a catalyzing
agent additionally contained a 10 x 2 mm piece of 0.1 mm thick Ni-foil whose surface
was previously roughened with P2000 sand paper to increase the reactive surface
area. Such experiments carry “Ni” in their label. The quartz tubes were loaded with
starting material, evacuated to less than 1.5 x 10−3 mbar and welded shut with a
propane-O2 torch to a length of ∼40 mm resulting in an internal volume of about
470 mm3 .
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Figure 3.2: COH phase diagram with the two phase graphite + COH-fluid field in white and
the one-phase COH-fluid-only field in gray. Carbon saturation surfaces (solid lines) separating
these fields are calculated for 5 bar at 300 and 1200 °C, respectively. Numbers are log fO2
in ∆IW. Most starting materials (gray circles) are within the graphite + COH fluid field and
generate elemental carbon and COH-fluid. BEA = benzoic acid; CHOL = cholesterol; DOC
= docosane; OXA = oxalic acid; STEA = stearic acid; SUC = sucrose; TAC = tartaric acid.

Experiments conducted at 300-600 °C were run in a muffle furnace with a Ktype thermocouple located 5 cm above the tubes. Previous thermal mapping of the
furnace interior yields thermal gradients less than 5° at 6600 °C. Experiments at
equilibration temperatures of 300 and 400 °C were first pre-heated to 1000 °C for 4
hours and cooled at a rate of 1.5 °C/min in order to attain complete pyrolysis of the
organic material and assure chemical and isotopic pre-equilibration of the pyrolytic
gas. Quenching of the muffle furnace experiments proceeded within seconds by
manually moving the quartz tubes into a nearby water bath.
Experiments conducted at 800-1200 °C were run in vertical gas mixing furnaces,
where quartz glass tubes were hooked onto a thin platinum wire connected to an
electrical circuit. Quenching proceeded by applying high current to the wire, resulting in its flash-melting. The tubes drop directly into a water bath at the cold
bottom of the furnace causing immediate quenching. Thermal gradients within the
vertical furnaces were less than 5 °C over a hot zone of 8 cm length. These experiments follow a large number of more demanding but unsuccessful strategies aiming
at equilibrating a COH gas without catalyzing agent at >800 °C (i) at 2000 bar
in noble metal capsules loaded into externally heated pressure vessels and (ii) in
welded quartz vials in muffle furnaces without controlled atmosphere. These hightemperature experiments all suffered from H-loss through the capsule walls and an
ever changing gas speciation, i.e. dissociation of methane to compensate for Hloss through the capsule wall (Sackett and Conkright 1997), which resulted e.g. in
isotopically heavier methane than CO2 through kinetic isotope fractionation. We
therefore adjusted the experiments by employing a nickel catalyzer that accelerated
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the reactions and ran experiments >800 °C under pure H2 -atmosphere. In hindsight,
this hydrogen-atmosphere was only moderately helpful as (1) the catalyzer accelerated the gas equilibration insomuch as diffusional hydrogen loss became less of a
problem within experimental run time, and (2) that at >800 °C hydrogen partial
pressures within tubes significantly exceeded the 1 atm H2 -pressure applied in the
furnace, which still led to diffusive hydrogen loss.
Table 3.1: Overview of starting materials

Starting Material

Composition

X(O)

δ 13 CV P DB

DOCosan
CHOLesterol
STearic Acid
BEnzoic Acid
SUCrose
TArtaric aCid
OXAlic acid

C22 H46
C27 H46 O
C12 H36 O2
C7 H6 O2
C12 H22 O11
C 4 H6 O6
C2 H2 O2

0
0.02
0.053
0.25
0.333
0.5
0.5

-32.93(8)
-19.9(2)
-29.53(8)
-28.62(6)
-11.85(3)
-22.21(5)
-6.83(6)

3.2.2

Analytics

3.2.2.1

Gas recovery

To recover the experimental gas charge, the quartz tubes were scribed with a diamond file and loaded into a tube cracking device. This “tube cracker” consists of
a flexible metal bellow that can be closed vacuum tight on both ends with either
a metal plug or replaceable septum port. The loaded tube cracker was evacuated
to <1.5 · 10−3 mbar, detached from the vacuum pump and manually bent to crack
the quartz tube hence releasing the gas. After cracking, the tube cracker was pressurized to 1.5 to 2.5 bar (depending on the amount of released gas) with analytical
grade helium, in order to obtain a 1:4 sample gas : helium mix. The cracking and
dilution process was controlled with a pressure gauge attached to the tube cracker
via the septum port. The tube cracking system allowed us to directly sample the
experimental gas with Hamilton gas tight syringes and analyze it in the GC-C-IRMS
system outlined below.
3.2.2.2

Gas chromatography

Gas analysis was performed with a HP 6890 gas chromatograph, equipped with a
liquid nitrogen gas trap and a combustion interface, connected to a Thermo Fisher
Delta V isotope ratio mass spectrometer (GC-C-IRMS). The injection of sample
gas was followed by focusing the sample for 3 minutes in a PorapakTM-filled quartz
capillary trap cooled with liquid nitrogen. The concentrated gases were flash released
at 150 °C by sliding the trap into a heating block. The released gas mixture was then
separated in an Agilent Poraplot-Q GC-column (50 m, 0.32 mm wide bore, 10 µm
film) capable of sequentially isolating N2 , CO, CO2 , CH4 , and C2 H6 by first cooling
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the column to -70 °C (held for 6 min for separating N2 , CO and CH4 ), then heating
to -15 °C (held for 3 min for separating CH4 from CO2 ) and eventually heating to 80
°C (held for 7 minutes for mobilizing CO2 and separating it from C2 H6 ; ramp rates
are always 40 °C/min). After gas separation, each species entered the combustion
interface that converts all reduced gases to CO2 and H2 O by streaming over NiO,
CuO and a Pt catalyst at 1050 °C. The oxidizing potential of the metal oxides is
kept stable by trickling analytical grade 1 % O2 -in-helium gas mix into the reactor
at a rate of 0.1 ml/min (Merritt et al. 1995). Combustion water was subsequently
removed by passing the gas through a 40 cm long, 0.36 mm inner diameter Nafionmembrane capillary exposed to an external counter flow of analytical grade helium.

3.2.2.3

Isotope analysis

Sample gas injection into the chromatograph - mass spectrometer system was accompanied by injections of in-house reference gases to correct for machine-induced isotope fractionation. In-house reference gases are calibrated against RM8562, RM8563
and RM 8564 (NIST) and Methane #1, #2 and #3 (Biogeochemical Laboratories,
Indiana University, USA). The injection volume of the reference gases was adjusted
to match the total area of the sample peaks to correct for linearity sensitive systematic errors. The reported isotope values are averaged from at least three individual
gas injections, yielding a reproducibility of commonly better than 0.3 ‰ (absolute).
As no international reference for CO was available δ 13 C values for CO were corrected
using the in-house CO2 reference. Because the corrections applied on CH4 and CO2
are commonly less than 0.5 ‰ a similar deviation for CO can be expected. Gas
speciation values are corrected for the differing efficiency of the oxidation reactor for
CH4 and CO to convert to CO2 . Speciation values comprise at least three analyses
and yield an absolute reproducibility better than 0.5 %.
Elemental carbon residuals precipitated inside the quartz tubes were analyzed
using a Thermo Fischer Elemental Analyzer (EA) coupled to the IRMS outlined
above. As the carbon was precipitated as thin films or fine powder, no clean separation from the quartz tubes was possible. Instead, the outside of the tubes was
acetone-cleaned to remove potentially attached organic material and the quartz tube
then crushed to mm-sized pieces in an agate mortar. Fragments with attached carbon were hand-picked, wrapped in tin foil and loaded into the elemental analyzer.
There, each sample was heated to 1020 °C before a 5 second stream of analyticalgrade O2 oxidized the carbon to CO2 , the concomitant exothermic oxidation of tin
producing flash temperatures of ∼1800 °C. Full oxidation of the carbon precipitates
to CO2 was assured by running a blank between each measurement. Blank runs
did not yield carbon signals (i.e. memory effects) and imply complete oxidation of
the carbon precipitate. Separate runs measuring pristine quartz glass yielded no
signal excluding carbon contamination from the glass itself. For ease of comparison
to theoretical values, isotope fractionations are reported in the notation calculated
from conventional δ-values (VPDB) via
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(3.1)

where A and B are the heavy and the light compound, respectively, and
10 ln αA/B ≈ δA − δB = ∆13 CA−B (O’Neil 1986).
3

3.3
3.3.1

Results
Thermal decomposition and gas pressures during the
experiments

In the C-O-H ternary, most starting materials fall into the graphite + COH-fluid
field at the experimental conditions (Fig. 3.2). Consequently, elemental carbon
precipitates during thermal decomposition, mostly on the interior walls of the quartz
tubes and on the nickel metal. Only oxalic acid (OXA) and high temperature
experiments with tartaric acid (TAC) did not produce visible carbon precipitates as
these materials lie, depending on temperature, close to or within the COH-fluid-only
field yielding carbon-undersaturated gas compositions (Fig. 3.2).
Experimental gas pressures were (i) estimated based on measuring gas pressures
in the tube cracker device and (ii) calculated thermodynamically through partial
pressures of individual species based on the amount and composition of the starting
material. Using the known volume of the quartz tubes (∼ 470mm3 ) and the experimental temperatures, experimental pressures were calculated and range between 3.8
and 27.8 bar (Table 3.2). Minor variations in the internal tube volumes due to the
tube-preparation are estimated to be less than 5% and translate to insignificantly
small pressure variations of a few mbar.
Thermodynamically calculated pressures are based on equilibrium and use the
software PerpleX (Connolly 2005) with the C-buffered COH MRK hybrid EoS by
Connolly and Cesare (1993). These calculations yield the relative amounts of graphite and the various gas species for each starting material at a given pressure and
temperature, which allows us, for each experiment, to iteratively constrain experimental gas pressures through the following steps:
1. Gas speciation for a given T and X(O) and an arbitrary starting pressure of 5
bar are calculated.
2. Speciations and the known mass of starting material are used to calculate the
amount of each species.
3. From the molar total of all gases, pressures are calculated using the ideal gas
law and known volume of the quartz tube.
4. The resulting pressure is then fed into step 1 until input and output pressure
differ by less than one bar.
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Calculated hydrogen partial pressures result in 0.02-18.9 bar and mostly exceed
one bar at >800 °C. Running the experiments in pure hydrogen is hence insufficient
to hinder H-loss through the quartz tube completely, again underlining the importance of catalysts to accelerate reaction rates and shorten run times to avoid too
much H-loss.
Calculated molar fractions of H2 O are 3·10−6 to 0.59. Note that we neither
measure H2 nor H2 O, but only the relative abundances of the carbon-bearing species.
The XiC used in the following refers to the relative molar fraction of the carbonbearing gas species (i ).

3.3.2

Chemical and isotopic equilibration of gas compositions

Organic materials of various X(O) (Table 3.1) served to produce pyrolytic gases
of reducing to oxidizing compositions. To demonstrate the chemical and isotopic
adjustment of the gas, we first compare Ni-catalyzed to non-catalyzed experiments
that all used aliquots of 2.0 mg starting material reacting for 24 hours at 600 °C.
Then, chemical and isotopic shifts at other temperatures are reported at the end of
this section.
3.3.2.1

Gas speciation at 600 °C

Without a catalyst, the pyrolytic gas released by thermal decomposition of the organic materials does not yield CO2 , CO and CH4 mole fractions (XiC ) (white circles
in Fig. 3.3) corresponding to thermodynamically calculated equilibrium compositions (gray field). Experiments using docosane (DOC), stearic acid (STEA) and
C
cholesterol (CHOL) produced comparatively methane-rich gas compositions (XCH
4
C
C
= 0.81 - 0.96), little CO2 and CO ( XCO2 <0.05 and XCO <0.13) and minor fractions
of C2 H6 (XCC2 H6 <0.03; not displayed). Of the starting materials with intermediate X(O), sucrose (SUC) resulted in similar fractions of CH4 , CO2 and CO (XiC =
0.29, 0.23 and 0.48, respectively) with minor C2 H6 (XCC2 H6 <0.01); while benzoic
C
acid (BEA) produced relatively CO2 -rich compositions (XCO
= 0.91) with minor
2
C
C
CO (XCO = 0.07) and little CH4 (XCH4 =0.02). Tartaric acid (TAC) and oxalic
acid (OXA), the most oxidized materials used in this study, release CO2 and COC
C
dominated gas compositions (XCO
= 0.46-0.56, and XCO
= 0.35 - 0.44, respectively).
2
C
CH4 is present in the slightly less oxidizing TAC-0 experiment (XCH
=0.19) and ab4
sent in the OXA-0 experiment, C2 H6 was not detected. To investigate the changes of
non-catalyzed gas compositions with time, two 216 hour runs using TAC and OXA
were performed. In both cases, CO2 -CO-CH4 fractions of the long runs lie closer
to, but not within the equilibrium field, indicating a comparatively slow chemical
equilibration.
As shown by Horita (2001), nickel catalysts greatly facilitate chemical and isotopic equilibration between CO2 and CH4 . Instead of nickel powder, we added
surface-roughened stripes of Ni-foil to the experimental charge. With two exceptions,
the catalyzed experiments yielded gas compositions consistent with equilibrium calculations (Fig. 3.3). Furthermore, to test reproducibility, experiments TAC-Ni-0
(24 hours) and TAC-Ni-3 (22 hours) were conducted at the same conditions and do
in fact yield a very similar carbon gas chemistry and isotope values.
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Experiment BEA-Ni-0b produced only 2.3 bar gas (measured directly) at 600
°C, favoring higher CO concentrations. The equilibrated state of the measured gas
composition is confirmed by recalculating the thermodynamic gas speciation at 2.3
bars and the X(O) of BEA. Contrary to the calculated equilibrium state, experiment
OXA-Ni-0 did not produce any carbon and its gas composition lies outside the
equilibrium range. This deviation is also reflected in the isotopic compositions of
the gas species, which are inconsistent with all other results and possibly indicate
the low-temperature formation of Nickel-tetracarbonyl (see below).

Figure 3.3: Comparison of CO2 -CO-CH4 proportions of non-catalyzed vs. catalyzed experiments at 600 °C. If not otherwise labelled, experiments were run for 24 hours. Thermodynamic
equilibrium calculations yield the gray field of graphite-saturated CO2 -CO-CH4 compositions
at 5-10 bar, 600 °C. Dashed lines inside the field are log fO2 isopleths labelled in ∆IW.
Arrows indicate changes in gas composition with increasing run time or with the use of a
Ni-catalyzer. Almost all catalyzed experiments fall within the field of equilibrium gas compositions. BEA-Ni-0B had an exceptionally low experimental pressure of 2.3, its comparatively
high CO-fraction corresponds to thermodynamic calculations at 2.3 bar (line labelled 2.3 bar).
With respect to the 24 h experiment, the catalyzed 72 h run in the reduced CHOL starting material moves away from the CH4 -apex (staying close to the equilibrium gas composition field),
a consequence of diffusive hydrogen loss through the capsule wall that shifts the remaining
gas towards more oxidized compositions. Abbreviations as in Fig. 3.2

3.3.2.2

Gas isotope chemistry at 600 °C

The Ni-catalyst not only facilitates chemical equilibration of the pyrolytic gases
but also accelerates carbon isotope exchange among the gas species. Carbon isotope fractionation among gases scatters widely in non-catalyzed experiments with
103 ln αCO2 /CH4 between -5.5 and +20.8 ‰, and 103 ln αCO2 /CO between -6.8 and
+5.0 ‰ (Table 3.2, Fig. 3.4).
Statistical mechanics theory predicts isotope-equilibrated gas species to be enriched in 13 C in the order CO2 > CH4 > CO (Bottinga 1969; Craig 1953; Richet
et al. 1977). Yet, in many non-catalyzed samples, the 13 C-distribution does not
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follow this relative enrichment trend (e.g. experiments CHOL-0, SUC-0 or OXA-1),
but yield CH4 and CO heavier than CO2 implying isotopic disequilibrium among
the gas species (e.g. experiments CHOL-0 or OXA-1).
Although non-catalyzed gases adjust their chemical composition gradually (Fig.
3.3), an equilibration of carbon isotopes was not observed within experimental run
times. Instead, chemical equilibration causes gas speciation to change, which apparently causes kinetic isotope effects to prevail over equilibrium isotope fractionation.
Comparing experiments TAC-0 (24 hours) with TAC-5 (216 hours) and OXA-0 (24
hours) with OXA-1 (216 hours), the measured isotope fractionation values evolve
towards lower values, although the opposite should be expected: 103 ln αCO2 /CH4
changes from 5.2 to 2.6 ‰ (theoretical prediction: 11.4 ‰) and 103 ln αCO2 /CO
from 0.8 to -1.4 ‰ (theoretical prediction: 14.7 ‰).
In contrast to the non-catalyzed experiments, six out of seven catalyzed companion experiments adjust within 24 hours to a stable and reproducible carbon isotope
fractionation factor for the pairs CO2 /CH4 , CO2 /CO and CH4 /CO (Table 3.2; Fig.
3.4), the values for CO2 /CH4 and CO2 /CO of 11.7 ±0.7 ‰ and 13.9 ±0.7 ‰ being in reasonable agreement with the theoretical predictions of Richet et al. (1977).
We thus conclude that, at least at 600 °C, the catalyzed experiments yield true
equilibrium isotope fractionation factors.
3.3.2.3

Gas (isotope) chemistry at 300-400 and 800-1200 °C

In line with the thermodynamic predictions, a general increase of the CO/CO2 ratio
is observed with rising temperatures. CO is, if detected, a minor constituent at 300
C
<0.02), except for the carbon-undersaturated OXA-experiments
and 400 °C (XCO
C
(XCO = 0.13 – 0.23).
At >800 °C CO becomes a considerable gas component in both, oxidized and
C
reduced bulk gas compositions (XCO
at 800, 1000 and 1200 °C are 0.23 – 0.58, 0.27
C
– 0.90 and 0.4 – 0.97, respectively) while XCO
is decreasing. As hydrogen could not
2
be analyzed it is not possible to assess the relative changes in the CH4 /H2 ratio.
Duplicate experiments run at 300 °C for 99 days yield similar gas chemistry and
13
C/12 C ratios of the species (e.g. OXA, SUC and TAC experiments; Table 3.2). A
reproducible gas chemistry was also observed at 400 °C for duplicates running 7 and
14 days, although variations in the carbon isotope fractionation of the CO2 /CH4 pair
in the shorter-runs suggest incomplete isotope exchange (cf. 400 °C SUC and TAC
experiments, respectively). Since methane concentrations remain stable over two
weeks, diffusive hydrogen loss appears negligible at 6400 °C. Here, gas speciations
and measured isotopic values remain stable over time and chemical and isotopic
equilibration in the system can be assumed.
For reasons outlined below, both, catalyzed and non-catalyzed experiments were
run at >800 °C. A considerable hydrogen diffusion at 800 °C is evidenced by declining
methane concentrations, driven by the dissociation reaction CH4 → C+2H2 , in
experiments with the same starting material but different run times (Table 3.2):
in the non-catalyzed TAC system, methane concentrations at 800 °C decreased by
half within 67 hours, while 35 % methane was lost within 3 hours in the catalyzed
STEA-Ni-system. These experiments were run in a pure hydrogen atmosphere but
calculated hydrogen partial pressures (PH2 ) for the TAC and STEA-Ni systems were
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Table 3.2: Overview of experimental results. One sigma uncertainties in brackets. 103 ln α
values in bold were used to calculate averaged fractionation factors listed in Table 3. Abbreviations: meas = measured, calc. = calculated, hrs = hours, n.d. = not determined. *Only
one analysis possible due to low concentration
XiC
Gas pressure (bar)
Run time
(hrs)
CH4 CO2 CO C2 H6 meas. calc. pH2 (calc.)

CH4

Isotopic composition δ 13 CV P DB (‰)
CO2
CO
C2 H6 bulk fluid C 0

Fractionation factor 103 lnα
CO2 /CH4 CO2 /CO CH4 /CO C 0 /bulk fluid

300°C (box furnace) Ni-catalyzer
BEA-Ni-12
2371
0.30 0.70
OXA-Ni-12
2371
0.86 0.14
OXA-Ni-13
2371
0.87 0.13
STEA-Ni-12
2371
0.93 0.07
SUC-Ni-12
2371
0.23 0.77 <0.01
SUC-Ni-13
2371
0.23 0.77 <0.01
TAC-Ni-12
2371
0.16 0.84 <0.01
TAC-Ni-13
2371
0.17 0.83 <0.01

3.1
3.5
3.4
2.4
4.4
4.3
4.5
3.5

3.8
5.1
4.7
7.1
3.8
4.2
4.5
4.5

0.1
0.02
0.02
0.2
0.1
0.1
0.04
0.04

-43.3(2) -18.5(1)
-5.7(4) -14.4(8)
-5.0(1) -13.8(4)
-33.7(3) +25.5(7)
-26.9(1) -1.6(1)
-29.5*
-26.4(1) -1.6(1)
-29.3*
-37.1(2) -13.2(4) -40.5*
-38.5(2) -14.2(1) -41.4*

-26.0(1)
-6.9(4)
-6.1(1)
-29.4(3)
-7.5(1)
-7.4(1)
-16.9(4)
-18.2(1)

400°C (box furnace) Ni-catalyzer
BEA-Ni-10
183
0.44 0.56 0.01
OXA-Ni-10
183
0.77 0.23
SUC-Ni-10
183
0.32 0.67 0.01
TAC-Ni-10
183
0.22 0.76 0.02
BEA-Ni-11
352
0.43 0.56 0.01
OXA-Ni-11
352
0.79 0.21
SUC-Ni-11
352
0.32 0.67 0.01
TAC-Ni-11
352
0.20 0.78 0.02

3.4
n.d.
n.d.
6.1
n.d.
3.4
5.3
n.d.

3.9
5.9
5.0
5.4
4.3
6.2
5.2
5.6

0.3
0.04
0.3
0.2
0.3
0.1
0.3
0.2

-38.3(4) -18.5(1)
-4.5(1)
-23.2(2) -1.5(1)
-37.3(3) -14.1(1)
-38.3(1) -19.3(1)
-4.7(1)
-22.5(2) -2.1(1)
-33.8(4) -14.1(3)

-41.5(5)
-13.2(3)
-24.5(4)
-36.9(7)
-42.1(6)
-12.8(1)
-24.7(2)
-36.2(5)

-27.3(2) -24.5(2) 20.4(4) 23.7(5) 3.3(6)
-6.5(1)
8.8(3)
-8.7(1) -23.5(6) 22.0(3) 23.3(4) 1.3(5)
-19.6(1)
23.5(3) 23.4(7) -0.2(8)
-27.6(1)
19.5(1) 23.5(6) 4.0(7)
-6.5(1)
8.1(2)
-8.9(1)
20.6(3) 22.9(2) 2.3(3)
-18.5(2)
20.1(5) 22.6(5) 2.5(6)

600°C (box furnace) non-catalyzed
DOC-0
24
0.96 0.01
0.03 10.5
STEA-0
24
0.87 0.05 0.08 <0.01 11.1
CHOL-0
24
0.81 0.05 0.13 0.01 7.6
SUC-0
24
0.29 0.23 0.48 0.01 6.4
TAC-4
22
0.18 0.42 0.40
8.8
TAC-0
24
0.19 0.46 0.35 0.01 8.8
TAC-5
216
0.18 0.55 0.27
8.9
BEA-0
24
0.02 0.91 0.07
4.0
OXA-0
24
0.56 0.44
5.6
OXA-1
216
0.01 0.79 0.21
5.7

13.7
11.5
6.9
7.7
8.5
8.1
8.5
5.0
8.8
8.8

4.5
3.7
2.8
1.6
1.2
1.1
1.2
1.5
0.7
0.7

-36.5(3)
-35.1(2)
-25.15(4)
-15.3(1)
-25.0(2)
-24.8(2)
-23.6(1)
-34.1(2)

-16.27(4)
-22.03(4)
-30.5(2)
-13.8(1)
-19.3(2)
-19.7(1)
-21.1(1)
-31.1(1)
-6.1(2)
-7.5(1)

-6.7(8) -35.4(3) -31.7(1) 20.8(3)
-26.9(6) -3.8(2) -33.8(2) -29.3(1) 13.5(2)
-23.8(1) +5.5(5) -24.94(3) -18.3(1) -5.5(2)
-7.5(1) +21.0(7) -11.11(4) -14.0(4) 1.5(1)
-23.8(1)
-22.1(1) -28.2(5) 5.9(2)
-24.0(1) -7.5(2) -22.2(1) -27.8(5) 5.2(2)
-23.3(2)
-22.1(1) -27.7(5) 2.6(2)
-35.3(1) -18(2) -31.4(1) -29.0(6) 3.1(2)
-6.9(2)
-6.5(1)
-6.1(3)
-7.1(1)

600°C (box furnace) Ni-catalyzer
DOC-Ni-0
24
1.00
13.2
STEA-Ni-0
24
0.94 0.03 0.03
12.1
STEA-Ni-7
70
0.90 0.05 0.05
6.0
CHOL-Ni-0
24
0.85 0.08 0.06 <0.01 5.5
CHOL-Ni-1
192
0.70 0.18 0.12
4.8
BEA-Ni-0A
24
0.47 0.39 0.14
5.4
BEA-Ni-0B
24
0.35 0.41 0.23
2.3
SUC-Ni-0
24
0.35 0.52 0.13
8.7
TAC-Ni-0
24
0.15 0.71 0.15
8.6
TAC-Ni-3
22
0.14 0.71 0.15
8.5
OXA-Ni-0
24
<0.01 0.71 0.29
5.7

14.3
12.0
11.5
7.2
7.4
5.1
5.2
8.1
8.7
8.8
8.8

4.9
3.8
3.7
2.9
3.0
1.5
1.5
1.7
1.2
1.2
0.7

-32.2(1)
-26.5(1)
-24.6(2)
-17.1(2)
-11.6(1)
-25.4(1)
-25.6(1)
-16.2(2)
-27.2(2)
-28.0(1)
-31.4(7)

-14.8(1)
-12.1(1)
-6.1(1)
+0.2(3)
-14.6(1)
-14.6(2)
-5.1(2)
-16.4(1)
-15.3(6)
-4.3(1)

-32.2(1) -30.1(2)
-28.6(2)
-26.2(1) -28.8(3) 12.0(1) 14.1(2) 2.1(2)
-26.7(1)
-24.1(1) -24.4(1) 12.7(2) 14.9(1) 2.2(2)
-19.5(2) +10.6(3) -16.2(2) -18.4(2) 11.1(3) 13.5(2) 2.4(3)
-13.6(1)
-9.8(1) -17.3(1) 11.9(3) 13.9(3) 2.0(1)
-27.3(1)
-21.5(1) -28.7(2) 11.1(2) 13.0(1) 1.9(2)
-27.9(1)
-21.3(1)
11.2(2) 13.6(2) 2.4(1)
-18.7(2)
-10.8(1) -15.3(7) 11.2(2) 13.8(2) 2.6(2)
-29.7(2)
-20.1(1) -29.5(2) 11.1(3) 13.6(2) 2.5(3)
-29.9(2)
-19.3(4) -28.3(3) 13.0(6) 15.0(6) 2.0(2)
-11.8(1)
-6.4(1)
27.6(7)
7.6(1) -20.0(7)

800°C (1-atm furnace) non-catalyzed
OXA-2
24
0.02 0.76 0.23
TAC-2
72
0.08 0.57 0.35
TAC-3
5
0.17 0.51 0.32

6.9 13.8
10.3 14.8
14.2 15.2

2.1
3.6
3.7

-15.5(7) -5.0(1) -14.8(1)
-16.7(7) -18.8(1) -28.5(2)
-23.6(1) -17.9(2) -27.63(1)

-7.4(1)
10.6(7)
-22.0(1) -27.1(2) -2.1(7)
-22.0(1) -27.8(5) 5.8(2)

9.8(2)
9.9(2)
9.9(2)

-0.8(7)
12.0(7)
4.1(1)

-5.2(2)
-5.9(5)

800°C (1-atm
CHOL-Ni-2
STEA-Ni-10
STEA-Ni-6

8.4 9.4
10.8 16.0
7.2 11.0

6.8
9.6
7.2

-17.0(1) -8.4(4) -18.0(1)
-25.9(2) -17.6(1) -27.8(1)
-25.9(2) -17.0(2) -27.8(1)

-16.7(1) -18.9(1) 8.8(4)
-26.2(1) -29.6(1) 8.5(2)
-26.5(1) -29.7(1) 9.1(3)

9.8(4)
10.4(2)
11.0(3)

1.0(1)
1.9(2)
2.0(2)

-2.2(1)
-3.5(1)
-3.3(1)

1000°C (1-atm furnace) non-catalyzed
BEA-1
1
0.23 0.07 0.70
OXA-3
4
0.66 0.34
OXA-4
4
0.73 0.27
TAC-10
42
0.45 0.55

13.2
8.9
7.7
n.d.

14.1
19.6
18.1
21.8

7.7
3.5
3.3
6.4

-22.3(3) -25.6(2)
-4.6(2)
-4.4(2)
-18.6(1)

-30.1(1) -28.2(1) -3.4(3)
-7.1(1)
-6.5(2)
-22.6(1)

7.7(2)
7.4(2)
7.9(3)
7.5(3)

11.1(3)

2.0(2)

1000°C (1-atm furnace) Ni-catalyzer
BEA-Ni-1
2
0.06 0.04 0.90
CHOL-Ni-3
4
0.26 0.03 0.72
STEA-Ni-1
2
0.40 0.01 0.59
STEA-Ni-2
2
0.40 0.01 0.59
SUC-Ni-2
0.1
0.04 0.13 0.84
SUC-Ni-5
2
0.03 0.08 0.89
TAC-Ni-1
2
0.04 0.11 0.85

13.7
16.7
16.3
n.d.
n.d.
22.8
18.3

14.5
8.8
18.8
13.3
25.6
25.7
22.3

7.9
7.8
14.7
10.8
10.9
11.0
6.5

-27.7(2)
-20.1(1)
-27.8(2)
-28.1(3)
-12.4(3)
-12.3(2)
-23.4(2)

-27.5(2) 7.0(3)
8.9(3) 1.8(3)
-19.7(1) 6.1(4)
6.7(3) 0.5(1)
7.3(7)
8.0(6) 0.7(2)
6.4(1.1) 6.4(1.1) 0.0(5)
-14.4(5) 6.7(3)
6.9(1) 0.2(3)
6.8(4)
7.5(3) 0.7(2)
-30.3(2) 6.4(2)
7.5(1) 1.1(2)

1.6(3)
0.6(1)

1200°C (1-atm
OXA-5
TAC-1
STEA-A

furnace) non-catalyzed
3
0.6 0.4
17
0.4 0.6
1
0.35 0.01 0.65

9.4 22.2
8.7 27.8
n.d. 12.5

4.3
8.8
10.8

-5.0(2) -10.8(2)
-19.0(1) -24.7(1)
-22.8(5) -15.2(8) -27.6(4)

-7.1(1)
-22.4(1)
-25.8(3)

5.9(3)
5.9(1)
12.7(9)

5.0(6)

1200°C (1-atm
CHOL-Ni-5
CHOl-Ni-A
DOC-Ni-4
DOC-Ni-A
STEA-Ni-8
STEA-Ni-A

furnace) Ni-catalyzer
3
0.05
0.95
1
0.1 0.01 0.9
7
0.11 0.01 0.88
1
0.63 0.01 0.36
7
0.01 0.02 0.97
1
0.27 0.01 0.72

15.5
n.d.
5.8
n.d.
4.8
n.d.

6.6
7.4
5.7
6.1
11.0
18.9

-19.7(5)
-18.9(1)
-28.2(2)
-27.6(1)
-27.6(5)
-24.8(1)

-20.5(4) -20.4(3)
-20.3(1) -21.9(1) 5.8(9)
7.4(9)
-28.87(4)
14.4(5) 15.4(5)
-27.9(1)
12.8(1.5) 14(1.5)
-28.4(5)
11.0(7) 12.0(7)
-25.5(1) -25.0(1) 8(1)
9(1)

0.9(7)
1.6(2)
1.0(2)
1.2(2)
1.0(7)
1.2(2)

furnace) Ni-catalyzer
24
0.38 0.10 0.53
24
0.55 0.05 0.40
27
0.36 0.06 0.58

7.0
7.9
5.8
6.2
12.7
22.2

-20.8(2)
-14.0(3)
-20.6(6)
-22(1)
-5.7(1)
-5.5(3)
-17.1(1)

-13.2(9)
-14.1(5)
-15.0(1.5)
-16.9(5)
-16(1)

-33.1(1)
-11.9(1)
-12.2(2)
-25.9(2)
-29.4(2)
-20.6(1)
-28.4(0.1)
-28.1(3)
-12.54(2)
-12.9(1)
-24.5(1)

-20.6(4)
-20.5(1)
-29.2(1)
-28.8(2)
-28.7(5)
-25.9(1)

-29.0(2)
-20.3(1)
-28.0(1)
-28.0(2)
-11.65(2)
-12.3(1)
-23.6(1)

-24.2(3) 25.6(2)
-23.6(1) 59.4(8)
-24.0(9) 25.7(2)
-24.9(2) 25.2(2)
24.5(5)
25.0(2)

8(1)

1.8(3)

8.8(9)
8.9(4)
28.4(1)
28.1(1)
28.1(5)
28.1(1)

5.0(6)
-6.8(2)
-6.3(1)
4.7(2)
4.3(1)
2.2(2)
4.4(1)
0.8(3)
-1.4(3)

2.6(1)
2.9(1)
3.6(2)
3.1(2)

-8.4(6)
-1.4(1)
-7.8(1)
-1.3(2)
-0.9(2)
-0.3(2)
1.3(2)

6.0(3)
-16.7(9)
-17.8(2)

2.9(2)
-15.0(6)

3.9(3)
4.7(3)
6.7(1)
-2.9(4)
-6.2(5)
-5.7(5)
-5.8(5)
2.5(6)

2.2(2)
-2.7(3)
-0.3(2)
-2.2(3)
-7.6(1)
-7.5(2)
-4.7(7)
-9.6(3)
-9.3(5)

-2.7(5)
-6.9(2)

0.1(5)
-1.6(2)

0.6(1)
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Figure 3.4: Effect of a nickel catalyzer on measured isotope fractionations of the CO2 /CH4
and CO2 /CO pairs in different systems. Catalyzed and non-catalyzed experiments have equal
amounts of organic starting material and are run at 600 °C for 24 hours. Non-catalyzed
experiments yield variable fractionations while those from catalyzed experiments result in a
reproducible fractionation factor. OXA bulk produces different results (Asterisk) possibly due
to the formation of Nickel tetracarbonyl (see text) and is not used for the average fractionation
factor. Uncertainties (1σ) within symbol size. Abbreviations as in 3.2

∼3.6 and 9-12 bar, respectively. In the Ni-free TAC experiments a 13 C enrichment
of the methane can be observed due to preferential dissociation of 12 CH4 (-23.6 ±0.1
‰ to -16.7 ±0.7 ‰).
The virtually similar carbon isotope composition of methane in the STEA-Ni
experiments (STEA-Ni-10 and STEA-Ni-6 yield both -25.9 ±0.2 ‰) demonstrates
that the nickel catalyzer is able to compensate such kinetically-driven isotope shifts
induced by diffusive hydrogen loss.
The results at 1000 and 1200 °C are ambiguous regarding the advantage or disadvantage of using a catalyzer. It appears that for the CO2 /CO pair, non-catalyzed
experiments yield more consistent results, i.e. 7.4-7.9 and 5.9 ‰ at 1000 and
1200 °C (Table 1), respectively, while catalysis is necessary for the methane-bearing
CO2 /CH4 and CH4 /CO pairs. However, we were not able to obtain consistent 13 Cfractionation factors for CO2 /CH4 at 1200 °C, and values scatter from 5.8 to 14.4
‰ (see discussion)

3.3.3

Isotope composition of elemental carbon

The non-catalyzed 600 °C experiments presumably yield the best information about
the carbon isotope distribution immediately after pyrolysis, as the lack of catalytic
activity preserved the pyrolysis-related, pristine 13 C/12 C ratios of all system components. It can be seen from Fig. 3.5 that the carbon isotope composition of the
elemental carbon residual (C0 ) correlates with the X(O) of the organic starting material. The carbon isotope composition of the bulk-fluid is not measured (but that
of the individual species) and hence must be reconstructed through
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δ 13 Cbulk f luid =

X

(XiC · δ 13 Ci )

(3.2)

where i = CO2 , CO, CH4 or C2 H6 . The fluid results are 6.7 ‰ lighter than C0
in bulk compositions with the lowest X(O), i.e. in a positive shift in Fig. 3.5.
With increasing X(O), 103 ln αC 0 /bulk f luid becomes smaller and then increasingly
negative, the most oxidizing carbon-precipitating system (TAC) yields a shift of – 5.8
‰, i.e. a fluid enriched in 13 C relative to C0 . The carbon isotope fractionation in the
C0 /CH4 pair varies from -4.2 to +6.8 ‰ and ranges in the CO2 /C0 pair from -12.1
to +15.4 ‰, generally indicating a non-equilibrated isotope fractionation between
the gas species and C0 .
The presence of a nickel catalyzer did not markedly improve 13 C exchange between gas and solid: Catalyzed 600 °C experiments yield 103 ln αC 0 /bulk f luid from
-9.6 to +2.2 ‰ and a 103 ln αC 0 /CH4 between -12.1 to +15.4 ‰.

3.4
3.4.1

Discussion of carbon isotope distribution
Elemental carbon (C0 ) and pyrolytic gas

The observed negative correlation between 103 ln αC 0 /bulk f luid and the X(O) of the
starting material (Fig. 3.5) is linked to the oxidation state of carbon in the starting
material. In low X(O) materials, carbon is relatively reduced and predominantly
C–C or C–H bonded. The C–C bond is generally stronger than any C–H bond
configuration with bond dissociation energies (BDE) of 6.3 eV and <4.5 eV (Darwent
1970), respectively.
Consequently, a higher amount of C–C bonds leads to 13 C preferably remaining
in the solid residue and methane and higher alkanes yield lighter isotope values. In
our study, sucrose and tartaric acid are the materials with the highest X(O) that
produced elemental carbon.
Their structures contain abundant covalent C–O and C=O bonds with bond
dissociation energies of 11.2 and 5.5 eV, respectively Darwent (1970). Heavy isotopes
will consequently fractionate to the strong C–O and C=O bonds, which yield CO and
CO2 during the thermal decay. Interestingly, C0 /CH4 carbon isotope fractionation
in the TAC system yields negative values, i.e. the δ 13 C values for methane are
heavier than for C0 .
In contrast to the other materials used, the TAC-structure does not contain any
C–H bonds that may directly convert to CH4 during thermal decomposition, causing
the release of methane lighter than the C0 residual.
Instead, a negative 103 ln αC 0 /CH4 but positive103 ln αCO2 /CH4 imply that CH4
might have formed in a second step by the reduction of (heavy) CO2 during the
decomposition process.

3.4.2

The CO2 /CO pair

The carbon isotope equilibration of the CO2 /CO pair required a Ni-catalyst at 6600
°C, whereas equilibration took place without nickel at >800 °C. At 800 °C, with Ni,
51

Chapter 3

Figure 3.5: Carbon isotope fractionation between elemental carbon precipitate (C0 ) and bulk
fluid (Eqn. 3.2) plotted against the X(O) = O/(O+H) of the starting materials for noncatalyzed experiments at 600 °C, 24 hours (experiments TAC-4 and TAC-5 ran for 22 and 216
hours, respectively).For comparison, dashed lines give theoretical equilibrium fractionations
for the C0 -CH4 and C0 -CO2 pair (Polyakov and Kharlashina 1995). Generally, the total redox
state of carbon in the starting materials controls 13 C/12 C in the fluid. As illustrated by the
TAC-series, no significant isotopic adjustment in 103 ln αC 0 /bulk f luid v occurs within 22 to 216
hours suggesting that carbon isotope exchange between C0 and the gas species is insignificant.

103 ln αCO2 /CO ranges from 9.8 to 11 ‰, while without Ni, fractionation is more
tightly constrained to 9.8-9.9 ‰. At 1000 °C, Ni-catalyzed experiments yield 6.4-8.0
‰ while non-catalyzed experiments result in 7.4-7.9 ‰. At 1200 °C carbon isotope
fractionation appears rather obscured (Table 3.2, Fig. 3.6), catalyzed experiments
are 7.4-15.4 ‰ while two non-catalyzed experiments with no methane in the gas
yield 5.9 ‰ that would be consistent with the data at lower temperatures. The wider
scatter of fractionation factors in Ni-catalyzed than non-catalyzed experiments at
>800 °C indicates that quench-induced back reactions may be a concern in the Nibearing experiments. Hence, the non-catalyzed experiments were used to constrain
the equilibrium carbon isotope fractionation factors.
The fact that CO2 /CO equilibration does not require Ni at >800 °C, implies
a catalytic activity of the quartz tubing itself. In an early study on isotope exchange rates, Brandner and Urey (1945) made similar observations and ascribed the
catalytic effect of silica-surfaces to chemisorbed OH− and H+ radicals driving the
water-gas shift reaction CO2 + H2
CO + H2 O. Earlier experiments on the explosive oxidation of CO supports this assumption, showing that activation of silica
surfaces with OH− and H+ starts at ∼450 °C and catalytic oxidation of CO begins
at ∼650 °C (Alyea 1931). According to Wei and Iglesia (2004), H2 O-silica surfaces
have a catalytic effect on the CO2 /CO pair at >650 °C, but no effect on isotope
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exchange rates at lower temperatures, which in turn require a metallic catalyzing
agent such as Ni.
In the carbon-undersaturated OXA bulk, which does not yield any methane or
0
C at the end of the experiments, the CO2 /CO pair yields a 103 ln αCO2 /CO of 8.4
±0.6 ‰ for any temperature at 6600 °C (Fig. 3.6). As the lower temperature
experiments were pre-equilibrated at 1000 °C and then slowly cooled to the experimental temperature, the fractionation factor of 8.4 ‰ may point towards a closure
temperature near 800 °C for down-temperature re-equilibration in the absence of
hydrogen for the isotope exchange between CO2 and CO. A different explanation
for the constant fractionation factor is the low-temperature (<150 °C) formation
of a hidden carbon species, namely Ni(CO)4 (nickel-tetracarbonyl; Lascelles et al.,
2005). The minor CH4 that should be resulting from the decomposition of the oxalic
acid is apparently rapidly converted to CO through the water-gas shift reaction (i.e.
CO + 3H2 ↔ CH4 + H2 O; ∆H -250.2 kJ/mol at standard conditions). Once the
methane is consumed, Ni-carbonylation (Ni + 4CO ↔ Ni(CO)4 ; ∆H -40.5 kJ/mol;
Saw et al., 2014) is not hindered anymore; the newly formed carbon species being
likely to alter the isotopic composition of the remaining carbon monoxide.
The CO2 /CO pair is the one least disturbed by H-loss leading to methane dissociation and an evolving gas speciation with time. Thermodynamic calculations
indicate that H-loss also causes some very minor H2 O-dissociation with time, hence
excess oxygen and thus additional formation of minor CO2 and CO from C0 . Apparently, these new carbon-oxides do not perturb the isotopic CO2 /CO equilibrium,
which is hence established over the entire run time (in contrast to CH4 -bearing pairs,
see below). The comparatively weaker catalytic effect of the silica glass surfaces appears to suffice to equilibrate this pair at >800 °C.

3.4.3

The CO2 /CH4 pair

Equilibrating gas pairs involving methane required a nickel catalyzer at any temperature. Between 300 and 1000 °C, most experiments yield CO2 /CH4 pairs with
reproducible 13 C/12 C ratios, which averages define well the fractionation function
(Fig. 3.6, Table 3.2 and 3.3). At 300 °C, experiments were run for 99 days and yield
carbon isotope fractionation factors of 25.2 ±0.5 ‰, except STEA-Ni-12 that gives
for unknown reasons 59.4 ±0.8 ‰, an outlier not taken into account for the average. At 400 °C, the 183 h experiments yield rather variable 13 C fractionations, but
the 352 h series yields a reproducible fractionation factor of 20.1 ±0.6 ‰. At 600,
800 and 1000 °C all experiments yielded CO2 /CH4 pairs with perfectly reproducible
fractionation factors of 11.7 ±0.7, 8.8 ±0.3 and 6.7 ±0.4 ‰.
At 1200 °C, we did not obtain a reproducible CO2 /CH4 carbon isotope fractionation factor; values scatter between 5.8 to 14.4 ‰ (Fig. 3.6, Table 3.2) compared
to a theoretically calculated value of 4.1 ‰ (Richet et al. 1977). The main problem
appears to lie in the trace amount of CO2 at 1200 °C (mostly 61 mol%). This small
but isotopically measurable amount shows fractionation values for the CO2 /CH4 (as
well as in the CO2 /CO) pair apparently too high, suggesting partial re-equilibration
to lower temperatures, presumably facilitated by the Ni-catalyst. The 13 C/12 C ratios
of small CO2 fractions are apparently quickly altered by interacting with CO via the
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Figure 3.6: Fractionation data for the CO2 /CH4 and CO2 /CO pairs. Symbols with black rim
are used to calculate averaged fractionation factors (full lines). The 300-600 °C oxalic acid
results are clearly off the average. Serious quench problems are encountered for the CO2 /CH4
pair at 1200 °C (see text). The dashed line represents the CO2 /CH4 fractionation factor at
1200 °C calculated by Eqn. 3.3.

water-gas shift reaction described previously. Indeed, the isotopic re-equilibration of
the CO2 /CO pair proceeds significantly faster than between CH4 and CO2 or CO,
as the latter one requires several, reaction-rate limiting C-H bond activation steps
Wei and Iglesia (2004).
The 1200 °C 13 C fractionation factor for CO2 /CH4 may be recalculated via
103 ln αCO2 /CH4 = 103 ln αCO2 /CO − 103 ln αCH4 /CO

(3.3)

using two different sets of experiments. 103 ln αCO2 /CO can be taken from the
two non-catalyzed 1200 °C experiments that had no detectable methane but CO2
and CO as major components. Instead 103 ln αCH4 /CO is taken from the catalyzed
1200 °C experiments which had CO2 only as traces. Combining these values yields
a 103 ln αCO2 /CH4 of 4.7 ±0.2 ‰ that would be consistent with the experiments at
lower temperature (Fig. 3.7). We used this value for the CO2 /CH4 carbon isotope
fractionation function as discussed below, but its in- or exclusion in the fit has little
influence on the result.
In contrast to the CO2 /CO pair, the catalytic effect of silica-surfaces on CO2 /CH4
appears insufficient (103 ln αCO2 /CH4 scatters widely in Ni-free experiments), similar to observations in most previous studies (Horita 2001; Sackett 1995; Sackett and
Chung 1979). Only Smith et al. (1998) report CO2 /CH4 carbon isotope fractionation
factors close to the theoretical equilibrium obtained from acetic acid decomposition
experiments run in silica tubes in the presence of additional silica or kaolinite.

3.4.4

The CH4 /CO pair

At 300 to 1200 °C, well defined fractionation factors are obtained for Ni-catalyzed
experiments. Nevertheless, as the fractionation factors are only a few permille con54
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trasting the tens of permille for the CO2 -bearing pairs, relative errors are larger for
the CH4 /CO data. The relative scatter in the 1000 °C experiments is particularly
excessive, i.e. 103 ln αCH4 /CO varies from 0.0 to 1.8 ‰; the reason for this is not apparent. The upper value is consistent with the results from the other temperatures.
In contrast to CO2 , methane and carbon monoxide are the major gas components at
1200 °C, are apparently not quench-modified and yield a well-defined fractionation
factor of 1.2 ±0.2 ‰ at this temperature.

3.5

Carbon isotope fractionation factors for CO2CO-CH4 gases

To provide experimentally-derived functions for carbon isotope fractionation of the
CO2 /CO, CO2 /CH4 and CH4 /CO pairs, the measured fractionation factors were
averaged for each experimental temperature step were averaged (Fig. 3.6 and Table 3.2 & 3.3. Isotopic equilibration of an experimental charge is unambiguously
demonstrated by employing isotopically reversed starting materials (Chacko et al.
2001; Horita 2001). With the non-catalyzed 600 °C experiments, we demonstrated
isotopic reversal for pyrolytic gases generated from the thermal decay of organic
matter (Table 1; e.g. experiment CHOL-0 in the CO2 /CH4 -pair, experiments SUC0, CHOL-0 and OXA-1 for the CO2 /CO-pair, and all experiments except BEA-0
in the CH4 /CO pair). Although not all pyrolytic gas compositions are isotopically
reversed, the good reproducibility of fractionation factors and the general agreement
with the reversed experiments of Horita (2001) strongly suggest the attainment of
isotopic equilibrium in our experiments.
Two functional forms based on 1/T2 terms were employed to fit the experimental
data. First, we used the simple power function with a zero intercept assuming no
isotopic fractionation at infinite temperature. Secondly, 4th order polynomials (of
the 1/T2 term) were derived from the theoretically calculated β-values for CO2 , CO
and CH4 (Richet et al. 1977) and calibrated against the experimental fractionation
data, assuming that the general shape of the function (i.e. temperature dependence) remains unaltered (Stachel et al. 2017; Clayton and Kieffer 1991). The latter
approach is more promising for extrapolation of fractionation factors outside the
experimental data range. Details to the polynomial fitting approach are reported in
the Appendix, including the adjusted polynomial functions for the β-values, whose
use we recommend for extrapolation of fractionation factors to temperatures below
200 °C. In the following, we report the power functions as they yield the better
fit to the experimental data. These fits are error weighted based on the standard
deviation calculated from the experimental fractionation factors used for averaging,
and yield 1σ uncertainties on the fit parameters.

3.5.1

CO2 /CO

As outlined above, the function for carbon isotope fractionation in the CO2 /CO pair
is based on catalyzed experiments from 300 to 600 °C and non-catalyzed experiments
at 800 to 1200 °C (Fig. 3.6, Table 3.3). The data were fit with a power function
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Table 3.3: Equilibrium fractionation factors 103 ln α based on equilibrated results in bold
in Table 2. *calculated from measured CO2 /CO (non-catalyzed) and CH4 /CO (catalyzed)
according to Eqn. 3 (see text for discussion). Values in italic are not considered in the final
partition functions. ** value used for the calulation of CO2 /CH4 partition function (Eqn. 5)
CH4 /CO
measured
avg

CO2 /CH4
measured
avg

CO2 /CH4
Eqn. 3*
avg

T(°C)

Furnace

Catalyzer

CO2 /CO
measured
avg

300
400
600

box oven
box oven
box oven

Ni
Ni
Ni

28.2(1)
23.0(5)
13.9(6)

3.1(4)
3(1)
2.2(2)

25.2(5)
20.1(6)
11.7(7)

800
800

1-atm
1-atm

Ni

9.89(4)
10.4(6)

1.6(5)

8.8(3)

8.3(2)

1000
1000

1-atm
1-atm

Ni

7.6(3)
7.4(9)

0.7(6)

6.7(4)

6.9(2)

1200
1200

1-atm
1-atm

Ni

5.88(1)

4.7(2)**

1.2(2)

that leads to

3

6



10 ln αCO2 /CO = 1.07 (±0.05) · 10 ·

1
T2

0.830 (±0.003)

(3.4)

where T is in Kelvin (solid line in Fig. 3.7), uncertainties in brackets are 1σ.
This and the following functions necessarily pass through the origin, based on a zero
isotope fractionation at infinite temperature.
The average deviation of data points from Eqn. 3.4 is 0.4 ‰, without the 400
°C data point, the average deviation would be 0.05 ‰. Compared to the fractionations derived from theoretical calculations of Richet et al. (1977), Eqn. 3.4 yields
fractionations that are 1.5 ‰ lower at 300 °C and up to 0.3 ‰ higher at 1200 °C,
corresponding to temperature differences of -20 to +40 °C, respectively (Fig. 3.7).
The fractionation factors calculated based on the data of Horita (2001), suggested
by the author to be influenced by quench-modifications, are in fact generally 3-10 ‰
higher than our equilibrium fractionation factor function (Fig. 3.7), thus confirming
this interpretation.

3.5.2

CO2 /CH4

For the CO2 /CH4 pair we combined the experimental low-temperature data of Horita
(2001) with our results and fitted the 200-1200 °C data, including the 1200 °C data
point recalculated from the CO2 /CO and CH4 /CO pairs, with a power function to

3

5

10 ln αCO2 /CH4 = 8.9 (±0.6) · 10 ·
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1
T2

0.825 (±0.005)
.

(3.5)
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Figure 3.7: Comparison of experimental (symbols and solid line) and theoretical (dashed line)
CO2 /CO carbon isotope fractionation factors. Horita (2001) reported their carbon isotope
compositions of CO traces as quench modified, they are used here to calculate CO2 /CO
fractionation for illustration purposes (white circles, 1σ uncertainties). The experimental
data of this study (gray circles, 1σ uncertainty within symbol size) was used to define an error
weighted function for the CO2 /CO pair (solid line, Eqn. 3.4). The experimental function
deviates by -1.5 to 0.3 ‰ (300 to 1200 °C), from the theoretical function of Richet et al (1977,
dashed line), corresponding to –20 to +40 °C.

This function yields an average deviation of 0.18 ‰ from the data points, corresponding to a temperature uncertainty of <2-50 °C at 200-1200 °C. The fit leading
to Eqn. 3.5 does not include the experimental data of Smith et al. (1998) (Fig. 3.8),
who neither provided reversals nor reported analytical uncertainties. Still, Eqn. 3.5
lies within 2 ‰ of these data.
Compared to the theoretical estimates of the fractionation factors for the CO2 /CH4
pair given by Bottinga (1969) Eqn. 3.5 yields 0.2 to 0.6 ‰ higher and compared
to Richet et al. (1977) 0.7 to 1.2 ‰ higher fractionation factors, respectively, which
for the latter corresponds to temperature differences of ∼ -40 and -175 °C at 600
and 1200 °C, respectively.

3.5.3

CH4 /CO

Finally, the error weighted function describing carbon isotope fractionation in the
CH4 /CO pair is given by

3

3

10 ln αCH4 /CO = 1.1 (±0.2) · 10 ·



1
T2

0.462 (±0.001)
.

(3.6)

As seen from Fig. 3.9, the 1000 °C data point takes an outlier position and was
not included in Eqn. 3.6. Omitting the 1000 °C data point does not change the
function significantly but provides a better constrained function which yields an
average deviation from the remaining data of 0.14 ‰ (0.23 ‰ including the 1000
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Figure 3.8: Comparison of experimental (symbols and full line, 1σ uncertainties within symbol
size) and theoretical (dashed line) CO2 /CH4 carbon isotope fractionation factors. Experimental data obtained in this study (gray circles) are in near perfect agreement with the 6600 °C
data from Horita (2001; white circles), the function is fitted using both data sets. The experimental acetic acid decomposition data of Smith et al. (1998) are also shown, but not used for
fitting the function (see text). The dashed circle indicates the directly measured fractionation
for the CO2 /CH4 pair at 1200 °C (reflecting quench-effects). Recalculation of the 1200 °C
fractionation factor via Eqn. 3.3 yields more a more plausible result (see text). The experimental fractionation function yields 0.7 to 1.2 ‰ (300 to 1200 °C) higher fractionations than
the theoretical function of Richet et al. (1977) corresponding to a difference of 175 °C at the
higher-temperature end.

°C data point). Figure 3.9 displays both functions, with and without the 1000 °C
data point, showing that there is only a small difference. Fractionation factors for
the CH4/CO pair can be derived by combining the theoretical fractionation factors
of Richet et al. (1977) for CO2 /CH4 and CO2 /CO:
103 ln αCO2 /CH4 = 103 ln αCO2 /CO − 103 ln αCO2 /CH4 .

(3.7)

Fig. 3.9 shows that the experimental fractionation factors yield 2.1 (300 °C) to
1.1 ‰ (1200 °C) lower fractionation factors than predicted by the above combination
in form of Eqn. 3.7. This study provides the first experimental calibration for the
CH4 /CO pair. Application of this pair is for low pressures and comparatively high
temperatures where methane and carbon monoxide are the dominating gas species,
i.e. a priori for volcanic environments.

3.6

Application to geological and industrial problems

Gas isotope chemistry can be used to tackle a plethora of problems in material and
Earth sciences. With the advance of continuously improving precise and mobile gas
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monitors capable of analyzing isotopic ratios, isotope studies on CH4 , CO2 and CO
may rapidly expand in many different fields of research. Below, a few examples are
outlined that may benefit from the results presented in this study.

3.6.1

Magmatic hydrothermal systems

One of the main applications of stable isotopes in gases is their use as a thermometer
and a tracer of fluid origin in magmatic hydrothermal systems. Equilibrium isotope
fractionation between CO2 and CH4 has been used to determine temperatures of
hydrothermal fluid sources, to argue for fluid mixing, and constrain the origin of
methane (Fiebig et al. 2004; Sato et al. 2002; Welhan 1988).
As outlined in the previous sections, the chemical and isotopic adjustment towards an equilibrated fluid composition is slow and requires a catalytic agent at hydrothermal conditions. Many studies report temperatures derived from ∆13 CCO2 −CH4
that do not match independent temperature measurements or the general geological
environment, interpreted to result from insufficient reaction between CO2 and CH4
Horita (2001). Other studies report convincingly equilibrated CO2 /CH4 pairs in hydrothermal gases at temperatures as low as 320 °C (Fiebig et al. 2004; Welhan 1988).
The example of (Fiebig et al. 2004) highlights the importance of natural catalysts,
Fe-rich fluids in this case, for the understanding of hydrothermal systems.
Sato et al. (2002) showed that temperatures calculated from the δ 13 C values of
fumarolic CO2 /CO emissions reflect magmatic temperatures that are up to 200 °C
higher than the fumarolic exhaust measured directly. The authors further demonstrated that even at gas temperatures of 850 °C carbon isotope ratios do not equilibrate in the CO2 /CH4 pair but instead point towards an auxiliary CH4 -bearing
fluid source. Their study illustrates the use of the CO2 /CO and CO2 /CH4 system
for monitoring temporal changes in magmatic temperatures and for detecting fluid
sources contributing to the hydrothermal system.

3.6.2

Modelling of carbon-precipitating fluids in crust and
mantle

The occurrence of natural graphite or diamond is commonly linked to metasomatic
processes involving COH-fluids that precipitate elemental carbon. Systematic carbon isotope studies on graphite and diamond revealed significant heterogeneities
in δ 13 C (and δ 15 N) of mineral populations (Satish-Kumar 2005; Thomassot et al.
2007) and within single crystals (Petts et al. 2015; Santosh et al. 2003; Smit et al.
2016). It has been recognized that isotopic patterns and trends may result from
Rayleigh distillation processes involving CO2 and CH4 as carbon sources (Ray and
Ramesh 2000; Stachel et al. 2017) and possibly more complex carbon molecules
(Sverjensky et al. 2014). Ray and Ramesh (2000) introduced a model of Rayleigh
isotopic fractionation in multi-component systems (RIFMS) that allows one to calculate isotope trends within materials precipitated under isotopic equilibrium from
multi-component sources. The RIFMS model uses the temperature-dependent fractionation factors to explain isotopic evolution of metamorphic graphite (Ray 2009)
or diamond-precipitating COH-fluids (Stachel et al. 2017). Through the use of an
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Figure 3.9: Comparison of experimental (symbols and solid line, uncertainties are 1σ) and
theoretical (dashed line) CH4 /CO carbon isotope fractionation factors. The error weighted
function for the CH4 /CO pair (Eqn. 3.6) results in the black line when excluding the apparent
outlier at 1000 °C and to the orange line when including the 1000 °C data point. Note
that Richet et al. (1977) do not give a CH4 /CO function, the dashed line (Eqn. 3.7) is the
combination of the CO2 /CH4 and CO2 /CO functions of Richet et al. (1977) and yields much
larger fractionations than observed experimentally.

extended dataset provided here on carbon isotope fractionation in the CO2 /CH4
and CO2 /CO pair valid up to 1200 °C, RIFMS models may be refined and extended
to low pressure CO-bearing COH-systems (e.g. Andersen et al. 1984; Bergman and
Dubessy 1984; Mathez and Delaney 1981).

3.6.3

Tracking and monitoring of coal seam fires

Thousands of coal seam-fires are active worldwide, and carry serious health, infrastructural and environmental hazards for the local population (Stracher and Taylor
2004). Such coal fires are monitored by remote sensing methods or on-site mapping
methods, including gas sampling (O’Keefe et al. 2010; Singh et al. 2007; Song and
Kuenzer 2014). Coal-seam fires emit significant quantities of CO2 and CO, whose
isotopic composition carries information about combustion processes, fire hot spots
and progression, as well as the success of fire fighting campaigns. Our study has
shown that isotopic equilibration of CO2 and CO produced from pyrolytic processes
can proceed without metallic catalysts at temperatures above c. 650 °C, if quartz
and H2 O (e.g. as steam) are present. Accordingly, gas exhaust that rapidly cooled
below 650 °C might retain the isotopic temperature information of the hot blaze.

3.6.4

Controlling and refining steel making process

CO gas is an important component in the steel-making process; it is produced
during the reduction of iron ore and (re-) used in the decarburization of the molten
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iron metal (Barati and Coley 2005; Kim et al. 2013). Understanding the reaction
mechanism during the refinery processes is essential for cost- and resource-efficient
steel production and quality control. Experiments using isotope tracers such as 13 C
and 14 C have been performed to unravel reaction mechanisms and rates (e.g. Barati
and Coley 2005; Cramb and Belton 1981; Kim et al. 2013; Sasaki and Ishii 2004).
However, such laboratory-based experiments require expensive isotope tracers and
are performed on a much smaller scale than the actual steel-making process. The
routine analysis of ∆13 CCO2 −CO values of process exhaust with mobile spectroscopic
isotope ratio mass spectrometers may provide a way to observe temperature and
progress of crucial gas-releasing reactions during production using natural 12 C and
13
C abundances.

3.7

Conclusions

Decomposition experiments of organic materials provide a way of investigating carbon isotope fractionation across the entire spectrum of oxidation states of COHfluids. As expected, the presence of three carbon gas species has no influence on
the isotope fractionation between individual pairs. Nevertheless, finding the optimal
experimental setup for each temperature and gas pair remains tedious, one is invariably faced with H-loss, insufficient reaction rates or excessive reaction rates resulting
in quench modifications. In the ideal world, external H-pressures would equal internal H-pressures in the capsule such that no H-diffusion occurs and gas speciations
remain constant over time. However, high H-pressures cannot be maintained experimentally, requiring the adoption of an experimental strategy for each temperature
in order to cope with the resulting complexities. A reasonably fast equilibration
of both speciation and isotope composition, requires heterogeneous reactions on
catalytic surfaces such as metals or hydrated silica surfaces (CO2 /CO-pair). The
catalytic interaction of CO2 /CO with silicate-surfaces at >650 °C may provide a tool
for hydrothermal studies involving CO. Unfortunately, isotope compositions of CO
are rarely determined, yet investigating all three pairs will provide quality control
and information on the equilibration state of the gas under investigation.
The carbon isotope composition of elemental carbon precipitated during thermal
decomposition is controlled by the X(O) of the starting material, no further isotope
exchange with the gas phase was observed. This underlines the inertness of elemental carbon for direct isotopic exchange with gaseous species posing considerable
challenges for direct C0 -gas equilibration experiments. Future experimental studies
may focus on (i) the catalytic effects of geomaterials on gas speciation and isotope
exchange and (ii) the systematic study of isotope effects at different rates of cooling.
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3.10

Supplementary information

Calculation of partial and total gas pressures under run conditions
The analytical set up allowed the analysis of carbon-bearing gases (CO2 , CO, CH4
and C2 H6 ) in relative molar concentrations only. H2 and H2 O, as well as partial
and total gas pressures had to be derived from thermodynamic considerations. The
gas pressure within an experiment is determined by the temperature, the internal
volume of the quartz tube, the chemical composition and the amount of starting material used. With the exception of oxalic acid (OXA) and high-temperature tartaric
acid (TAC) experiments, all starting materials decompose to elemental carbon and
a gas phase. When elemental carbon is present, the gas composition is fixed by the
X(O) = O/(O+H) of the system (determined by the X(O) of the starting material)
and can be calculated with the thermodynamic modelling software Perple_X (Connolly 2005) using the C-buffered COH MRK hybrid EoS by Connolly and Cesare
(1993). Total gas pressures, speciation and species partial pressures were estimated
iteratively (Fig. 1):
1. Gas speciation for a given T and X(O) and an arbitrary starting pressure of 5
bar are calculated.
2. Speciations and the known mass of starting material are used to calculate the
amount of each species.
3. From molar total of all gases, pressures are calculated using the ideal gas law
and known volume of the quartz tube.
4. The resulting pressure is then fed into step 1 until input and output pressure
differ by less than one bar.
The mass of one mol COH-fluid and the specific mass of the fluid species (i) is
derived by multiplying the calculated speciation (= amount of substance; ni ) with
the respective molar mass of the species (Mi ):
mi = ni · Mi

(3.8)

Not all carbon of the starting material is contributing to the COH-fluid, and
hence to the pressure, but is precipitated as solid residual which volume contribution
to the total pressure is negligible. Accordingly, the total amount of starting material
used in an experiment requires a correction for the “inactive” (non-gas-forming)
proportion of carbon forming the solid residual. The mass of the carbon precipitate
is subtracted from the total mass of the starting material used. As the mass of the
carbon precipitate could not be measured directly, it had to be derived theoretically:
Since the C-O-H ratio of a carbon-buffered gas is fixed, the atomic fraction (X)
of C in the fluid can be derived from the thermodynamic calculation that then allows
to derive the mass of carbon precipitated from the starting material. The atomic
fraction of C in the fluid is given by
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Figure 3.10: Iterative procedure for the calculation of gas speciation, partial and total gas
pressures based on the X(O) of the starting material, its amount, the internal volume of the
quartz tube and the experimental temperature. Note that the first derivation of the fluid
speciation was calculated for an arbitrary pressure of 5 bars.
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The “inactive” mass of carbon precipitated during the thermal decomposition of
a starting material is now derived by

msolid =

XfCluid
1− C
Xbulk

!
· mSM

(3.10)

C
where mSM is the mass of the starting material used in experiment, and Xbulk
is
simply the fraction of carbon in the starting material. Eqn. 3.10 allows a weight correction of the starting material to account for the “inactive” (i.e. non- gas forming)
amount of carbon

solid
mcorr
solid = mSM − mC

(3.11)

By knowing now (i) the actual mass of starting material that is converted to a
fluid and (ii) the molar mass of the species, the actual amount of substance (nai ) for
each species can be calculated for every experiment similar to (Eqn. 3.8) by

nai

=

(ni /

P

ni ) · mcorr
solid
Mi

(3.12)

The ideal gas law allows the calculation of partial pressures for each species
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Pi =

nai · R · T
Mi

(3.13)

where R is the ideal gas constant, T is the experimental temperature in K, and
V is the internal volume of the quartz tubing, which is ∼470 mm3 . Eventually, the
total pressure within a tube is given by the sum of partial pressures
Ptotal =

X

(3.14)

Pi

The iterative refinement is then used Ptotal for a new speciation calculation with
given T and X(O). After the third iteration the difference in Ptotal compared to the
second iterative step was much less than 1 bar (Appendix 2).

3.11

Error propagation

Two approaches have been used to propagate standard deviations (σ) of measured
values (x, . . . , w) and is based on the assumption of a Gaussian error distribution.
Error propagation in simple addition and subtraction operations to derive a quantity
q from measured values followed
σq =

p
(σx )2 + ... + (σw )2

(3.15)

Error propagation in simple product and quotient equations followed

σq =

r

 σ 2
σ x 2
w
+ ... +
x
w

(3.16)

Propagation of σx,..,w or σq for the calculation of final fractionation factors followed conventional Gaussian error propagation involving a function (q) of several
variables x, . . . , z:
s
σq =

3.12

∂q
σx
∂x

2


+

∂q
σz
∂z

2

(3.17)

Combining theoretical and experimental data

The isotopic fractionation (α) between two species (e.g. CO2 and CO) is given by
the ratio of β-values derived from the reduced partition function of the individual
species,
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αAB =

βA
βB

(3.18)

where A and B are the species of interest. As expressed in typical logarithmic
form, the difference of the β-values gives the isotopic fractionation between A and
B:
1000 · ln αAB = 1000 · ln βA − 1000 · ln βB

(3.19)

Theoretical calculations of the reduced partition function for isotopic species
provide robust constraints on the temperature dependence of fractionation. Polynomial curves fitting calculated β-values display this temperature dependence, and
are useful to calculate fractionations for any temperature within the given range of
the theoretical data. However, although the shape of the temperature dependence
may be well constrained by statistical mechanics, the actual magnitude of isotope
can remain ambiguous (Clayton and Kieffer 1991). Theoretical curves may therefore be calibrated using experimental fractionation data (Clayton and Kieffer 1991;
Chacko et al. 1991; Stachel et al. 2017). This allows the extrapolation of fractionation factors outside of the investigated experimental temperature range while being
in accordance with statistical mechanics theory (Clayton and Kieffer, 1991).
Richet et al. (1977) calculated a set of β-values from the reduced partition functions of CO2 , CO and CH4 between 0 and 1300 °C, of which the temperature dependence of each species is best described with a five-term 4th order polynomial
function (higher order polynomial equations yield no significant improvement of the
fit; Fig. 3.11). These polynomial expressions are used to calculate the theoretical
fractionation factors according to Eqn. 3.19. To fit (i.e. calibrate) the theoretical
fractionation factors (i.e. the ratio of β-values) with the experimental data, one
polynomial equation is kept as base line while the second is adjusted with a multiplicative correction factor (c; see Clayton & Kieffer, 1991),
1000 · ln αAB = 1000 · ln βA − c · 1000 · ln βB

(3.20)

Here, CO2 (A) was kept as base line, as three independent studies yield a 0.2
‰ agreement of this function (Urey 1947; Bottinga 1969; Chacko et al. 1991). The
multiplicative factor (c) adjusts the polynomial expressions for CO and CH4 (either
assigned to B). The polynomial constants calculated from the Richet et al. (1977)
β-values and the multiplicative factor are reported in Table 2. The fitting of the
CH4 β-value polynomial uses the experimental data of Horita (2001) and this study,
the CO β-value polynomial is fitted to our experiments only.
As illustrated in Fig. 3.12, the adjusted 4th order polynomial fractionation curves
reproduce the experimental data less well than simple power functions, as expressed
by the goodness of fit (χ2 ). Adjusted polynomial fits for CO2 /CO data yield χ2
of 77.3 compared to χ2 of 11.3 for the power function. For the CO2 /CH4 data,
we find that the adjusted β-polynomials give χ2 of 80.5 compared to 19.9 for the
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Figure 3.11: CO2 β-values of Richet et al. (1977) fitted with polynomial functions of different
order.

power function. At high temperatures (1000 – 1200 °C), significant deviations of
experimental fractionations to the theoretical data are in the order of 1 ‰ for
CO2 /CH4 . For the CO2 /CO system, deviations are still c. 0.5 ‰ in the same
temperature range.
However, at lower temperatures, our power function and the functional form used
to fit the theoretical data points yield agreement: CO2 /CO and CO2 /CH4 functions
are similar and yield deviations less than 0.5‰ down to 150 °C. The CH4 /CO function also yields only minor deviations from the theoretical curve of less than 0.5‰
down to 175 °C. At even lower temperatures, both function start to deviate significantly, but our data do not constrain such low temperature fractionation. Hence, for
extrapolations to less than 200 °C we recommend to use the calibrated polynomial
functions (Eqn. 3.20; Table 2). We give example calculations in Appendix 2 (Sheet
“Fractionation factors”).
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Figure 3.12: Fractionation curves for the CO2 /CO and CO2 /CH4 pairs. The figures compare
the adjusted polynomial expressions for theoretically-derived β-values (red) and the power
functions fits discussed in the manuscript (black)

Table 3.4: Polynomial constants (Kn ) for β -values given by Richet et al. (1977). The
multiplicative factor c adjusts the polynomial to the experimental data (see Clayton and
Kieffer, 1991). Note that K0 is fixed to unity assuming no isotopic fractionation at infinite
temperature.

Polynomial constants
β-value
CO2
CO
CH4

c

K0

1 (base line)
1.0325
0.97826

1
1
1

K1

K2

K3

28890 -2.2974 1.6101
16481 -1.4758 1.0116
19432 -1.9166 1.427

K4
-4.507
-2.791
-4.1496

1000 · ln(β) = c·(K0 + K1 · x + K2 · 109 · x2 + K3 · 1014 · x3 + K4 · 1018 ),
where x = 1/T2 in Kelvin

70

Chapter 3

3.13

References

Bottinga, Y. (1969). “Calculated fractionation factors for carbon and hydrogen isotope exchange in the system calcite-carbon dioxide-graphite-methane-hydrogenwater vapor”. In: Geochimica et Cosmochimica Acta 33.1, pp. 49–64.
Chacko, T., Mayeda, T. K., Clayton, R. N., and Goldsmith, J. R. (1991). “Oxygen
and carbon isotope fractionations between CO2 and calcite”. In: Geochimica et
Cosmochimica Acta 55.10, pp. 2867–2882.
Clayton, R. N. and Kieffer, S. W. (1991). “Oxygen isotopic thermometer calibrations.” In: Stable Isotope Geochemistry: A Tribute to Samuel Epstein. 516.
Connolly, J. and Cesare, B. (1993). “C-O-H-S fluid composition and oxygen fugacity
in graphitic metapelites”. In: Journal of Metamorphic Geology 11.3, pp. 379–388.
Connolly, J. A. (2005). “Computation of phase equilibria by linear programming: a
tool for geodynamic modeling and its application to subduction zone decarbonation”. In: Earth and Planetary Science Letters 236.1-2, pp. 524–541.
Horita, J. (2001). “Carbon isotope exchange in the system CO2 -CH4 at elevated
temperatures”. In: Geochimica et Cosmochimica Acta 65.12, pp. 1907–1919.
Richet, P., Bottinga, Y., and Javoy, M. (1977). “A review of hydrogen, carbon,
nitrogen, oxygen, sulphur, and chlorine stable isotope fractionation among gaseous
molecules”. In: Annual Review of Earth and Planetary Sciences 5.1, pp. 65–110.
Stachel, T., Chacko, T., and Luth, R. (2017). “Carbon isotope fractionation during
diamond growth in depleted peridotite: Counterintuitive insights from modelling
water-maximum CHO fluids as multi-component systems”. In: Earth and Planetary Science Letters 473, pp. 44–51.
Urey, H. C. (1947). “The thermodynamic properties of isotopic substances”. In: Journal of the Chemical Society (Resumed), pp. 562–581.

71

Chapter 4
Experimental carbonatite/graphite
carbon isotope fractionation and
carbonate/graphite geothermometry

„Although many geologic processes take place at sufficiently high temperatures that
diffusive mixing must surely prevail within growing solid phases or at sufficiently
lower temperature that only the surficially exposed atoms can equilibrate with
surrounding phases, most take place in the shadow zone which separates these
extremes.”
M.S. Hazma & W.S. Broecker – Geochim. Cosmochim. Ac. (1974; 38: 669-681)
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Abstract
Carbon isotope exchange between carbon-bearing high temperature phases crucially
constrains carbon (re-)processing in the Earth’s interior, where the vast majority of
global carbon is stored. We have determined the carbon isotope fractionation factor
between graphite and a Na2 CO3 -CaCO3 melt at 900-1500 °C, 1 GPa using a pistoncylinder device. The failure to isotopically equilibrate preexisting graphite led us to
synthesize graphite anew from organic material during the melting of the carbonate
mixture. Graphite growth proceeds by (1) decomposition of organic material into
globular amorphous carbon, (2) restructuring into nano-crystalline graphite, and (3)
recrystallization into hexagonal graphite flakes. Each transition is accompanied by
carbon isotope exchange with the carbonate (melt). High-temperature (1200 – 1500
°C) equilibrium isotope fractionation with type (3) graphite can be described by

∆13 Ccarbonate−graphite =

3.17(7) · 106
T2

(temperature T in K). As the experiments did not yield equilibrated graphite
at lower temperatures, we combined the >1200 °C experimental data with those
derived from upper amphibolite and lower granulite facies carbonate-graphite pairs
(Kitchen and Valley 1995; Valley and O’Neil 1981). This yields the general function

∆13 Ccarbonate−graphite =

3.37(4) · 106
T2

usable as a geothermometer for solid or liquid carbonate at >600 °C.
Similar to previous observations, lower-temperature experiments (61100 °C) deviate from equilibrium. By comparing our results to diffusion and growth rates in
graphite, we show that at <1100 °C diffusion rates are slower than graphite growth
and equilibrium surface isotope effects govern isotope fractionation between graphite
and carbonate-melt. The competition between diffusive exchange and growth rates
requires a more careful interpretation of isotope zoning in graphite and diamond.
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4.1

Introduction

Carbon plays an important role on Earth, as it is a major component of life, forms
the basis of most of today’s energy resources, and has become the center of attention
of initiatives aimed at understanding Earth’s past and future climate. Still, many
aspects of the global carbon cycle remain poorly constrained, in particular the behavior of carbon isotopes at high temperatures in the Earth’s interior. Graphite
and carbonates commonly coexist during high-grade metamorphism (Kitchen and
Valley 1995; Satish-Kumar et al. 2002; Wada and Suzuki 1983) and occasionally in
magmatic carbonatites (Doroshkevich et al. 2007). Stable isotope thermometry on
carbonate-graphite pairs could yield crystallization temperatures and information
on temperature evolution. The abundance of high-temperature carbonates and diffusion properties of graphite similar to diamond, rendering graphite resistant against
post-crystallization isotope exchange, makes the graphite-carbonate pair an interesting target for the study of fluid-rock interactions and fluid migration in the deep
crust and mantle.
Any carbon isotope tool requires fractionation factors between the phases of interest. Detailed studies have been conducted to study the distribution of 13 C/12 C
within natural graphite (Farquhar et al. 1999; Santosh et al. 2003; Satish-Kumar
et al. 2002). An experimental approach to directly determine carbonate/graphite
equilibrium isotope exchange was undertaken by Deines and Eggler (2009) but successful only at >1200 °C. Chacko et al. (1991) and Scheele and Hoefs (1992) calculated ∆13 Ccalcite−graphite by experimentally investigating isotope exchange between
CO2 -calcite and CO2 -graphite. The experimental approaches yield significantly different results (Fig. 4.1). Much research has also gone into empirical calibration
of the graphite-carbonate mineral isotope geothermometer based on temperatures
derived from metamorphic equilibria (Valley 2001). Equilibrium isotope fractionation between graphite and carbonate has been theoretically calculated by Bottinga
(1969) and Polyakov and Kharlashina (1995) with vastly different results (Fig. 4.1).
The experimental studies attempting to directly equilibrate graphite and carbonate show large discrepancies in isotope fractionation, particularly at lower temperatures (Fig. 4.1). Subsolidus graphite-carbonate mineral-mineral isotope exchange
is kinetically sluggish, therefore a different approach was taken here. In our study,
we (i) utilize the decomposition of organic materials to experimentally precipitate
graphite in direct exchange with carbonate melt thus eliminating slow diffusion in
solid carbonate and any inherited isotopic compositions of graphite, (ii) measure the
carbon isotope fractionation between newly formed elemental carbon and the high
diffusivity carbonatite melt at 900-1500 °C (1 GPa), and (iii) determine the experimental equilibrium 13 C/12 C fractionation factor for high temperatures and develop
(iv) a generally valid fractionation equation by combining experimental high temperature and empirical medium temperature data. We then (v) compare our data
to previous studies and discuss the role of growth and diffusion rates in graphite to
better understand the mechanisms of carbon isotope exchange and accompanying
kinetic and equilibrium surface effects.
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Figure 4.1: Functions for carbon isotope fractionation between carbonate and graphite from
the literature. Experimental data (red lines): Ch’91 = Chacko et al. (1991); SH’92 = Scheele
and Hoefs (1992); DE’09 = Deines and Eggler (2009); empirical data (gray lines): VO’81
= Valley and O’Neil (1981); WS’83 = Wada and Suzuki (1983); DV’92 = Dunn and Valley
(1992); KV’95 = Kitchen and Valley (1995); theoretical calculations: Bo’69 = Bottinga (1969);
PK’95 = (Polyakov and Kharlashina 1995). Each line length spans the data range given by
the authors.

4.2
4.2.1

Methods
Starting materials

Given the large difficulties in previous experimental studies, we bracket isotope exchange from both sides employing starting materials with opposite isotopic contrast
(O’Neil 1986). Three carbonate-organics mixtures were used, all with a 2:1 carbon ratio of carbonate to organic material (Table 4.1). The organics are tartaric
acid (TAC, C4 H6 O6 , Batch B) and sucrose (SUC, C12 H22 O12 , Batch C and E). The
carbonate component is a molar 1:1 mix of Na2 CO3 and CaCO3 , mostly obtained
from commercial suppliers. This composition was chosen because it is close to the
eutectic in the Na2 CO3 -CaCO3 binary, which lies at 875 °C (1 kbar, Cooper et al.
1975). As 13 C-depleted Na2 CO3 could not be found, light-δ 13 C Na2 CO3 was synthesized by reacting a 32% sodium hydroxide solution with 13 C-depleted CO2 (detailed
procedure described in the supplement).
Batch B has the organic carbon on the light and the carbonate on the heavy side
of the system with an initial isotopic difference ∆13 CBatchB = +11.6 ±0.1 ‰ (all
analytical uncertainties are absolute and reported as 1σ. See supplementary materials for details on error propagation). Batches C and E are isotopically inverted
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with a heavy organic carbon and a light carbonate-mix with a ∆13 CBatchC = -14.0
± 0.1 ‰ and ∆13 CBatchE = -34.3 ± 0.3 ‰. Experiments with the C and E starting materials force the carbonate and elemental carbon components to isotopically
reverse, as equilibrium carbonate is 13 C-enriched with respect to graphite.
Starting materials were mixed, ground and homogenized in an agate mortar under dry conditions and stored in an evacuated desiccator. Na2 CO3 was previously
baked at 220 °C to dehydrate any sodium hydrocarbonates (Smith and Hardy 1933).
Each material was analyzed for its carbon isotope composition as outlined below.
After finding some of the initial experiments gas saturated (i.e. with large equilibrium bubbles in the melt), the batches were blended with 5 to 15 wt% CaO to bind
excess CO2 produced by the thermal breakdown of the organics. Any CH4 formed
during the process oxidizes to elemental carbon + H2 O, any minor H2 O produced
would dissolve in the carbonate melt.
To constrain the thermal decomposition and isotopic composition of our organic
starting materials, heating experiments were performed on TAC and SUC (Table
4.2). 10-20 mg of the materials were loaded in 4x20 mm Au-capsules, welded shut
and run at 800 °C, 2 kbar in fast-quench externally heated pressure vessels. The
vessels are designed to allow a sudden exposure to experimental temperatures and
quench within seconds at isobaric conditions. During the experiments, capsules
expanded due to the internal gas pressure. After the high-pressure heating, the
capsules were loaded into a vacuum extraction cell, pierced, and the released gas
collected in Valco glass vials. Afterwards, capsules were cut open and residual solid
carbon collected for further analysis.
Table 4.1: Overview of starting materials
Batch B

Batch C

Na2 CO3
CaCO3
Carbonate mix

XC ∆ CV P DB
0.38
-4.7(1)a
0.35 -17.1(1)c
0.73 -10.59(1)

XC ∆ CV P DB
0.34
-4.7(1)a
0.33 -47.60(3)d
0.67
-25.8(1)

XC
0.33
0.33
0.66

∆13 CV P DB
-44.6(3)
-47.60(3)d
-46.1(3)

Organic Material

0.27

0.33

0.34

-11.85(3)f

13

∆13 Cic−g
103 ln α

-22.21(5)e
11.6(1)
11.8(2)

13

-11.85(3)f
-14.0(1)
-14.2(1)

XC = atomic fraction of carbon in the starting material mix
∆13 Cic−g = initial isotope contrast within starting material
Uncertainies in brackets are 1σ
Starting materials:
a) Suprapur Na2 CO3 , 99.999%, Merk
b) Synthesized Na2 CO3
c) CaCO3 99%, Sigma Aldrich
d) Specpure CaCO3 , Alfa Aesar
e) Tataric acid (TAC), 99.5% Sigma Aldich
f) Sucrose (SUC), 99.5% Sigma Aldrich
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-34.3(3)
-35.3(3)
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4.2.2

Piston cylinder experiments

Starting materials were filled into tin can shaped 4 x 7 mm (d x l) platinum capsules
closed by a lid and welded shut under argon. The weight was tracked through all
preparation steps. Most experiments were run in end-loaded piston cylinders using a
talc-pyrex-MgO-assembly with a graphite resistance heater and B-type thermocouple for temperature control. Some experiments run at 900 and 1000 °C were run in a
single stage piston cylinder using the same type of assembly. Temperature gradients
within the capsule were calculated employing the model of Hernlund et al. (2006)
and are 15 to 20 °C at 900 to 1500 °C, respectively. Heating rates were programmed
to 10 °C/min in order to prevent capsule rupture upon sudden decomposition of
organic material into elemental carbon and a COH-gas phase. This COH-fluid is
transient as it dissolves in the melt during the experiment, but between the decomposition of the organics at ∼300-550 °C and carbonate melting around 850 °C, gas
pressures are a problem that may lead to leakage at high heating rates.

4.2.3

Separation of melt and elemental carbon

Capsules chosen for isotope analysis were cut open longitudinally using a razor
blade. The carbonate melt quench was recovered using a needle and then ground in
an agate mortar. The remaining carbonate-graphite mixture was leached for >24
hours with a filtered 5 mol% HCl solution dissolving all carbonate. Centrifuging in
a biological centrifuge at 196 g (1000 rpm) for 10 minutes settled the graphite such
that the HCl solution could be removed almost completely from the vial. It was then
diluted by filtered and deionized water and the centrifuging and replacement process
repeated for at least three times. Loose graphite floating in water was recovered with
a pipette, vacuum filtered with a 2 µm Teflon sieve and then dried under red light.
Often carpets of graphite crystals remained attached to the capsule walls and could
be recovered mechanically.
Filtrates and graphite attached to the capsules were carefully checked under
a binocular microscope to remove possible dust particles or microfibers. By gently sweeping a cleaned razor blade over the micro sieve under a binocular microscope, graphite was collected for isotope analysis without contamination from
Teflon material.

4.2.4

Carbon isotope analysis

Isotope ratios are reported in the conventional δ-notation with respect to VPDB.
Aliquots of c. 130 µg carbonate were loaded in Exetainer glass vials and reacted at
72 °C with orthophosphoric acid to produce CO2 , which was analyzed in a Thermo
Fisher Scientific Gas Bench II connected to a ThermoFisher Delta V isotope ratio
mass spectrometer (IRMS) following the methods of Breitenbach and Bernasconi
(2011).
Every carbonate sample was measured at least 3 times, resulting in a reproducibility typically better than 0.1 ‰ absolute. Graphite impurities within the
carbonate did not affect the analysis since graphite is inert against orthophosphoric
acid and does not produce any CO2 . Internal standards are calibrated against NBS
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19 (δ 13 CV P DB = 1.95 ‰ and δ 18 OV P DB = −2.20 ‰), NBS 18 (δ 13 CV P DB = −5.01
‰, δ 18 OV P DB = −23.2 ‰) and LSVEC (δ 13 CV P DB = −46.6 ‰, δ 18 OV P DB = −26.7
‰).
The isotope composition of elemental carbon was determined using a ThermoFisher Flash-EA 1112 elemental analyzer connected via a Conflo IV interface to a
ThermoFisher Delta V isotope ratio mass spectrometer (IRMS). Aliquots of 20 to
60 µg carbon were wrapped in tin foil and combusted in an oxidation column at
1020 °C. The resulting N2 and CO2 gases were separated chromatographically and
transferred to the IRMS via an open split for on-line isotope measurements. This
system is calibrated with NBS22 (δ 13 C = -30.03 ‰) and IAEA CH-6 (δ 13 C = -10.46
‰). At least three aliquots per sample were analyzed resulting in a reproducibility
mostly better than 0.2 ‰ absolute.

4.2.5

Gas chromatography

Gases recovered from the decomposition experiments were injected with Hamilton
gas tight syringes into a HP 6890 gas chromatograph equipped with an Agilent
Poraplot-Q column (50 m, 0.32 mm wide-bore, 10 µm film) for separating the gases.
Each gas species passed through an oxidation reactor where reduced gas species
were oxidized to CO2 before entering a ThermoFisher Delta V IRMS for subsequent
carbon isotope analysis. Any water formed during the oxidation reaction was removed by a Nafion membrane. Data correction was performed by running in-house
CO2 and CH4 standards that are calibrated against RM8562, RM8563 and RM 8564
(NIST) and Methane #1, #2 and #3 (Biogeochemical Laboratories, Indiana University). Gas samples were measured at least three times to obtain the δ 13 C of the
gas species. The reproducibility of isotope measurements and speciation analysis is
mostly better than 0.4 ‰ and 0.5 % absolute, respectively (Table 4.2).

4.2.6

Raman analysis of graphite

Raman analyses were performed with a Dilor Labram instrument equipped with a
532 nm diode laser. Spectra were calibrated against the 1332 cm−1 peak of diamond.
Graphite flakes were oriented perpendicular to the incoming laser beam. Graphite
spheres were measured at the point of highest reflectance that indicates a more or
less perpendicular orientation of the graphite nano-crystallites to the incoming laser
beam. Spectra were recorded twice per spot, each sample was analyzed 3-7 times
and the peak positions and relative intensities averaged. Spectra were processed
with the iterative fitting software IFORS (Lünsdorf and Lünsdorf 2016) that uses a
linear combination of Gauss and Lorentz profiles. Fitting parameters were set as:
polynomial order of the background function = 5, minimum distance of bands = 5
cm−1 , minimum bandwidth = 1 cm−1 and maximum bandwidth = 60 cm−1 .
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4.3
4.3.1

Results
Experimental decomposition of organic material and
fluid speciation

Decomposition experiments on tartaric acid and sucrose were performed at 2 kbar,
800 °C, slightly below the liquidus temperature of our carbonate-mixture. The decomposition of the organic material yields a spongy network of micron-sized carbon
globules depleted in 13 C and produces a 13 C-enriched gaseous phase (Table 4.2).
The decomposition of the tartaric acid leads to a 1:10 carbon ratio of solid to
gas, with a ∆13 Cgas−solid of ∼9.5 ‰. Decomposition of sucrose leads to a 3:2 ratio of
carbon between solid and gas, with the gas being enriched in 13 C by about 5.8 ‰.
The main gas species are CO2 , CH4 and CO in concentrations that vary with run
time (Table 4.2). During the experiments hydrogen diffusion through the capsule
wall is unavoidable, the H-loss leading to a decomposition of CH4 and change in
speciation with time.
The closed system equilibrium gas speciation is calculated using PerpleX
(Connolly 2005) employing the C-buffered COH MRK hybrid-EoS of Connolly and
Cesare (1993). Sucrose has an X(O) = O/(O+H) = 1/3 and yields a fluid that
contains predominantly H2 O (90 mol%) and subequal amounts of CO2 and CH4 . At
800 °C, 2 kbar tartaric acid with X(O)=0.5 yields mainly H2 O (c. 65 mol%) and
CO2 (c. 35 mol%), with only traces of CH4 .
Table 4.2: Results of thermal decomposition experiments analyzed with GC- and EA-IRMS
Tataric acid

Sucrose

Run

4.2

4.3

4.12

4.17

9.1

9.2

run time (hrs)
mol% C in solid
mol% C in gas

0.5
0.11
0.89

0.5
0.08
0.92

43
0.14
0.86

48
0.26
0.74

48
0.59
0.41

48
0.54
0.46

Speciation
XCH4
XCO2
XCO

0.19
0.81
n.d.

0.19
0.78
0.03

0.08
0.77
0.15

0.04
0.90
0.06

0.01
0.98
0.02

n.d.
0.99
0.01

Isotope Composition
δ 13 C CH4
δ 13 C CO2
δ 13 C CO

-25.0(8)
-18.8(2)
n.d.

-22.8(1)
-19.0(2)
-30.1(1)

-21.3(4)
-19.1(2)
-28.49(2)

-22.5(1)
-19.2(2)
-28.4(3)

7.5(2)
-8.9(2)
-18.6(1)

n.d.
-8.6(2)
-18.0(1)

δ 13 C Carbon
δ 13 C Bulk Fluid*

-29.9(1)
-20.0(2)

-29.5(2)
-20.1(2)

-29.7(1)
-20.6(1)

-29.8(1)
-19.9(1)

-14.7(1)
-8.9(2)

-14.5(1)
-8.8(2)

Calculated system isotope
composition
System deviation (%)**

-21.1(2)

-20.8(2)

-21.981)

-22.5(1)

-12.3(2)

-11.9(2)

-5.2

-6.6

-1.2

1.5

3.6

-2.2

Uncertainies reported in 1σ
*error calculated by weighting the contribtion of the individual gas species.
** δ 13 C Tataric acid = -22.18 ±0.05‰ ; δ 13 C Sucrose = -11.85 ±0.03‰;
n.d. = not detected
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4.3.2

Isotope fractionation experiments

4.3.2.1

Reaction textures

The carbonate melt quenches to the typical dendritic textures known from other
carbonatite experiments (cf. supplementary materials; Wyllie and Tuttle 1960).
Graphite shows significant morphological changes with increasing run time, yielding
first globular carbon and carbon films on capsule walls in short experiments (stage
1). These evolve to rounded, hollow polycrystalline graphite spheres in intermediate length experiments (stage 2) to thin hexagonal graphite flakes in the longer
experiments (stage 3).
(1) At subsolidus conditions, stage (1) carbon appears as faint black schlieren
finely disseminated in between the carbonate crystals (800 °C, Exp. 11.59) or as
globular carbon trapped in large gas bubbles (800 °C, Exp. 11.58; 900 °C, Exp.
11.45). Within bubbles, the carbon globules aggregate to larger (>50 µm) spherical
objects, whose outer surface shows signs of carbon-dissolution (Fig. 4.2 A). Fixed
in resin and polished in half, individual carbon globules appear dense with a radial
internal texture similar to those observed by Oberlin (1989), Ayache et al. (1990) or
Sevilla and Fuertes (2009). Stage (1) carbon is also similar to the carbon precipitate
produced in the thermal decomposition experiments. Both sub-types of stage (1)
carbon have not been found in higher temperature experiments, probably because
of the lack of short experiments (at 1000 and 1100 °C) and a fast conversion from
stage (1) to stage (2) (at 1300 and 1500 °C).
(2) Stage (2) produces 10 to >100 µm diameter graphite spheres homogeneously
disseminated within the carbonate melt in short experiments at 1000-1500 °C (Fig.
4.2 B-D; supplement). With longer run times, graphite spheres separate from the
carbonate melt and accumulate at the capsule ends, where at the same time thin
hexagonal graphite flakes grow (Fig. 4.2 E). Also with time, the surface of spheres
develops from rather smooth to serrated due to the growth of hexagonal graphite
flakes (cf. Fig. 4.2 B and D).
(3) Graphite flakes grow at the expense of spherical graphite as indicated by
their increasingly dismembered structure and the disappearance of the latter with
time. Skeletal remains of graphite spheres are sometimes found next to graphite
flakes (arrow in Fig. 4.2 E). At temperatures >1100 °C graphite flakes appear as
dense carpets of flat, hexagonal crystals attached to the top- or bottom-side of the
platinum capsules. At 1000 °C Batch C experiments yield large (>250 µm) spherical
aggregates that are filled with sub-micron sized graphite flakes (Fig. 4.2 F). At 1100
°C, where no graphite crystallization at the capsule walls was observed for Batch
C experiments, spheres appear decomposed and consist of a network of sub-angular
platelets of ∼10 µm diameter (Fig. 4.2 C). Both cases are interpreted as reflecting
the transition between stage (2) and (3).
4.3.2.2

Structural state of elemental carbon

Raman spectra obtained from the carbon material produced by the thermal decomposition experiments and from globular stage (1) carbon are similar and consist of
broad G and D1 bands at ∼1350 cm−1 and ∼1585 cm−1 , respectively, connected by
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Figure 4.2: SEM images of the three stages of carbon. Short experiments produce aggregates of
solid, amorphous carbon globules (A; Exp. 11.58). This type of carbon (stage 1) is structurally
and morphologically identical to the amorphous carbon produced from the organic material
during thermal decomposition. At stage (2) carbon is present in form of hollow, spherical
graphite (B, C, D; Experiments 11.25, 11.28 and 11.29, respectively). The sphere interior is
always filled with carbonate. The nano-graphite that composes the spheres recrystallizes with
increasing run-time, which is reflected the development of semi-hexagonal platelets (C) or by
the coarsening of the surface (D). Transition to stage (3) is marked by the decomposition of
graphite spheres (arrow and inlay in E; Exp.11.21) and the crystallization of flaky graphite
at the capsule ends (stage 3). Instead of typical flaky graphite carpets observed at higher
temperatures, graphite occurs at 1000 °C as smaller-sized loose aggregates (F; Exp. 11.43)
within larger spherical objects (inlay in F).
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a third, broad D3 defect band (Fig. 4.3). The high D1 /G intensity ratio, a measure
for carbon crystallinity, implies a highly disordered state of carbon containing sp2 and sp3 -ordered carbonic units as described for amorphous carbon (Fig. 4.3, spectra
1-3; Ferrari and Robertson 2000). A significant change in the carbon structure is
observed between stage (1) and (2). The spectra for stage (2) spherical and also
stage (3) flaky graphite yield a well-developed G-band at 1577 cm−1 that is well
separated from the D1 defect band at ∼1350 cm−1 (Fig. 4.3, spectra 5-7). The D1
intensity is either low or zero implying highly crystalline graphite with lower defectdensity within graphene-layers compared to globular carbon (Ferrari and Robertson
2000). The defect-bands D2 and D3 diminished significantly or disappeared. Based
on the Raman data, there is no structural difference between spherical stage (2) and
flaky stage (3) graphite, except of the crystallite size. Individual crystallites forming the spheres cannot be observed in SEM, suggesting that well-ordered nano-sized
graphite sheets aggregate into spherical form.

Figure 4.3: Representative Raman spectra of experimental carbon. All spectra consist of a
G-band at ∼1580 cm−1 and a barely developed D1 band at c. ∼1350 cm−1 . Spectra 1 to
3 indicate a comparable structural state of carbon globules produced in the organic decomposition experiment (1) and in the fractionation experiments (2 & 3). The high D1 /G ratio,
broad D1 and G bands and the (hidden) D2 and D3 (∼1620 and ∼1450 cm−1 , respectively)
bands imply a highly disordered structural state typical for amorphous carbon. Smaller D1
and a relatively tall G peak in spectrum 4, from a carbon film precipitated on the capsule wall,
indicates a higher state of crystallinity. Spectra 5 and 6 were taken from graphite spheres and
7 from flaky graphite, their generally low and narrow D1 and a well-developed sharp G band
imply the highest crystallinity, typical for well-grown graphite.
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4.3.3

Carbon isotope fractionation

Detailed time-series experiments ranging from 5 minutes to 134 hours were performed at 1300 and 1500 °C (Table 4.3; Fig. 4.4 A, B). At 1500 °C, the carbon
isotope fractionation between carbonate melt and graphite (∆13 Cc−g ) starts at 2.9
‰ for the shortest runs, but approaches a constant value of 1.1 ±0.2 ‰ after 15
hours (Fig. 4.4 A). At 1300 °C, short run ∆13 Cc−g values are as high as 4.4 ‰
but level out at a constant value of 1.4 ± 0.2 ‰ after 54 hours (Fig. 4.4 B). Isotope reversal experiments with Batch C reproduce the final ∆13 Cc−g . An additional
experiment at 1300 °C using Batch E further validates the observed equilibrium
fractionation value.
A correlation is found between ∆13 Cc−g and the type of carbon in the experiments: The amorphous carbon of stage (1), i.e. the direct product of the thermal
decay of the organics, appears in gross isotopic disequilibrium with the carbonate
as evidenced by unrealistically high or even negative ∆13 Cc−g (-4.5 to 9.7 ‰ in the
900 °C series). The transition from the amorphous to the nano-graphite state (stage
1 to 2) is accompanied by a significant adjustment of the ∆13 Cc−g to elevated, yet
more constrained positive ∆13 Cc−g of 1.4-4.4 ‰ at 1300 and of 1.2-2.9 ‰ at 1500
°C. Reproducible ∆13 Cc−g values are obtained after recrystallization of spherical to
flaky graphite (stage 2 to 3). The equilibrium isotope fractionation may be taken as
the average of all values that level out on a time-plateau, which yields ∆13 Cc−g =
1.5 ±0.4 ‰ at 1300 °C (t > 15 h) and 1.1 ±0.2 ‰ at 1500 °C (t > 16 h). Alternatively, all experiments that have grown graphite flakes yield a ∆13 Cc−g = 1.4 ±0.2
‰ at 1300 °C and 1.1 ±0.2 ‰ at 1500 °C. Graphite flakes constitute a textural
quality criterion for full equilibration and hence define our preferred value, yet both
strategies yield within error identical values. Lower temperatures require experimental runtimes that make detailed time-series difficult. At 1100 °C, fractionation
factors in four Batch B and C experiments of 119 to 240 hours lie closely together
and average to a ∆13 Cc−g of 2.5 ± 0.3 ‰ (Fig. 4.4 C). At 1000 °C, experiments
yield variable values at 180-190 hours, while fractionation factors after 240 hours
are consistent and amount to a ∆13 Cc−g of 3.4 ± 0.1 ‰ (Fig. 4.4 D).
The ∆13 Cc−g of the 900 °C series is highly variable, the only experiment that
produced spherical graphite (Exp. 11.34, 240 hours) yields a fractionation factor
of 4.5 ±0.2 ‰, which would be consistent with the higher temperature results.
However, the structure of the graphite spheres in this experiment did not indicate
the profound recrystallization that occurs at the transition from stage (2) to stage
(3) and therefore may overestimate the actual equilibrium fractionation. A summary
of experiments used for the calculation of equilibrium ∆13 Cc−g is given in Table 4.4.

4.4
4.4.1

Discussion
Growth and recrystallization of graphite

The carbonization of organic carbon takes place at <550 °C and produces amorphous
carbon of complex chemistry and structure (Oberlin 1989). Our decomposition experiments on the organic starting materials at 800 °C, 2 kbar produced amorphous
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Table 4.3: Experimental data sortet by increasing run-time and starting material
Run

runtime Batch
(hours)

starting
material
(mg)

δ 13 Ccarbonate melt

δ 13 Cgraphite

∆13 Cc−g

103 ln(α)c/g

-14.1(1)

-9.7(2)

-9.9(2)

Remarks

800°C
11.59
11.58

0.08
0.08

B
C

93.3
88.8

-11.8(1)
-23.8(1)

900°C
11.33
11.32
11.35
11.34
11.40
11.45

240
265.5
288
240
336
600

B
B
B
C
C
C

99.7
96.6
98.8
101.1
113.3
98.7

-12.41(3)
-12.08(9)
-12.51(4)
-21.07(9)
-22.09(8)
-21.9(1)

-21.9(2)

9.7(2)

9.9(2)

-25.6(2)
-17.9(7)
-17.5(2)

4.5(2)
-4.2(7)
-4.5(2)

4.6(2)
-4.3(8)
-4.6(2)

11.53

240

E

97.4

-32.6(2)

-29.8(1)

-2.8(2)

-2.9(2)

1000°C
11.48
11.47
11.43
11.44

185
240
190
240

B
B
C
C

101.9
104.3
116.2
94.8

-12.5(1)
-12.48(9)
-21.53(9)
-21.48(8)

-16.3(1)
-16.0(1)
-24.6(1)
-24.8(1)

3.8(1)
3.5(2)
3.1(1)
3.4(2)

3.9(1)
3.6(2)
3.2(1)
3.4(2)

carbon film top
carbon film top

1100°C
11.39
11.31
11.29
11.30

144
186
118.5
184

B
B
C
C

103.5
97.1
102.6
96.8

-12.41(6)
-11.91(9)
-21.69(7)
-20.74(7)

-14.7(1)
-14.5(2)
-23.8(1)
-23.7(2)

2.3(1)
2.5(2)
2.1(1)
2.9(2)

2.4(1)
2.6(2)
2.2(1)
3.0(2)

graphite, bottom
graphite, top
spherical, accumulating top
spherical, accumulating top

1300°C
11.25
11.06
11.11
11.03
11.12
11.02
11.04
11.21
11.05
11.13
11.36
11.26
11.49
11.38
11.18
11.19
11.42
11.52

1
1.5
3
6
15
18
24
53.5
72
96
100
144
0.08
1
72
98
120
96

B
B
B
B
B
B
B
B
B
B
B
B
C
C
C
C
C
E

100.8
113.8
77.8
99.1
91.6
57.9
114.9
92.3
87.3
93.0
108.3
84.0
91.3
98.3
93.8
121.1
104.2

-12.49(9)
-12.4(1)
-12.3(1)
-11.5(1)
-12.5(1)
-11.71(4)
-12.50(4)
-12.6(1)
-12.65(9)
-12.4(1)
-12.91(7)
-11.60(5)
-19.6(2)
-19.19(6)
-21.7(1)
-21.64(8)
-21.8(1)
-34.1(1)

-16.0(2)
-15.4(4)
-15.8(1)
-15.3(1)
-14.3(1)
-13.1(1)
-14.4(1)
-13.9(2)
-13.9(1)
-14.1(1)
-14.3(2)

4.4(2)
3.0(4)
3.5(2)
3.9(1)
1.8(2)
1.4(1)
1.9(1)
1.3(2)
1.2(1)
1.7(1)
1.4(2)

4.5(2)
3.1(4)
3.5(2)
3.9(1)
1.8(2)
1.4(1)
1.9(1)
1.3(2)
1.2(1)
1.7(1)
1.4(2)

-22.4(2)
-21.9(3)
-23.0(2)
-23.0(2)
-23.2(1)
-35.3(1)

2.8(3)
2.7(3)
1.3(2)
1.4(2)
1.3(1)
1.3(1)

2.9(3)
2.7(3)
1.3(2)
1.4(2)
1.3(2)
1.3(1)

spherical, accumulating at top
spherical, dispersed
spherical, accumulating at top
spherical, accumulating bottom
spherical & graphite, accumulating at top
spherical
spherical, dispersed
graphite, top
graphite, top
graphite, bottom
graphite, bottom
No graphite
spherical, dispersed
graphite, bottom
graphite, bottom
graphite, top
graphite, bottom
graphite, bottom

1500°C
11.10
11.07
11.09
11.14
11.20
11.22
11.15
11.27
11.46
11.37
11.23
11.16
11.28
11.41

0.5
2
16
24
24
36
50
134.5
0.08
1
48
48.5
77.5
120

B
B
B
B
B
B
B
B
C
C
C
C
C
C

104.4
98.6
93.0
108.2
90.9
100.3
92.5
93.4
114.7
109.0
103.7
103.6
109.3
101.2

-12.4(1)
-11.4(9)
-12.98(9)
-12.2(1)
-12.7(1)
-12.8(9)
-12.5(1)
-12.59(2)
-23.2(1)
-21.4(1)
-21.55(6)
-22.0(1)
-21.88(9)
-21.9(1)

-14.9(1)
-14.28
-14.17
-13.23
-14.22
-14.02
-13.65
-13.65
-25.32
-22.89
-23.01
-22.79
-22.84
-22.79

2.5(1)
2.9(1)
1.2(1)
1.0(2)
1.5(2)
1.2(2)
1.2(2)
1.1(2)
2.1(2)
1.5(2)
1.5(3)
0.8(2)
1.0(2)
0.9(1)

2.5(1)
2.9(1)
1.2(1)
1.0(2)
1.5(2)
1.2(2)
1.2(2)
1.1(2)
2.2(2)
1.5(2)
1.5(3)
0.8(2)
1.0(2)
0.9(1)

spherical, accumulating at top
spherical, separating from carbonate
spherical, top
graphite, top
spherical, top
graphite, bottom
graphite, top
graphite, bottom
dispersed graphite
graphite top
graphite, bottom
graphite, top
graphite, top
graphite, bottom

No graphite. Fine black schlieren
carbon globules in gas bubble, no
contact to carbonate
No graphite
carbon film top
No graphite
spherical, accumulating top
carbon film, accumulating on top
carbon globules in gas bubble, little
contact to carbonate
disseminated carbon

11.43 & 11.44: large spherical objects filled
with porous network of micro crystallites

∆13 Cc−g - values in bold are taken for averaging the fractionation, cf. table 4 , c = carbonate melt, g = graphite
Uncertainies in brackets reported in 1σ
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Figure 4.4: Time series experiments. Dashed lines represent the average fractionation value.
The asterisks refer to samples with flaky graphite, which were taken to calculate the fractionation factors. At 1000°C only the two longest reversal experiments were used for the
fractionation factor. Uncertainties are 1σ.

carbon in the form of micron-sized globules and thin films covering the capsule
walls. A similar kind of carbon was also found in the 800 °C subsolidus experiment
11.58 and in the 900 °C experiment 11.45 (both Batch C). When the solidus is overstepped, the amorphous carbon globules are entrained into the carbonate melt where
they decompose and re-precipitate as graphite nano-units, which then aggregate into
spherical form (stage 1 to 2). The appearance of graphite spheres is typical for low
viscosity, highly dynamic synthetic or natural liquids such as liquid metals or carbonatites (cf. Jaszczak 1995, and references therein). The recrystallization-process
of nanocrystalline graphite to larger graphite crystals with increasing experimental
run time (stage 2 to 3) is evidenced by the appearance of micron-sized angular structures on sphere surfaces (Fig. 4.2 C, D), by their dissolution and by the concurrent
growth of graphite flakes. The exact mechanism of graphite recrystallization is speculative, but it is likely driven by Ostwald ripening, i.e. the minimization of surface
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energy (Davydov et al. 2011; Matthews et al. 1983) combined with a dissolution precipitation process acting along a thermal gradient within the capsules. Nevertheless, dissolution of elemental carbon in the ionic carbonatite liquid is a questionable
mechanism, alternatively, a redox process involving carbon transport as CO2 and
CH4 appears more likely.

4.4.2

The isotope fractionation factor between graphite and
carbonate

In the following, we compare our experimental results to those of Deines and Eggler
(2009) by averaging fractionation factors for each temperature and propagating given
analytical uncertainties via Monte Carlo simulation (cf. supplement). We excluded
their data of experiment CI-49 and CI-54 at 1000 °C, as those used coarser graphite
than the other experiments causing slower diffusive carbon isotope exchange and
therefore a by 2 ‰ lower ∆13 Ccalcite−graphite relative to finer grained experiments.
The high temperature (1200-1500 °C) fractionation data of both studies agree perfectly well and, as expected, no difference is observed in carbon isotope fractionation
for a Na2 CO3 -CaCO3 melt or pure CaCO3 (calcite or aragonite; Deines and Eggler
2009). This is consistent with an almost identical next-nearest neighbor arrangement
and binding in the melt and crystals in the form of CO2−
3 groups.
By combining the 1200 to 1500 °C data from both studies and using the, for high
temperatures, appropriate 1/T2 function (yielding zero at infinite temperature), the
error weighted function results in
3.17(7) · 106
(4.1)
∆ Ccarbonate−graphite =
T2
where T is temperature in K and the value in brackets 1σ. Eqn. 4.1 is similar
to the calculated function of Polyakov and Kharlashina (1995)(Fig. 4.5) but very
different from that of Bottinga (1969). It also extrapolates well to the fractionation data for higher amphibolite/lower granulite facies carbonate-graphite pairs of
Kitchen and Valley (1995) and Valley and O’Neil (1981), which cover the range
610-760 °C.
From 1200 to 1100 °C a step in the experimental fractionation data occurs towards higher fractionation factors and at 61100 °C fractionation factors are clearly
offset from the higher temperature experiments (Fig. 4.5). The much higher δ-values
indicate a different mechanism of isotope exchange. The fractionation observed in
all experimental data at 600-1100 °C could be described by the error weighted function ∆13 Ccarbonate−graphite = 5.20(9) · 106 /T 2 (with an r2 of 1.58), but this function
neither describes the 1200-1500 °C data nor does it result in realistic metamorphic
temperatures. Instead, calculated temperatures would require extensive melting in
rocks, where this is clearly not observed (e.g. Satish-Kumar et al. 2002). We therefore conclude that experiments yielding amorphous or nano-crystalline carbon do
not reproduce a carbon isotope fractionation that may be applied to equilibrium
situations.
As a consequence, we combine the high temperature experimental results yielding graphite flakes with the available ∆13 Ccarbonate−graphite obtained from natural
13
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Figure 4.5: Experimental data of this study (black circles) compared to the experimental data
of Deines & Eggler (2009, blue circles), the indirect experimental calibration of Scheele & Hoefs
(1992, SH’92, gray-curved line), theoretical calculations of Chacko et al. (1991) (Ch’91) and
Polyakov & Kharlashina (1995; PK’95, red line), and natural samples (gray symbols). The
experimental data >1200°C yields 13 C/12 C fractionation (Eqn. 1, not displayed) similar to the
predictions of PK’95. At 61100°C ∆-values deviate progressively in reproducible manner from
the PK’95 theoretical calculation and high temperature data. The indirect SH’92 calibration,
which is based on insufficiently equilibrated graphite - CO2 pairs, overlaps with the lowertemperature experimental data. A trend solely defined by the natural data (gray dashed line)
does not concur with the equilibrated high temperature experiments implying insufficiently
equilibrated carbonate – graphite pairs at lower temperatures. However, amphibolite/granulite
facies carbonate – graphite pairs likely reflect isotopic equilibrium (cf. Fig. 1 in Kitchen and
Valley 1995). Accordingly, the ∆13 Ccarbonate−graphite values from >600 °C of Valley and
O’Neil (1981) and Kitchen and Valley (1995) have been combined with the 1200 – 1500 °C
experimental data to fit the function of Eqn. 4.2 (black solid line).

carbonate-graphite pairs with independent temperature estimates (Dunn and Valley 1992; Kitchen and Valley 1995; Valley and O’Neil 1981; Wada and Suzuki
1983). Low grade metamorphic carbonate – graphite pairs (from <550 °C) commonly yield scattering ∆13 Ccarbonate−graphite –values reflecting incomplete states of
isotope exchange (Kitchen and Valley 1995; Valley and O’Neil 1981). Accordingly,
a fit through the natural data does not explain the equilibrated high-temperature
experimental data (gray dashed line in Fig. 4.5). Instead, carbonate – graphite pairs
from higher grade amphibolite and lower grade granulite facies marbles yield rather
tightly constrained ∆13 Ccarbonate−graphite of 3-4 ‰ (cf. Fig. 1 in Kitchen and Valley
1995). Following the recommendation of Valley and O’Neil (1981) and Kitchen and
Valley (1995), who calibrated the ∆13 Ccarbonate−graphite -geothermometer solely from
high-grade marbles, we only use natural values from >610 °C. These are combined
with the experimental 1200 – 1500 °C data from Deines and Eggler (2009) and from
this study to derive the error weighted regression
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∆13 Ccarbonate−graphite =

3.37(4) · 106
T2

(4.2)

Eqn. 4.2 (Fig. 4.5) is hence derived from data ranging from 610 to 1500 °C and
represents the best available fit for geothermometry of natural carbonate – graphite
pairs. As there is no measurable fractionation between solid and molten carbonate,
it may be applied from mid-grade metamorphic to magmatic environments.

4.4.3

Mechanisms of isotope exchange and the crystallization
of graphite

Isotope exchange between materials may proceed via (1) diffusion, including both
self-diffusion and diffusion between phases, (2) chemical reactions involving the synthesis of new phases, (3) dissolution-reprecipitation mechanisms, or a combination
of these processes. Processes (2) and (3) are prone to surface isotope effects and
Deines and Eggler (2009) already suspected that such effects cause elevated fractionation factors in experiments at <1200 °C. Surface isotope effects may be of kinetic
or equilibrium nature, both are transient but may control the final isotope composition of newly synthesized or recrystallized material. Kinetic isotope effects are the
result of mass-dependent differences in reaction rate, which are generally faster for
light- than for heavy-isotope compounds due to lower dissociation energies and/or
faster translational velocities (Kim et al. 2006; Mariotti et al. 1981; O’Neil 1986). In
heterogeneous reactions, kinetic effects are restricted to growing surfaces and hinder
local isotope exchange equilibrium at the nucleation site. Equilibrium surface isotope effects are caused by the lower vibrational frequencies of surface lattices and are
characterized by a higher isotope fractionation potential relative to the bulk crystal
(Hamza and Broecker 1974; Reutsky et al. 2017). Both effects can affect or control
the bulk isotope composition of a phase (e.g. Hamza and Broecker 1974; Kim et al.
2006), if syngenetic or subsequent diffusive isotope mixing between crystal surface
and volume is insufficient (Hamza and Broecker 1974). It is apparent that diffusive
homogenization of isotope gradients is a key factor for isotopic equilibrium or for
the preservation of surface effects. Accordingly, crystallization rates slower than the
rate of diffusive mixing within a crystal will allow phase precipitation in isotopic
equilibrium with the growth medium while crystallization rates exceeding the rates
of diffusive mixing preserve surface effects (Fig. 4.6 B).
The carbon self-diffusion rates in graphite and diamond are among the slowest
diffusion rates known from natural materials (Fig. 4.6 A). To estimate the timescales
of isotope exchange between the crystal surface and volume of graphite we use the
half-distance of diffusion approximation
x≈

p

(D · t)

(4.3)

where x is the distance (in m), D the diffusion coefficient (in m2 /sec) and t (in
sec) the time when 50 % of the initial isotopic difference is annihilated (Valley 2001).
The diffusion coefficient D is defined by
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Table 4.4: Experiments used for the calculation of isotope fractionation factors.
Run

runtime
(hours)

Batch

δ 13 Ccarbonate melt

δ 13 Cgraphite

∆13 Cc−g

103 ln(α)c/g

900 °C
11.32
11.34

265.5
240

B
C

-12.08 ±
-21.07 ±

0.09 -21.8 ±
0.09 -25.6 ±

0.2
0.2

9.7
4.5

±
±

0.2 9.9
0.2 4.6

±
±

0.2
0.2

1000 °C
11.47
11.44

240
240

B
C

-12.48
-21.48

0.09 -16.0 ±
0.08 -24.8 ±

0.1
0.1

3.5
3.4

±
±

0.2 3.6
0.2 3.4

±
±

0.2
0.2

average
stdev
MCS
95% C.I.

3.44
0.11
0.09
1.02

0.1
0.2
0.1
0.2

2.3
2.5
2.1
2.9

±
±
±
±

0.1
0.2
0.1
0.2

average
stdev
MCS
95% C.I.

2.48
0.33
0.08
0.53

0.2
0.1
0.1
0.2
0.2
0.2
0.1

1.3
1.2
1.7
1.4
1.3
1.4
1.3

±
±
±
±
±
±
±

0.2
0.1
0.1
0.2
0.2
0.2
0.2

average
stdev
MCS
95% C.I.

1.36
0.15
0.07
0.14

0.2
0.1
0.2
0.2
0.3
0.1
0.2
0.1

1.0
1.2
1.2
1.1
1.5
0.8
1.0
0.9

±
±
±
±
±
±
±
±

0.2
0.2
0.2
0.2
0.3
0.2
0.2
0.1

average
stdev
MCS
95% C.I.

1.08
0.21
0.07
0.17

1100 °C
11.39
11.31
11.29
11.30

1300 °C
11.21
11.05
11.13
11.36
11.18
11.19
11.42

1500 °C
11.14
11.22
11.15
11.27
11.23
11.16
11.28
11.41

144
186
118.5
184

53.5
72
96
100
72
98
120

24
36
50
134.5
48
48.5
77.5
120

B
B
C
C

B
B
B
B
C
C
C

B
B
B
B
C
C
C
C

-12.41
-11.91
-21.69
-20.74

-12.6
-12.65
-12.4
-12.91
-21.7
-21.64
-21.8

-12.2
-12.80
-12.5
-12.59
-21.55
-22.0
-21.88
-21.9

±
±

±
±
±
±

±
±
±
±
±
±
±

±
±
±
±
±
±
±
±

0.06 -14.7 ±
0.09 -14.5 ±
0.07 -23.8 ±
0.07 -23.7 ±

0.1
0.09
0.1
0.07
0.1
0.08
0.1

0.1
0.09
0.1
0.02
0.06
0.1
0.09
0.1

-13.9
-13.9
-14.1
-14.3
-23.0
-23.0
-23.2

-13.2
-14.0
-13.7
-13.7
-23.0
-22.8
-22.8
-22.8

±
±
±
±
±
±
±

±
±
±
±
±
±
±
±

3.51
0.09
0.11
0.83
±
±
±
±

0.1
0.2
0.1
0.2

2.35
2.57
2.19
2.98
2.52
0.34
0.09
0.54

±
±
±
±
±
±
±

0.2
0.1
0.1
0.2
0.2
0.2
0.1

1.28
1.24
1.69
1.44
1.33
1.38
1.34
1.39
0.15
0.07
0.14

±
±
±
±
±
±
±
±

0.2
0.2
0.2
0.2
0.3
0.2
0.2
0.1

1.0
1.2
1.2
1.1
1.5
0.8
1.0
0.9
1.10
0.21
0.07
0.18

Standard deviation and Monte Carlo Simulation (MCS) uncetrainties reported in 1σ.
C.I. = confidence interval.
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D = D0 e−Ea /kT

(4.4)

where D0 is the pre-exponential factor, Ea the activation energy for carbon or
vacancy migration, k the Boltzmann constant and T absolute temperature in K.
Experiments on graphite constrain D0 parallel to a (the fast diffusion direction) to
0.9 - 7.2 x 10−4 m2 /s and Ea to 6.8 - 7.1 eV (Table 4.5) (Evans et al. 1969; Kanter
1957; Thrower and Mayer 1978). These parameters would result in diffusion-rates
far too low to allow for isotope mixing within the graphite lattice at any experimental
temperature: Graphite growth rates observed in our 1300 and 1500 °C experiments
are 1 to 5 µm/hour which is similar to observations for multi-layer graphene growth
from a CH4 -source during chemical vapor deposition (2.4 to 9.6 µm/hour at 1000
°C; Fig. 4.6 B; Li et al. 2009)). Compared to the calculated half diffusion distances
of less than 1 nm in one hour, graphite-growth rates are more than four orders of
magnitude higher than diffusive mixing.
Yet, experimental isotope fractionation at >1200 °C proceeds in equilibrium and
is in good agreement with the theoretical calculations of Polyakov and Kharlashina
(1995)(Fig. 4.6 B). It therefore appears that experimentally-derived diffusion constants significantly underestimate actual rates for carbon self-diffusion. Diffusion
within graphene sheets proceeds via the migration of mono-vacancy defects. Theoretical approaches to calculate the energy required for mono-vacancy migration yield
an Ea of about 1.7 eV, suggesting that the ∼7 eV previously interpreted as activation
energy for diffusion may rather reflect the energy of formation of mono-vacancies
(El-Barbary et al. 2003; Telling et al. 2003). Potentially, an additional inter-lattice
trap-and-release mechanism between adjacent graphene layers may elevate Ea for
mono-vacancy migration to 3.2 to 3.6 eV (El-Barbary et al. 2003; Telling et al.
2003) in good agreement with an Ea of 3.9 eV for carbon self-diffusion in graphite
calculated by Dienes (1952).
An average Ea of 3.4 eV (El-Barbary et al. 2003; Telling et al. 2003) and D0 of
3.0 · 10−4 m2 /s (Evans et al. 1969; Kanter 1957; Thrower and Mayer 1978) yields
half-diffusion distances at 1300-1500 °C of 15-3 µm/hour, i.e. similar to the observed crystal growth rates of 1-5 µm/hour (Fig. 4.6 B) and high enough to allow
isotope equilibrated graphite growth on experimental time scales. At 1100-1200
°C, where fractionation factors change drastically, half diffusion distances calculated
with the latter Ea and D0 are 0.6-1.6 µm/hour, i.e. much slower than the rates of
crystal growth. The reproducibility of the 1000 and 1100 °C experiments implies
that graphite crystallization proceeds under surface isotope equilibrium rather than
being controlled by kinetics. Given the contrasting isotope compositions of Batch B
and C, kinetic fractionation would create fractionations reproducible for each bulk
composition, but different for different bulks. At 1000 and 1100 °C, fractionation
factors are identical for Batch B and C, we hence infer local isotope equilibrium at
the growing graphite surface.

4.4.4

Implications for diamond growth

Diamond is mainly a metasomatic mineral whose carbon isotope pattern potentially
records fluid compositions. With the advance of high resolution analytical tech92
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Figure 4.6: Carbon self-diffusion rates in graphite and diamond compared to diffusion rates
for oxygen and carbon in quartz and calcite. Carbon self-diffusion in diamond and graphite (k
a) is several orders of magnitudes slower compared to major element diffusion rates in other
geological materials such as C and O in calcite (kc) or O in quartz (kc). The thick line is
based on the averaged vacancy migration energy (Ea ) (El-Barbary et al. 2003; Telling et al.
2003) and averaged diffusion constant (D0 ) derived from experiments (see text) and would be
consistent with our experiments. B) Growth rates versus half-distance diffusion after one hour
(Eqn. 3, gray vertical lines labelled for temperature). Observed graphite growth rates at 1300
and 1500 °C are similar to growth rates of graphene-layers deposited on precursor graphenesubstrate Li et al. (light-blue field; 2009). Kinetic and equilibrium surface isotope effects are
preserved in the graphite structure when growth rates exceed diffusion rates (above 1:1 line).
Bulk-equilibrated graphite crystallization proceeds if growth rates are lower than diffusion
rates (below 1:1 line). A’69 = Anderson (1969), E’69 = Evans et al. (1969), GY’84 = Giletti
and Yund (1984), Ka’57 = Kanter (1957), Ko = Koga et al. (2005), Kr’94 = Kronenberg et al.
(1984), TM’78 = Thrower and Mayer (1978).

niques, the carbon isotope composition of diamond has become an important proxy
for carbon fluxes and sources in the subcontinental lithospheric mantle (e.g. Cartigny
et al. 2014). Similar to graphite, carbon diffusion in diamond proceeds via vacancies
(Bernholc et al. 1988). Theoretical calculations suggest vacancy migration energies
of 6.2 - 9.1 eV (Bernholc et al. 1988; Swalin 1961) , i.e. even slower diffusion rates
than for graphite. Experiments by Koga et al. (2005) yield Ea = 6.8 ±1.6 eV and D0
=4.1x10−5 m2 /s confirming the calculated rates of carbon self-diffusion in diamond
(Fig. 4.6 A). Considering residence times of Ga at temperatures near the subcratonic
lithosphere/asthenosphere boundary (Taylor et al. 1990), half diffusion distances result to < 3 µm for 1 Ga at 6 1200 °C. These short diffusion distances are reflected
by the discrete carbon isotope pattern and sharp isotope contrasts between adjacent growth-zones found within individual diamond crystals (e.g. Koga et al. 2003;
Craven et al. 2009; Petts et al. 2016; Smit et al. 2016). Although diamond growth
rates in natural systems are unknown, sector-zoned and fibrous diamonds are considered to crystallize relatively fast by geological means. Experimental growth rates
simulating natural environments are in the order of 0.1 to 5 µm/hour, three to four
orders of magnitude higher than rates of diffusion (Palyanov et al. 2013; Palyanov
et al. 2015). From this it may be concluded that the preservation of surface effects
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on the δ 13 C of diamond-samples are probable, which has significant implications on
the interpretation of δ 13 C growth patterns. These cannot be simply attributed to a
changing fluid/melt composition from which the diamonds grow.
Table 4.5: Half diffusion distances calculated for one year.

Kanter
(1957)

Carbon self-diffusion in graphite
Evans et
Thrower &
used in
al. (1969)
Mayer (1978)
this study

Other examples
C in calcite
O in Quartz
Kronenberg
Giletti & Yund
et al. (1984)
(1984)
9
1.9 · 10−2
3.77
2.94

D0 (m2 s−1 )
Ea (eV)

7.2 · 10−4
7.1

9.1 · 10−5
6.8

1 · 10−4
7

3.04 · 10−4 *
3.4 **

800°C

3·10−6 nm

6 ·10−6 nm

2 ·10−6 nm

1 µm

24 µm

96 µm

1200°C

0.1 nm

0.1 nm

0.06 nm

150 µm

6000 µm

7200 µm

1500°C

12 nm

12 nm

6 nm

1440 µm

74 mm

51 mm

*averaged from Kanter (1957)m Evans et al. (1969) and Thrower & Mayer (1978)
**average value from El-Barbary et al. (2003)

4.4.5

Application to isotope thermometry

The temperature dependence of carbon isotope fractionation has great application
in the form of the carbonate-graphite geothermometer. Due to the large degree of
isotope fractionation in the carbon-system and comparatively slow self-diffusion in
graphite, the carbonate-graphite pair is quite useful to estimate peak-metamorphic
conditions (see Valley 2001, and references therein). For practical purposes, carbon
isotope fractionation appears to be independent of carbonate composition at metamorphic or higher temperatures (Deines 2004) or of a solid or molten state, ∆13 Cc−g
being indistinguishable for melts or solids. The calibration for ∆13 Cc−g (Eqn. 4.2)
that combines the bulk-equilibrated experiments with natural graphite-calcite pairs
(Kitchen and Valley 1995) is generally applicable to any metamorphic as well as
magmatic graphite-carbonate pair above 600 °C. Considering that at mantle temperatures >1000 °C both, ∆13 CM g calcite−calcite and ∆13 Cgraphite−diamond are <0.1 ‰
(<0.1‰; Deines 2004; Polyakov and Kharlashina 1995) Eqn. 4.2 should also be
applicable to the carbonate-diamond system.

4.5

Conclusion

Experimental carbon isotope exchange between carbonate melt and elemental carbon is directly connected to the recrystallization of amorphous carbon to graphite,
which proceeds via multiple stages. The competition of carbon self-diffusion in graphite vs. crystallization rates eventually determines if graphite grows in bulk isotopic
equilibrium with the carbonate melt or inherits any equilibrium surface or kinetic
isotope effects. Thus, bulk carbon isotope equilibrium of carbonate and graphite in
experiments and hence the determination of equilibrium isotope fractionation factors
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is only achievable at high temperatures of >1100 °C. Consequently, the optimal solution for a calibration of ∆13 Ccarbonate−graphite lies in combining the high-temperature
experiments with available metamorphic carbonate-graphite pairs, yielding a robust
calibration that may be applied to metamorphic and magmatic problems. Nevertheless, even at high temperatures, equilibrium and kinetic surface isotope effects
may be preserved if crystallization rates are high and need to be considered during
the interpretation of carbon isotope pattern observed in natural graphite and diamond. Finally, future experimental work may address (i) graphitization and carbon
isotope exchange in the carbonate – carbon system under subsolidus conditions at
strain which may facilitate recrystallization and isotope exchange reactions, (ii) the
process of surface isotope fractionation and (iii) the carbon self-diffusion mechanisms
in graphite.
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4.8

Supplementary information

1. Synthesis of low-δ 13 C Na2 CO3
Isotope reversal experiments (Batch C and E) required low δ 13 C carbonates as starting material. While low δ 13 C CaCO3 was available from a commercial supplier,
Na2 CO3 had to be synthesized in aqueous solution via the reaction
2 NaOHaq +CaCO3 → Na2 CO3 + H2 O (∆G = −131 kJ)
A quantity of 400 ml 32 % sodium hydroxide solution was reacted to Na2 CO3
in a closed glass reactor connected to a CO2 source (δ 13 C = -40.2 ± 0.1 ‰) under
constant 1.5 bar pressure. By shaking the reactor, CO2 reacted with the solution
eventually precipitating carbonate. The end of the reaction was indicated by the
decrease of CO2 -bubbles as excess CO2 in the reactor reached inlet-pressure. Leaving the carbonate – solution settling overnight, residual water could be decanted
the next day. The remaining semi-solid carbonate-slurry was then transferred to a
crystallization tray for drying at 110°C and then milled with a hand pestle. Ethanol
washing of the carbonate removed possible traces of NaOH, as Na2 CO3 is almost
insoluble in ethanol (0.03 g/100 ml at 25°C) but NaOH is highly soluble (17.3 g/100
ml at 25 °C). The cleaning procedure was performed three times by (i) washing the
carbonate in a vacuum-filter and (ii) drying under red light.
The sodium carbonate synthesis is likely to produce a variety of hydrous
sodium carbonate byproducts such as Soda (Na2 CO3 ·10 H2 O) or Trona
(Na(HCO3 )·Na2 CO3 ·2H2 O). Hydrous sodium carbonates decompose to anhydrous
Na2 CO3 at >77 °C (Smith and Hardy 1933). Accordingly, the final carbonate product was dried at 110°C overnight to remove remaining ethanol, sieved to <350 µm
and eventually vacuum-dried at 200 °C for three days. Structural analysis of the
Na2 CO3 powder was performed on a Bruker D8 X-ray diffractometer (XRD) using
and Cu 1.54A Kα1 X-ray source. The diffractogram was recorded from 5 to 90° with
0.02° stepsize and 0.8 sec recording time per step. The diffractogram was polynomial base-line corrected and compared to the 2018 ICDD databank, confirming pure
Na2 CO3 (Natrite) as a phase (Fig. 4.7).
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Figure 4.7: Powder diffraction pattern of the synthesized Na2 CO3 . The great majority of measured peaks (red line-makers) clearly matched Na2 CO3 peaks observed from natural Natrite
(black line-markers) or synthetic sodium carbonate (green line-markers).

2. Error propagation
Two approaches have been used to propagate standard deviations (σ) of measured
values (x,. . . ,w) and is based on the assumption of a Gaussian error distribution. Error propagation in simple addition and subtraction equations that involved multiple
values to calculate a quantity q followed
σq =

p
(σx )2 + . . . + (σw )2

(4.5)

Error propagation in simple product and quotient equations followed
r
σq =

(

σx 2
σw
) + . . . + ( )2
x
w

(4.6)

Propagation of σx,..,w or σq in more complex equations was performed using
Monte-Carlo-simulations (MCS) that calculates an extended number of quantities
of a given equation based input-parameters and their uncertainties. MCS were
performed with 104 iterations using a Gaussian random number generator (gnoisefunction in Wavemetrics Igor Pro 7.01 software). The MCS produces error estimates
similar to the conventional Gaussian error propagation involving a function (q) of
several variables x, . . . , z :
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r
σq =

as:

(

∂q
∂q
σx )2 + . . . + ( σz )2
x
z

(4.7)

Example: The partition factor 103 ln α can be calculated from the analyzed data

3

10 ln α =

δ 13 Ccarbonate
1000
13 C
graphite
+ 1000

1+
1

(4.8)

The following table (excerpt of Table 4.4) compares the errors propagated via
Eqn. 4.7 and MCS.
Table 4.6: Comparison of errors of calculated 103 ln αc/g fractionation factors propagated by
the Gaussian and Monte Carlo simulation (MCS) method. Note that deviations in σ occur
mostly at the third digit, hence both methods yield comparable results when rounded to the
least significant digit

Run

δ 13 Ccarbonate

δ 13 Cgraphite

Gaussian
103 ln αc/g

MCS
103 ln αc/g

900°C
11.32 -12.08 ± 0.09 -21.78 ± 0.18
11.34 -21.07 ± 0.09 -25.55 ± 0.21

9.867 ± 0.209 9.867 ± 0.205
4.587 ± 0.240 4.588 ± 0.235

1000°C
11.47 -12.48 ± 0.09 -16.00 ± 0.14
11.44 -21.48 ± 0.08 -24.84 ± 0.14

3.571 ± 0.171 3.570 ± 0.168
3.440 ± 0.169 3.440 ± 0.165

1100°C
11.39
11.31
11.29
11.30

2.352
2.574
2.190
2.976

-12.41
-11.91
-21.69
-20.74

±
±
±
±

0.06
0.09
0.07
0.07

-14.73
-14.45
-23.83
-23.65

±
±
±
±

0.12
0.16
0.12
0.19

±
±
±
±

0.138
0.189
0.146
0.212

2.353
2.572
2.104
2.978

±
±
±
±

0.135
0.186
0.142
0.208
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3. Reaction textures

Figure 4.8: Top most three pictures taken from 1500 °C experiments 11.46, 11.37 and 11.28
(left to right) illustrate the texture evolution with time. Short experiments produce finely
disseminated graphite in the carbonate melt (5 min experiment). This graphite progressively
forms graphite spheres (1-hour experiment). After 73 hours, flaky graphite has grown on the
capsule walls and only a small fraction of carbon spheres remains (Magnifications A and B).
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High-temperature kinetic isotope
fractionation during methane
dissociation explains 13C/12C trends
in graphite and diamond

"Mach doch mal Experimente, die funktionieren."
Max W. Schmidt (∼2015)
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Abstract
In high-temperature systems, isotope partitioning is generally assumed to proceed
under equilibrium, and carbon isotope trends in graphite and diamond are commonly used to identify the redox state of their fluid source. However, kinetic isotope
fractionation influences the isotopic composition of fluid- or melt-precipitated minerals when growth rates exceed rates of diffusive mixing. As carbon self-diffusion in
graphite and diamond is exceptionally slow, this fractionation should be preserved.
We have hence performed time series experiments simulating the formation of graphite from progressive oxidization of an initially CH4 -dominated fluid. Stearic acid
was thermally decomposed at 800 °C and 2 kbar, producing a reduced COH-fluid
together with an elemental carbon phase. Progressive hydrogen loss from the capsule caused CH4 to progressively dissociate and elemental carbon to continuously
precipitate. The newly formed C0 , aggregating in globules, is constantly 6.8 ±0.3
‰ lighter than the methane, equilibrium fractionation would instead yield graphite
heavier than the methane. In dynamic environments, kinetic isotope fractionation
may control the carbon isotope composition of graphite or diamond. The commonly
observed 13 C-enrichment trends in diamonds are then consistent with deep reduced
fluids oxidizing upon their rise
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5.1

Introduction

Natural graphite and diamond yield a large range of carbon isotope compositions
from δ 13 CV P DB of +5 to -40 ‰ (Cartigny 2005; Luque et al. 2012), often exhibiting
a puzzling isotopic complexity within individual crystals (Palot et al. 2013; Petts et
al. 2015; Santosh et al. 2003; Smart et al. 2016; Smit et al. 2016). Graphite and diamond are metasomatic minerals with an exceptionally slow self-diffusion (Thrower
and Mayer 1978; Koga et al. 2005), whose inherited carbon isotope signatures are
preserved over billions of years, and constitute excellent recorders for mantle redoxprocesses. Of particular interest are carbon isotope patterns within single crystals,
where rim-ward 13 C-enrichment or -depletion trends imply oxidized (CO2 , CO2−
3 ) or
reduced (CH4 , C2 H6 ) carbon sources when based on equilibrium isotope fractionation (Bottinga 1969; Cartigny et al. 2014; Craig 1953; Luque et al. 2012; Polyakov
and Kharlashina 1995) (Fig. 5.1).
However, bulk equilibrium isotope fractionation is not given and surface equilibrium and kinetic isotope effects may considerably change the interpretation of
isotope compositions, e.g. of abiogenic carbonates (Kim and O’Neil 1997; Turner
1982; Watson 2004). Precipitation reactions inevitably produce kinetic isotope effects, which are preserved when subsequent isotope equilibration is hindered by slow
diffusion rates (e.g. at low temperatures)(Watson 2004).
For the traditional stable isotope systems O, H, and N, diffusive isotope exchange
at metamorphic conditions is generally assumed to be sufficiently fast over geological
timescales to allow for isotope equilibration. However, the low carbon self-diffusion
rate in graphite and diamond may cause the preservation of kinetic isotope effects
in the crystal lattice even at high temperatures, posing fundamental questions on
the interpretation of inherited 13 C trends: (i) Are kinetic isotope effects relevant
at high temperatures and (ii) do kinetic isotope effects control the carbon isotope
composition of graphite and diamond, and hence their 13 C trends?
To compare kinetic isotope fractionation signatures with those predicted by equilibrium fractionation, we performed time series experiments in externally-heated
pressure vessels at 2 kbar and 800 °C that precipitate elemental carbon from a
methane-dominated COH-fluid along a redox-gradient. The isotopic evolution of all
carbon species was tracked through analysis by gas chromatograph-coupled isotope
ratio mass spectrometry (GC-IRMS). The precipitated graphite was characterized
via isotopic elemental analyzer (EA-IRMS) and structural analysis (Raman). The
role of kinetic isotope fractionation is assessed as a model for the carbon isotope
trends observed in coherent growth zones of natural single graphite and diamond
crystals, critical for inferences regarding the redox state of COH-fluids.

5.2

Methods

The time series experiments use the unavoidable fast diffusion of hydrogen across
capsule materials. Reducing experiments at 2000 bar would require hundreds of
bar of external H-pressure to maintain H-concentrations in the capsule, i.e. the
partial pressure of hydrogen in the capsule would have to be matched at the outside.
Such H-pressures are not feasible as they would rapidly ruin any alloy resulting in
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Figure 5.1: Theoretical Rayleigh distillation models for an irreversible carbon precipitation
reaction in a closed system. Theoretical equilibrium fractionation factors α calculated for
1000 °C for graphite-CH4 (1.3 ‰) and graphite-CO2 (-4.6 ‰) determine the isotope trends
in the carbon precipitate. The reduction of an oxidized CO2 -bearing fluid causes a positive
carbon isotope zonation (left sphere-model) displaying a continuous 13 C enrichment trend.
Conversely, CH4 -bearing fluids are expected to produce opposite 13 C-depletion trends (blue
trend-lines, right sphere-model)

unacceptable safety hazards. Nevertheless, the time dependent H-loss is of great
avail as it (i) force the reaction CH4 = C + 2H2 to the product side (Fig. 5.2) and
(ii) lead to a relative enrichment of the oxygenated fluid species, i.e. an increased
fO2 of the system.

5.2.1

Starting material and experimental setup

Gold capsules of constant size (l = 8 mm, o.d. = 4 mm, i.d. =3.5 mm) were filled
with 5.00 ±0.03 mg stearic acid (STEA, C18 H36 O2 , δ 13 C = 29.53 ±0.08 ‰) and
welded shut under an Ar-stream using a Lampert PUK arc welder. At experimental
conditions of 2 kbar and 800 °C, STEA decomposes to elemental carbon and a
pyrolytic gas of the theoretical composition XH2 O = 0.179, XH2 = 0.074, XCH4 =
0.734, XCO2 = 0.006, XCO = 0.004 and XC2 H6 = 0.003, and log fO2 = -18.0, which
is 0.8 log-units above the iron-wustite reference buffer (IW+0.8)(Connolly 2005;
107

Chapter 5
Connolly and Cesare 1993).
Experiments were run in fast-quench externally heated pressure vessels using
Ar as a pressure medium. The intrinsic fO2 of the molybdenum–hafnium–carbon
alloy vessels is about 1 log-unit above the Ni-NiO reference buffer (NNO+1) as
determined with the redox-sensor method of Pownceby and O’Neill (1994). The
entire furnace + pressure vessel may be tilted by 180°, which allows one to slide
the capsule to the hot or cold end when desired. The capsule may hence be rapidly
exposed to the already established experimental temperature as well as quenched
to room temperature within seconds; successful sliding of the capsule is indicated
by a pressure peak of ∼50 bar. Within the 20 mm long hot zone of the vessel, the
temperature gradient is <5 °C, the accuracy of the temperature measurement is
better than 10 °C. To cover the complete range of fO2 conditions permitted by the
setup, i.e. no and full H-loss, experiments lasted between 30 seconds and 50 hours.

Figure 5.2: Experimental design of the time series experiments. Stearic acid thermally decomposes to elemental carbon and a CH4 -rich COH-fluid. Due to the fH2 gradient between
COH-fluid and surrounding Ar-pressure medium, hydrogen diffuses out of the capsule and
drives CH4 -dissociation causing a continuous precipitation of C0 in form of solid globules
becoming more abundant with increasing run time.

Successful experiments with pyrolytic gas were indicated by visibly expanded
gold capsules. The gas was recovered by piercing the capsule in a vacuum device
and subsequently carried in a stream of analytical-grade helium to a pre-evacuated
Valco glass vial. The method was tested for isotope fractionation by introducing
reference gases of known isotopic composition, yielding no measurable change of the
carbon isotope composition (cf. supplement). Micro-liter sized aliquots of gas were
sampled from the glass-vials with Hamilton gas-tight syringes and injected manually
into a HP 6890 gas chromatograph (GC). A liquid nitrogen trap focused the gas in
a Porapak-Q filled quartz capillary for 210 seconds before it was flash-released at
150 °C into the GC-column by sliding the trap into a heating-block. The gas sample
entered an Agilent Poraplot-Q column where gas species were separated: N2 from CO
(-70 °C), CO from CH4 (-35 °C) and CH4 from CO2 and C2 H6 (0-20 °C). Gas species
then passed sequentially through a CuO-NiO-Pt combustion reactor where reduced
carbon species (CO, CH4 and C2 H6 ) oxidized to CO2 and H2 O at 1050 °C. The
oxidation capacity of the metal oxides was kept stable by trickling minute volumes
of O2 into the oxidation reactor. After passing the oxidation reactor, combustion108
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water was removed from the gas stream with a Nafion membrane (Merritt et al.,
1995) prior to entering a ThermoFisher Delta V isotope ratio mass spectrometer
(IRMS). The relative molar fraction (Ximeas ) of the carbon gas species (i = CO2 ,
CO, CH4 , C2 H6 ) was determined by using the total area of the gas peaks

Ximeas =

Ai
ACO2 + ACH4 + ACO +

AC2 H6
2

(5.1)

where Ai is the total peak area of species of interest. This simple approach is justified
as in practice, each gas is converted to and measured as CO2 , hence, the area of
each peak is simply proportional to the number of C-atoms. Isotope measurements,
reported in conventional δV P DB -notation, were corrected for machine fractionation
against an in-house CO2 reference gas calibrated against NIST RM8562, RM8563
and RM 8564. Individual gas samples were measured two to four times yielding
an absolute reproducibility for isotopic values better than 0.5 ‰ and for speciation
better than 0.2%.
Aliquots of ∼50 µg elemental carbon precipitate were wrapped in tin-foil and
loaded in a ThermoFisher Flash-Elemental Analyzer (EA) connected to the IRMS.
Samples were flash-combusted to CO2 at 1020 °C under a 3-second stream of analytical grade O2 . The CO2 was subsequently cleaned from excess O2 by streaming over
native Cu at 650 °C and separated from N2 in 5-Å zeolite chromatography column.
Reference materials run with the solid samples were calibrated against NBS22 (δ 13 C
-30.03 ‰) and IAEA CH-6 (δ 13 C -10.46 ‰) which bracket the isotopic composition
of the sample material. Elemental carbon measurements were repeated three to
six times and yield a reproducibility better than 0.15 ‰. Analytical uncertainties
were propagated following Gaussian rules of error propagation or via Montecarlosimulation.

5.2.2

Raman spectroscopy

Raman analysis was performed in the first-order region (900-2100 cm−1 ) with a Dilor
Labram instrument equipped with a 532 nm diode laser. Spectra were obtained
twice per spot with acquisition times of four minutes using a confocal lens with
50x magnification. Each sample was measured more than five times at different
locations. Spectra were calibrated against the 1332 cm−1 peak of diamond. Raw
data were processed with the iterative fitting software IFORS to avoid errors in
the peak parameterization during manual data reduction (Lünsdorf and Lünsdorf
2016). The automatic fitting uses a fifth-order polynomial base-line function as a
combination of Gaussian and Lorentzian functions to describe the spectrum. Further
fitting parameters were set as following: minimum distance of bands = 5 cm−1 ,
minimum bandwidth = 1 cm−1 and maximum bandwidth = 60 cm−1 . Data are
reported in the supplement.
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Figure 5.3: SEM images of carbon globules after 30 seconds (a: Exp. 6.55) and 50 hours (b:
Exp. 6.42) illustrating change in size over time. Arrows in b) indicate negative sphere-shaped
indentations evidencing neighboring growth of globules. c) The average volume increases by
140 % over the course of 50 hours.

5.3
5.3.1

Results
Appearance and structure of the elemental carbon

The initial carbon produced by the thermal decomposition of stearic acid appears
as micron-sized solid globules forming a homogeneous chaplet network (Fig. 5.3).
Raman spectroscopy implies a highly disordered carbon-type (Ferrari and Robertson
2000) with well-developed defect band at ∼1337 cm−1 and a broad graphite band
at ∼1580 cm−1 ; Fig. 5.4). Continuous carbon precipitation causes a homogeneous
growth of the globules: First, negative-sphere shaped indentations on globules, testifying for impeded growth of touching globules, become more abundant the longer
the experiment lasts (Fig. 5.3b); secondly, image analysis reveals a 140 (±96) %
increase of the globule volume over time (Fig. 5.3c , Supplementary Table 2), concurrent with the mass gain of the carbon residual by 73 %; An overestimation of the
volume due to the abundant indentation likely accounts for the difference.
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Figure 5.4: Raman spectra of elemental carbon precipitates. Spectra generally display a welldeveloped defect band (D1 ) and a relatively broad graphite band (G). The decrease D1 /G area
ratio characterizes the breakdown of complexly, sp3 -bonded (amorphous) carbon structures
and the formation of planar sp2 -ordered ring-structures, e.g. graphene sheets or nano-graphite
(Ferrari and Robertson, 2000)

5.3.2

Fluid evolution and calculation of oxygen fugacity (fO2 )

Oxygen fugacity was derived for each experiment by fitting measured CO2 /CH4
ratios against thermodynamically calculated CO2 /CH4 ratios for graphite-saturated
COH-fluids at 800 °C and 2 kbar (following Connolly and Cesare (1993); Fig. 5.5a).
For the 30 second experiment 6.55 the resulting fO2 of -17.1 (IW+1.8) is inconsistent
with the other experiments, this is probably due to an incomplete carbonization in
the extremely short time. Otherwise, the increasing fO2 of the experiments correlates
linearly with the experimental run time and quantifies the progressive oxidation of
meas
decreases due to the hydrogen loss, a relative enrichment of
the system: XCH
4
meas
meas
(Fig. 5.5b). After ∼34 hours, all H
oxygen is reflected by rising XCO
and XCO
2
is lost and the oxygen fugacity values of the pure graphite-CO2 -CO reference buffer
(CCO) reached, a further increase of run time does not change fO2 anymore.

5.3.3

Carbon distribution and elemental carbon precipitation

The total carbon mass of the system (mC
bulk ) is defined by the carbon content of
the starting material loaded into the capsule (3.77-3.84 mg). The mass of the gas
phase (including H2 O as it evaporates under vacuum; mgas ) and the carbon residual
(mC
solid ) can be attained by differential weighing of the capsule (i) before and after
the gas recovery process and (ii) subtracting from the total mass of the starting
material used (4.96-5.05 mg).
Thermodynamic calculations imply that H2 O and H contribute up to 50 wt% to
mgas , accordingly this value required correction for each experiment, yielding mcorr
gas .
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Figure 5.5: Normalized molar fractions of the fluid carbon species versus oxygen fugacity (fO2 ).
To determine oxygen fugacity, measured CO2 /CH4 ratios of individual experiments (each 2 to
3 vertical data-points) were fitted to thermodynamically calculated CO2 /CH4 molar fractions
of the gas species (at 2 kbar, 800 °C). Note that (i) H2 and H2 O are also major components of
the equilibrium fluid and (ii) the molar fractions for CO agree with the theoretical prediction.
b) Linear dependency of run time and (fO2 ). The CCO buffer is reached after 34 hours run
time, when all CH4 is dissociated and H2 is lost.

Now, the mass of carbon in the individual gas species i may be determined by
meas
corr
mC
· aC
i = Xi
i · mgas

(5.2)

where Ximeas is the measured relative molar fraction of the carbon gas species and
C
aC
i the weight fraction for carbon in species i. Considering msolid , it is now possible
to derive the fractional carbon content for all carbon-bearing species (j) including
the solid carbon by
XjC

mC
j
P
= c
msolid + mC
i

(5.3)

The denominator term yields a systematic negative deviation of <0.66 mg from
C
mC
bulk , however the same Xj values are obtained when the denominator was replaced
C
by mbulk and the thus calculated XjC values are normalized to unity.
Fig. 5.5a displays XjC with progressing oxidation of the fluid. The initial carbonization of stearic acid produces ∼66 % solid carbon next to ∼34 % methane-rich
gas, well in agreement with thermodynamic predictions. With the dissociation of
C
CH4 XCH
decreases continuously.
4

5.3.4

Carbon isotope systematics

The total carbon isotope composition of the experiment is defined by the 13 C/12 C
ratio of stearic acid (δ 13 CST EA = δ 13 Cbulk = -29.53 ± 0.08 ‰). Gas chromatography
allowed us to analyze the carbon isotope composition for all gas species individually
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time
(hours)

30 sec.
10 min.
0.5
1
2
4
8
8
11
13
15
17
50

Run

6.55
6.44
6.36
6.37
6.38
6.39
6.40
6.45
6.58
6.56
6.43
6.41
6.42

3.80
3.80
3.83
3.80
3.80
3.84
3.81
3.80
3.81
3.80
3.84
3.79
3.77

2.06
2.24
2.15
2.20
2.24
2.32
2.57
2.74
2.85
3.09
3.02
3.02
3.57

2.91
2.73
2.84
2.77
2.64
2.49
2.11
1.91
1.85
1.55
1.49
2.43
0.78

1.57
1.59
1.63
1.57
1.46
1.31
1.07
0.97
0.93
0.77
0.83
0.80
0.78

C
C
mC
bulk msolid mgas mgas

Carbon content (mg)

0.843
0.901
0.899
0.894
0.876
0.826
0.744
0.754
0.753
0.652
0.306
0.390

C
XCH
4

0.109
0.069
0.076
0.081
0.097
0.132
0.196
0.186
0.215
0.316
0.624
0.549
0.951

C
XCO
2

Fluid speciation

0.038
0.026
0.021
0.019
0.020
0.033
0.053
0.053
0.026
0.027
0.070
0.059
0.049

C
XCO

0.002

0.010
0.004
0.005
0.006
0.007
0.008
0.007
0.007
0.006
0.005

XCC2 H6

-17.07
-17.23
-17.20
-17.18
-17.12
-17.01
-16.87
-16.89
-16.85
-16.72
-16.42
-16.49
-15.79

fO2

-32.13
-30.99
-30.39
-30.15
-29.67
-28.90
-27.12
-27.25
-26.84
-25.07
-18.47
-20.04

±
±
±
±
±
±
±
±
±
±
±
±

CH4

0.1
0.3
0.03
0.01
0.02
0.3
0.05
0.08
0.08
0.2
0.02
0.01

-18.82
-14.3
-14.5
-15.66
-18.7
-22.3
-20.0
-19.90
-20.7
-18.90
-15.4
-16.1
-15.8

±
±
±
±
±
±
±
±
±
±
±
±
±

CO2

δ 13 CV P DB (measured)

0.06
0.3
0.1
0.06
0.2
0.3
0.2
0.09
0.2
0.10
0.2
0.2
0.1

-23.8
-24.5
-25.3
-26.80
-29.9
-32.8
-30.28
-30.7
-33.73
-30.3
-25.6
-26.74
-26.6

±
±
±
±
±
±
±
±
±
±
±
±
±

CO

0.9
-26.2 ± 0.4
0.4
-29.7 ± 0.3
0.3
-29.2 ± 0.2
0.08 -28.9 ± 0.4
0.5
-28.8 ± 0.2
0.2
-27.8 ± 0.4
0.01 -27.11 ± 0.09
0.2
0.06
0.7 -21.30 ± 1.0
0.1
0.03 -23.3 ± 0.9
0.2

C2 H6

-30.1
-30.9
-30.8
-31.0
-31.3
-31.4
-31.7
-31.8
-31.9
-31.8
-31.3
-31.4
-30.9

±
±
±
±
±
±
±
±
±
±
±
±
±

C0

Table 5.1: Experimental data and calculated results. Uncertainties in 1σ.

0.2
0.2
0.1
0.1
0.2
0.2
0.1
0.2
0.1
0.2
0.2
0.1
0.1

-30.3
-29.7
-29.10
-28.91
-28.61
-28.1
-25.89
-25.87
-25.51
-23.2
-17.1
-18.28
-16.3

±
±
±
±
±
±
±
±
±
±
±
±
±

0.1
0.2
0.03
0.01
0.03
0.2
0.06
0.06
0.08
0.1
0.1
0.09
0.1

δ 13 Cgas

-85.1
-31.7
-37.8
-39.2
-35.1
-34.8
-34.7
-38.6
-30.3
-12.0
-8.4
-22.5

±
±
±
±
±
±
±
±
±
±
±
±

4.4
5.6
8.9
6.2
3.8
1.7
1.2
8.9
2.3
3.0
13.0
1.3

Carbon
(massbalance)

δ 13 CV P DB (calculated)

-38.9
-37.7
-37.1
-36.9
-36.4
-35.7
-33.9
-34.0
-33.6
-31.8
-25.2
-26.8

±
±
±
±
±
±
±
±
±
±
±
±

0.3
0.4
0.3
0.3
0.3
0.4
0.3
0.3
0.3
0.4
0.3
0.3

(εcarbon−CH4 )

Instan.
carbon
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but isotope analysis for the carbon precipitate could only be performed on the bulk
material. The bulk δ 13 C for the gas species is derived from
X

δ 13 Cgas =
XiC · δ 13 Ci
(5.4)
Mass balancing allows us to test for significant isotope shifts by recalculating the
bulk carbon isotope composition via

recalc
C
C
(5.5)
δ 13 Cbulk
= δ 13 Csolid · Xsolid
+ δ 13 Cgas · 1 − Xsolid
yielding a small percent deviation of less than 4.2 % from δ 13 Cbulk .
With methane as predominant gas species in all but the longest three experiments, the bulk-gas isotope composition follows the 13 C-enrichment trend of CH4
over time (Fig. 5.6): δ 13 CCH4 ranges from -32 to -18.5 ‰, the bulk gas composition
follows the trend being 1.4 ± 0.3 ‰ heavier than the methane. The carbon isotope
fractionation between CO2 and CH4 decreases continuously from ∆13 CCO2 −CH4 =
16.7 to 4 ‰ without stabilizing at the expected equilibrium fractionation near 8 ‰
for 800 °C (Kueter et al. in revision; Richet et al. 1977). Remarkably, this happens
at constant pressure and temperature and concerns a (non-)equilibrium between
two gaseous species at 800 °C. Equally remarkable, carbon isotope exchange in the
CO2 -CO pair is stable at ∆13 CCO2 −CO = 10.7 ±0.4 ‰ and close to the expected
equilibrium value of 9.4 ‰. The fact that ∆13 CCO2 −CH4 values are always positive
suggests continuous isotope exchange among the gases, presumably catalyzed by the
capsule material. C2 H6 occurs as a minor species with maximum concentrations of
1.0 mol% and is 1.4 ±1.1 ‰ heavier than CH4 . Comparatively small but important
changes in the bulk isotope composition are measured in the elemental carbon: With
increasing fO2 , the δ 13 Csolid decreases from -30.1 ±0.2 ‰ to -31.9 ±0.1 ‰ and then
gradually enriches in 13 C to -30.9 ±0.1 ‰ (Fig. 5.6).

5.4

Discussion and Conclusion

At constant temperature (and pressure), the observed fractionation between bulk
carbon and methane ∆13 Csolid−CH4 decreases continuously with run time from +2
to -11.4 ‰ (Fig. 5.6) without yielding a stable fractionation factor near the equilibrium value of approximately +2 ‰ predicted by ab initio models (Bottinga 1969;
Polyakov and Kharlashina 1995). Consequently, a model different from equilibrium
fractionation is required. The experiments lose hydrogen over time resulting in a
continuously decreasing methane fraction and progressive carbon precipitation and
the resulting carbon isotope data yield a continuous and self-consistent series, which
allows us to quantify a kinetic fractionation factor. In this series, two experiments
deviate somewhat: the shortest one (30 seconds, experiment 6.55) yields a calculated
log fO2 = -17.07 while run time and isotopic composition would be consistent with a
log fO2 = -17.4. Most likely, the very short run time has led to incomplete chemical
reaction, still, the isotope composition is consistent when plotted against time (Fig.
5.6). Secondly, experiment 6.41 (17 hours) had part of the C0 blowing out with the
over-pressured CO2 -rich gas upon piercing, impeding the mass balance calculations
outlined below. We hence assume a gas mass identical to the experiment at 15 hour
run time (6.43).
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Figure 5.6: Isotopic evolution of the COH-fluid and carbon precipitate with increasing oxygen
fugacity (left) and time (right). Methane dissociation favors the breakdown of 12 CH4 over
13
CH4 resulting in progressively heavier δ 13 CCH4 . Fast isotope exchange within the fluid
drives the bulk fluid to the heavy side, the latter is constantly 1.3 ±0.3 ‰ heavier than the
methane. The carbon first yields a negative trend towards lighter isotopic composition, then
turns into a 13 C-enrichment trend. The shortest experiment (Exp. 6.55, 30 seconds, dashed
square) was apparently not equilibrated. Uncertainties (1σ) are mostly within symbol-size.

5.4.1

Kinetic isotope fractionation

The growing of the globules with increasing run time suggests that carbon precipitating occurs in shells around the cores precipitated upon stearic acid decomposition.
The changing bulk composition of the globules hence indicates isotopic zonation
that can be modeled either via mass balance or through Rayleigh fractionation.
The mass balance approach is based on the measured δ 13 Csolid and the weight difference of elemental carbon between two consecutive experiments (at run times t1
and t) to derive the instantaneous δ 13 C of the carbonaceous matter deposited in
between t1 and t via

δ 13 Csolid


t−t1



C

(Xsolid
)t1
13
13
C
· (δ Csolid )t · Xsolid
(δ Csolid ) − X C
t
( solid )t
=
C
C
(Xsolid
)t − (Xsolid
)t1

(5.6)

This onion-shell model considers the carbon precipitated previously (t1 ) and averages the carbon isotope composition of the carbon shell deposited between two
consecutive experiments (t and t1 ). Because of the small weight-differences, uncertainties are large, but still a continuous 13 C-enrichment trend results with a δ 13 C
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Figure 5.7: a) The isotopic evolution of the instantaneous carbon precipitate as calculated
by (i) mass balance (gray symbols) and (ii) Rayleigh distillation modelling (white symbols).
Method (i) yields comparatively large uncertainties because of small weight differences, but
a continuous 13 C-enrichment trend is evident. The same trend is seen in method (ii), which
uses the kinetic enrichment factor εsolid/CH4 defined in b). The offset of Exp. 6.55 is due
to incomplete equilibration of fO2 (see text). b) The kinetic isotope fractionation factor
εsolid/CH4 is defined by the slope of the regression fitting the data points, and yields -6.8 ±
0.3‰. Exp. 6.55 (30 seconds run time) was excluded due to incomplete carbonization (see
text). Uncertainties (1σ) are mostly within symbol-size.

of -85 ±4 to -22.5 ±1.3 ‰ for the first and the last carbon-shell, respectively (Fig.
5.7a, 5.1).
The Rayleigh model assumes a non-reversible reaction in a closed system, which
is met in this study. Unidirectional reactions, such as the progressive methane
dissociation, are commonly accompanied by kinetic isotope effects. The degree of
kinetic isotope fractionation is defined by the ratio of reaction constants and can be
expressed as
αp/s = 1 + 10−3 · εp/s

(5.7)

where p and s denote product and substrate, respectively, and εp/s is the permil
enrichment-factor describing the enrichment (or depletion) of a heavy isotope in
the product relative to the substrate (Mariotti et al., 1981). Similar to equilibrium
fractionation factors, the εsolid/CH4 factor is useful for Rayleigh distillation modelling
(Li et al. 2009a; Mariotti et al. 1981) and is defined as
εsolid/CH4 =

(δ 13 CCH4 )t − (δ 13 CCH4 )t0
ln FCH4 −remaining

(5.8)

where the t0 - and t-subscripts refer to the carbon isotope composition of CH4 at
the beginning and individual experimental steps, respectively, and FCH4 −remaining is
given by

C
XCH
4 t

FCH4 −remaining =
(5.9)
C
XCH
4 t0
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and basically describes the fraction of CH4 left after a given time. The ten minutes
run time experiment 6.44 likely reflects the most pristine (i.e. reduced) gas comC
position, and hence defines best XCH
and (δ 13 CCH4 )t0 . The shorter experiment
4 t0
6.55 is not considered in this calculation, because of the problems with chemical
speciation and oxygen fugacity discussed above. Eqn. 5.8 yields a εsolid/CH4 of -6.8
±0.3 ‰, whose negative sign actually describes a 13 C depletion of the carbon precipitate by 6.8 ‰ relative to the methane source. The progressive 13 C enrichment
of methane is explained by the preferential dissociation of C–H bonds of 12 CH4 relative to 13 CH4 , as lower zero point energies of heavy isotope bonds cause slightly
higher dissociation energies. The carbon isotope composition of carbon precipitated
instantaneously (inst) from a methane source may be derived for each experimental
step by
inst
δ 13 Csolid
= δ 13 CCH4 + εsolid/CH4

(5.10)

As a result δ 13 Cinst
solid changes in core-to-rim direction from -38.9 to -26.8 ‰, following
the same trend as given by the mass balance model (Fig. 5.7)
Both methods independently imply 13 C-enrichment trends of similar magnitude
within growing globules. The first negative and then positive δ 13 C trend of the solid
bulk carbon over time is a result of the progressive 13 C-enrichment in the instantaneous carbon precipitate (Fig. 5.8): Starting from an initial C0 with = -30.1 ‰ that
stems from the decomposition reaction of the stearic acid (Exp. 6.55), the carbon
precipitated instantaneously from methane in each progressive step is isotopically
lighter than the initial solid. This drives the carbon isotope composition of the
bulk solid to lower δ 13 C values. The continuous 13 C-enrichment in the methane first
decreases the difference between δ 13 Csolid and δ 13 Cinst
solid . A turnover point is then
reached near log fO2 -16.7 (IW+2), where the instantaneous carbon precipitate becomes heavier than the pre-existing elemental carbon then causing a 13 C-enrichment
in the bulk solid with time.
In summary, the time-progressive hydrogen loss leads to continuous breakdown
of methane and precipitation of elemental carbon. The latter is 6.8 ‰ lighter than
the methane, a result of kinetic isotope fractionation. The increase of 13 C in the
fluid, and hence in the instantaneous carbon precipitate, leads to the development
of a rim-ward 13 C enrichment trend in the continuously growing carbon globules,
which span a compositional range of ∼12 ‰.

5.4.2

High temperature kinetic carbon isotope fractionation
in nature?

Carbon-precipitation in our experiments results from the loss of hydrogen due to
the fH2 gradient between the Ar-pressure medium and the gas inside the capsule.
In nature, strong fH2 gradients occur in (1) the oceanic lithosphere, where H2 -fluxes
from serpentinization cause abiogenic alkane-synthesis or precipitation of graphite
(Brovarone et al. 2017; Galvez et al. 2013; Proskurowski et al. 2008), in (2) packages
of (meta-) sediments stratified in redox state (i.e. organic-rich shales vs. limestones), where any migration of metamorphic fluids provides ample opportunity for
redox-precipitations, and (3) larger scale redox contrasts in the deep Earth, where
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Figure 5.8: Measured carbon isotope evolution of CH4 (blue circles), solid carbon (gray
hexagons) and the instantaneous carbon precipitate (white hexagons) from the kinetic enrichment factor εsolid/CH4 (-6.8 ±0.3 ‰). The isotope trend of CH4 , and hence that of the
precipitating carbon follows the closed-system Rayleigh distillation trend. The change in slope
in the solid carbon results from adding isotopically lighter instantaneous carbon to the preexisting precipitate until the instantaneous precipitate becomes heavier than the pre-existing
precipitate.

domains of subducted oceanic lithosphere expel oxidized volatiles into a reducing
mantle, causing redox-precipitation of diamond (Rohrbach and Schmidt 2011). As
direct products of redox reactions, the carbon isotope signatures of graphite and
diamond are valuable geological recorders of metasomatic processes (Cartigny et al.
2014; Luque et al. 2012) (Fig. 5.1). Single-crystal high-resolution isotope profiles in
diamond are normally interpreted using equilibrium fractionation factors, often assigning isotope trends to either reduced (e.g. CH4 ) or oxidized (CO2 , CO2−
3 ) carbon
sources (Palot et al. 2013; Santosh et al. 2003; Smart et al. 2016; Smit et al. 2016).
The common occurrence of rim-ward 13 C-enrichments would suggest that most diamonds grow from the reduction of oxidized fluids. However, reduced fluids (i.e.
CH4 -rich fluids) should be favored by the reduced state of the mantle, suggesting
that methane is a frequent carbon source (Stachel and Luth 2015). Consequently,
13
C-depletion trends in diamond crystals should be fairly common, however, this is
not the case (cf. Stachel et al. (2017). More recent Rayleigh fractionation models consider equilibrium carbon isotope fractionation factors of complex fluids (i.e.
combining proportionally ∆13 CCO2 -diamond, ∆13 Cdiamond−CH4 and ∆13 CCO2 −CH4 )
(Ray and Ramesh 2000; Stachel and Luth 2015). Stachel et al. (2017) demonstrated that such complex fluids near the thermodynamic H2 O maximum produce
13
C-enrichment trends in the carbon precipitate, even if CH4 is the dominant carbon
species.
However, these Rayleigh fractionation models use equilibrium isotope fractionation factors to describe graphite and diamond growth and rely on negligible kinetic
isotope effects or their immediate erasure by diffusive equilibration. Insufficient diffusive isotope mixing in the crystals near-surface area will inevitably capture kinetic
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Figure 5.9: a: Trajectories of 13 C trends calculated for a COH-fluid at 800 °C with
δ 13 Cf luid−initial = -32.1 ‰, the value of the methane of the shortest experiment (6.55). Isotope equilibrated graphite precipitation from a methane fluid creates a 13 C-depletion trend to
lower δ 13 C-values (blue arrow). Trends a, b and c are calculated with ∆13 Cf luid−graphite derived from multi component fluid modelling applied to experiments 6.44 (10 minutes, IW+1.7),
6.39 (4 hours, IW+1.9) and 6.56 (13 hours, IW+2.2), bracketing the fO2 interval of 75% carbon precipitation. The high abundance of methane results in 13 C-depletion trends for most
fluid compositions within this fO2 range (orange field) and therefore cannot explain the observed 13 C enrichment of the carbon globules. Eventually, Rayleigh modelling with our kinetic
enrichment factor (εsolid/CH4 = −6.8; red arrow) yields a 13 C enrichment trend that mimics
those expected from equilibrium carbon precipitation from a CO2 endmember fluid (black).
Arrows indicate the compositional interval of the instantaneous C0 precipitate as calculated
from εsolid/CH4 .
b: Kinetic Rayleigh trend for a methane-bearing fibrous growth zone in a Zimbabwe diamond
reported by Smit et al. (2017; sample MAR06b, spots 15 to 26). Diamond-symbols indicate
δ 13 values measured by SIMS. Assuming εdiamond/CH4 = −5.3 for the growth temperature of
this diamond (∼1100 °C) the primary fluid composition is -3.6 ‰ (1), assuming that the first
analysis represents the first diamond precipitate. Rayleigh distillation modelling applied on
the fluid (2) defines now the 13 C enrichment trend of the diamond growth zone (3). Fitting
the remaining measured δ 13 C-values shows that the compositional range is covered when the
CH4 -fluid was consumed by 10 %.

isotope effects during crystal growth, controlling the isotope composition of each
growth zone and, as a result, the bulk mineral (Watson 2004). Sufficiently fast
isotope mixing at metamorphic temperatures may hold true for element diffusion
in many natural phases (e.g. carbonates, silicates), however, carbon self-diffusion
rates in graphite and diamond are exceptionally small. At 1100 °C, these materials diffusion coefficients (D ∼ 3 · 10−30 m2 /sec) are 17 orders of magnitude below
that for O and C in calcite or O in quartz (D ∼ 10−13 m2 /sec)(Anderson 1969;
Koga et al. 2005; Kronenberg et al. 1984; Thrower and Mayer 1978). Diffusion
models hence conclude that isotopic mixing within diamond is negligible at sublithospheric temperatures (800-1300 °C) even within giga-year time frames (Koga
et al. 2003), which is supported by the common observation of sharp compositional
isotope contrasts in diamond (Craven et al. 2009; Petts et al. 2015; Smit et al. 2016).
Crystallization rates for natural graphite or diamond are generally unknown, how119
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ever, experimental growth rates of 0.9 to 44 mm/year contrast with characteristic
diffusion distances of less than 8 nm/year at similar temperatures (Kueter et al. in
review; Li et al. 2009b; Palyanov et al. 2015; Palyanov et al. 2013). This implies that
carbon isotope signatures within rapidly precipitated elemental carbon, such as in
our experiments, cannot be explained by Rayleigh equilibrium isotope fractionation:
Considering a multicomponent source of CH4 and CO2 , our experiments yield mostly
positive ∆13 Cgraphite−f luid of 2.1 to -0.3 ‰ for the interval of main carbon precipitation, hence the precipitated carbon should be progressively depleted in 13 C, which
is not the case (Fig. 5.9a). Instead, the 13 C enrichment trend is best described
by Rayleigh modelling performed with our kinetic fractionation factor (-6.8 ±0.3
‰). This modeled kinetic 13 C-enrichment trend mimics those expected from carbon
precipitated by the reduction of CO2 at equilibrium conditions (∆13 Cgraphite−CO2 =
-5.9 ‰ (Polyakov and Kharlashina 1995); Fig. 5.9a).
Kinetically controlled isotope compositions of diamond were already suspected
by Boyd et al. (1994), and a recent study on Zimbabwe diamonds underlines the
relevance of our kinetic interpretation of isotopic zonation in diamonds: Smit et
al. (2016) reported methane fluid inclusions in a fibrous growth zone with a welldeveloped rim-ward 13 C-enrichment trend; a strongly CH4 -enriched composition of
the parent fluid outside the thermodynamic water maximum is implied by missing
H2 O signals in their fluid inclusion Raman spectra. The 13 C-enrichment trend and
strongly methane-dominated parent fluids are analogous to our experiments, and
rapid diamond crystallization is inferred by the fibrous growth and fluid-entrapment
itself (Boyd et al. 1994; Timmerman et al. 2018). Assuming that εsolid/CH4 ≈
εdiamond/CH4 , the 13 C-enrichment trend of the diamond growth zone can be reproduced by oxidizing ∼10 % of the methane by applying the kinetic isotope factor
derived by extrapolation to 1100 °C by 1/T (justified by the Arrhenius relationship
of kinetic isotope effects) (Fig. 5.9b).
Graphite and diamond precipitation from COH fluids abruptly experiencing different redox conditions is likely to proceed fast, presumably similar to experiments,
as there is no thermodynamic reason to protract carbon-precipitating reactions over
geological time intervals. Hence, the rate of crystallization becomes a question of
the mechanisms of fluid migration. Isotopic and experimental evidence points to
fluid-rock interactions on the order of 103 to 105 years (Graham et al. 1998); channelled fluid expulsion in porosity waves and by hydrofracturing provides even faster
ways to expose fluids into lithologies with contrasting redox conditions (Connolly
2010; Connolly et al. 2009). For diamonds, even the most conservative estimate on
fluid-rock interaction would proceed too fast to allow for crystallization under isotopic equilibrium. This also applies to graphite at metamorphic temperatures, albeit
recent experiments indicate more efficient diffusive isotope mixing at higher temperatures (Kueter et al. in review). Overall, discrete and localized fluid flux results in
the rapid precipitation of graphite and diamond, which are likely to preserve kinetic
isotope effects accompanying crystal growth. Therefore, we argue that kinetic isotope fractionation is a common process during graphite and diamond crystallization
and influences, if not controls, their carbon isotope composition. For diamonds, this
implies that the conventional equilibrium interpretation of monotonous 13 C trends is
ambiguous, with implications for the redox-state assessments of deep fluids on (early)
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Earth. Interpretations of isotope patterns that also consider kinetic fractionation
processes, however, may provide important insights into the speed of graphite and
diamond-forming metasomatic reactions and the processes of fluid flow in Earth’s
deep, extreme environments.
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5.7

Appendix

Fractionation test of piercing cell
A potential isotope fractionation during the gas recovery process was tested by
injecting 1, 4 and 8 ml of a CH4 standard with a syringe into the evacuated cell. The
chosen volumes bracket to 95% the observed quantities of experimental gas. Similar
to an actual gas sample, the standards were transferred to the storage volume from
which it was sampled with a gas-tight syringe an introduced in the GC-IRMS-system.
The analysis was similar to the analytical procedure outlined in the manuscript.
The injection volumes ranged between 50 and 250 µl, depending on the methane
concentration in the vials. Finally, the treated CH4 -standards were compared to an
untreated standard aliquot. T-test statistics yield no significant difference between
the treated and non-treated CH4 -aliqots (t = 1.589, p = 0.1241). The average of
the untreated standard is -37.4 ±0.3‰ (n=15) compared to -37.5 ±0.2‰ for all
injected aliquots (n=25, Fig. 3).

Figure 5.10: Testing for carbon isotope fractionation induced by the gas-recovery treatment.
Three different volumes of a CH4 -standard have been introduced into the cell and treated as a
sample (circle-symbols). The δ 13 C values of these aliquots is compared against a non-treated
CH4 sample (diamond-symbols). No significant deviation between treated and non-treated
aliquots could be observed.
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Globuli size and Raman data
Table 5.2: SEM image analysis of globuli aggregates - Results (µm)
Experiment
6.44
6.55
6.36
6.37
6.38
6.39
6.40
6.45
6.58
6.56
6.43
6.41
6.42

Hours

Number

Average
area

stdev

Radius

0.167
0.008
0.5
1
2
4
8
8
11
13
15
17
50

85
111
111
94
124
100
91

7.52
6.09
7.94
8.47
8.45
8.31
10.58
nan
9.11
9.30
11.31
9.43
10.86

1.64
1.01
1.23
0.93
2.08
1.60
1.90
nan
1.15
1.44
1.68
1.80
1.74

1.55
1.39
1.59
1.64
1.64
1.63
1.83

9.7
8.7
10.0
10.3
10.3
10.2
11.5

1.70
1.72
1.90
1.73
1.86

10.7
10.8
11.9
10.9
11.7

102
103
112
92
95

Cirumference Monte Carlo
error (1σ)

Volume

Monte Carlo
error (1σ)

1.1
0.7
0.8
0.6
1.3
1.0
1.0

15.5
11.3
16.8
18.6
18.5
18.0
25.9

5.1
2.8
3.9
3.1
6.8
5.2
7.0

0.7
0.8
0.9
1.1
0.9

20.7
21.3
28.6
21.8
26.9

3.9
4.9
6.4
6.2
6.5

1.38

0.96

Volume change (%):

Table 5.3: Raman data. D1 and G peak center in cm−1
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Experiment

hrs

D1 Area

6.55
6.44
6.36
6.37
6.38
6.39
6.40
6.58
6.56
6.43
6.41
6.42

0.0083
0.167
0.5
1
2
4
8
11
13
15
17
50

223.1 ± 0.4
204.0± 4.0
198.0 ± 0.4
184.4 ± 1.2
167.7 ± 4.2
142.2 ± 0.2
123.5 ± 1.2
125.5 ± 0.3
129.2 ± 0.7
100.2 ± 0.3
98.8 ± 0.03
95.5 ± 0.1

G Area

Rar

195.5 ± 25.4 1.61 ± 0.06
189.2 ± 17.8 1.02 ± 0.4
181.8 ± 9.9 1.12 ± 0.07
179.7 ± 12.4 0.88 ± 0.02
185.2 ± 24.0
0.3 ± 0.2
170.1 ± 8.6 0.81 ± 0.01
179.9 ± 14.5 0.79 ± 0.003
166.8 ± 11.9 1.19 ± 0.01
166.6 ± 4.1 0.88 ± 0.01
158.5 ± 27.4 1.10 ± 0.004
184.6 ± 4.6 1.10 ± 0.001
174.9 ± 96
0.91 ± 0.01

D1 Peak Center
1339.6
1341.8
1340.1
1338.0
1340.1
1341.3
1339.6
1343.5
1340.1
1341.6
1342.5
1340.8

±
±
±
±
±
±
±
±
±
±
±
±

3.8
0.7
2.5
4.2
2.5
2.2
3.2
2.1
2.5
2.3
0.5
2.0

G Peak Center

D/G Ratio

1584.7 ± 5.4
1583.7 ± 4.5
1581.8 ± 6.9
1581.1 ± 3.1
1581.8 ± 4.2
1580.4 ± 3.8
1580.4 ± 5.1
1561.5 ± 11.1
1577.2 ± 4.2
1570.3 ± 14.3
1565.7 ± 14.5
1580.6 ± 2.6

0.862 ± 0.1
0.928 ± 0.05
0.918 ± 0.04
0.975 ± 0.04
1.104 ± 0.06
1.196 ± 0.05
1.457 ± 0.28
1.329 ± 0.12
1.290 ± 0.06
1.582 ± 0.41
1.869 ± 0.12
1.81 ± 0.06

Chapter 6
General Conclusions

“Science, my lad, is made up of mistakes, but they are mistakes which it is useful
to make, because they lead little by little to the truth.”
Jules Verne – A Journey to the Center of the Earth
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6.1

Carbon isotope fractionation between CO2/CH4
fluids and elemental carbon

Chapters 3 to 5 provided examples for carbon isotope fractionation at high temperatures, indicating that the magnitude of carbon isotope fractionation is high, even
at mantle conditions. Significant degrees of carbon isotope fractionation can therefore occur anywhere between the surface and transition zone of the Earth (1500 °C
Stixrude and Lithgow-Bertelloni 2007), and possibly deeper.
We have seen that carbon gases exchange isotopes preferably via heterogeneous
reactions, that elemental carbon can grow in isotopic equilibrium if growth rates
are slow enough, but also that the carbon isotope composition of most graphite and
diamond is likely to be controlled by surface equilibrium and kinetic isotope effects.
However, the paramount aim of experimentally equilibrating graphite with CO2 or
CH4 was not achieved; not because of failing experiments or bad analytical protocols, but simply due to physical boundaries. The kinetics study of Chapter 5 has
shown that the graphitic carbon precipitates in strong isotopic disequilibrium from
a reduced COH-fluid; similar observations were made in the gas project of Chapter
3, where the carbonaceous residual did not undergo any significant carbon isotope
exchange once it was formed. Isotope exchange experiments between CH4 /CO2
and elemental carbon require unrealistic time spans to make bulk-equilibration effects visible; which is perfectly plausible if we consider the extremely low carbon
self-diffusion rates in graphite and diamond (see Chapter 4 and 5).
A widely applied method to circumvent the problem of slow diffusive isotope
equilibration is to only partially exchange isotopes of two materials of interest by
performing multiple experiments of the same system and varying the initial isotope
composition of the materials (Northrop and Clayton 1966). This partial-exchange
method allows one to recalculate the specific equilibrium fractionation factor; A
method that uses fine (µm to nm) powders of solids, facilitating the reaction between
the substances due to their large surface area, and small particle size limits the
diffusion distances to an extent allowing for the partial isotope equilibration of most
materials. This approach was used by Scheele and Hoefs (1992) and Deines and
Eggler (2009), the latter milled graphite down to nano-sized particles. However, in
both cases the equilibration of graphite with CO2 or solid CaCO3 at T <1200 °C
affected only the near-surface unit-cells of the graphite crystals, an area with likely
different fractionation behavior (due to the more relaxed bonding environment) than
the crystal interior (Reutsky et al. 2017). Diffusive isotope exchange between bulk
and surface appears too low to compensate for the surface isotope effect. From
this example it can be seen, that the extremely low carbon self-diffusion rates set
physical boundaries for the direct carbon isotope exchange between volatiles and
graphite/diamond in experiment.
So how can carbon isotope exchange between volatiles and elemental carbon be
experimentally approached? A great merit of isotope fractionation factors is their
additive character. If the isotope fractionation between pairs A–B and B–C is known,
we can calculate the fractionation between A–C, although the latter pairs’ experimental equilibration might be impossible. This “trick” was used by Scheele and Hoefs
(1992) to calculate the carbon isotope fractionation between calcite and graphite (al128
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Figure 6.1: The carbon isotope fractionation between CO2 and calcite was systematically
investigated in experiment by Scheele and Hoefs (1992) and Chacko et al. (1991). The data of
Mattey et al. (1990) and Mattey (1991) is considered to reflect the carbon isotope fractionation between CO2 and CO2−
3 , the latter one dissolved in carbonated sodamelilite or basaltic
melt. Similar exchange mechanism was expected from Javoy et al. (1978), yet its much larger
fractionations is likely due to non-buffered experiments that produced graphite. Own unpublished data (Petschnig et al, unpublished) was obtained from equilibrating CO2 with a
CaCO3 – Na2 CO3 melt in a gas mixing furnace. Overall, Mattey et al.s experiments and own
results confirm the Scheele and Hoefs (1992) calibration.

though based on 103 ln αCO2 /graphite that describes rather surface isotope exchange),
and was also applied in the gas–project of Chapter 3 to calculate 103 ln αCO2 /CH4 at
1200 °C (Eqn. 3.3). Hence, if we are unable to equilibrate elemental carbon with
CO2 or CH4 , we can at least use available experimental data to calculate the carbon
isotope fractionation in this system. Accordingly, the fractionation factors for the
CO2 -graphite and graphite-CH4 pairs can be derived from
103 ln αCO2 /graphite = 103 ln αCO2 /calcite + 103 ln αcalcite/graphite

(6.1)

103 ln αgraphite/CH4 = 103 ln αCO2 /CH4 − 103 ln αCO2 /graphite

(6.2)

and

This thesis produced two of the three necessary fractionation functions
(10 ln αCO2 /CH4 and 103 ln αcalcite/graphite of Chapter 3 3.5 and 4 4.2, respectively),
the third experimentally-derived fractionation function for the CO2 –calcite pair are
available from Scheele and Hoefs (1992) and Chacko et al. (1991). The Scheele and
Hoefs (1992) data appears in better agreement with experimental data of Mattey
et al. (1990), Mattey (1991) and own unpublished experimental results from the
3

129

Chapter 6
system CO2 –Na2 CO3 – CaCO3 melt (Fig. 6.1, Petschnig et al, unpublished), and is
therefore used for calculating 103 ln αCO2 /graphite . By combining the fractionation
functions according to Eqn. 6.1, we obtain the fractionation function
103 ln αCO2 /graphite = −

9 · 104 9580
− 2.72
+
T2
T

(6.3)

were T is the absolute temperature. The validated temperature interval of this
function is constrained to 600 – 1200 °C, which is based on the experimental and
empirical constraints given by Scheele and Hoefs (1992) and Chapter 4. This function plots in-between the theoretical fractionation functions of Bottinga (1969) and
Polyakov and Kharlashina (1995), and appears in better agreement with the latter
(Fig. 6.2). Note that the insufficient experimental isotope equilibration of graphite with CO2 in Scheele and Hoefs (1992) is depicted by a 1-2 ‰ offset to higher
103 ln αCO2 /graphite relative to this study and theoretical calculations.
The fractionation factors for the graphite-CH4 system can now be calculated
according to Eqn. 6.2 with
103 ln αgraphite/CH4 =

8.9 · 105 9 · 104 9580
−
−
+ 2.72
T 1.65
T2
T

(6.4)

The valid temperature range is constrained to 600 – 1200 °C by Eqn. 6.3 above.
The fractionation factors are close to the theoretical predictions (Fig. 6.2), but ∼0.6
‰ lager at the high-temperature end.
These functions, derived mostly from experiment (the 103 ln αcalcite/graphite
function also considers lower-temperature empirical fractionation data from metamorphic calcite-graphite pairs; cf. Chapter 4), covering the temperature interval
relevant for lower crust and mantle. Extrapolation to higher temperatures relevant for the lower mantle appears rather unproblematic, considering the theory that
isotope fractionation approaches 0 ‰ with increasing temperature.
Finally, if we accept the theoretically-derived 103 ln αdiamond/graphite shown in Fig.
6.2 (Polyakov and Kharlashina 1995), the experimentally-based fractionation functions are equally well applicable for the CO2 -diamond and diamond-CH4 pairs: At
mantle temperatures (>900 °C), 103 ln αdiamond/graphite is negligibly small, i.e. the
magnitude of carbon isotope exchange of graphite and diamond with CO2 or CH4
is virtually the same (Fig. 6.2). Hence, the derived functions can find their applications in both, graphite and diamond bearing fluid systems.

6.2

Conclusion and final thoughts

This thesis provides a set of well-constrained, experimentally-derived equilibrium
fractionation factors that, together with the studies of Chacko et al. (1991), Scheele
and Hoefs (1992), Horita (2001), Deines and Eggler (2009), create a solid experimentbased understanding on how carbon isotope fractionation proceeds between CH4 ,
CO2 , CO, solid and molten carbonates, graphite and diamond. However, carbon
isotope fractionation in some other systems remains to be investigated in both theory and experiment: Besides diamond, carbides may comprise a second important
carbon source in the mantle (Schmidt et al. 2014; Mikhail et al. 2014), and ethane
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Figure 6.2: Comparison of fractionation functions of CO2/ CH4 and graphite calculated from
experimental data (black lines) and derived from theory (Bottinga 1969; Polyakov and Kharlashina 1995, red and blue lines, respectively). Direct isotope equilibration of CO2 with graphite yields fractionations 1-2 ‰ higher than predicted by the other methods, and are likely
related to surface isotope exchange of the graphite with the CO2 (gray line, Scheele and Hoefs
(1992). The fractionation between diamond and graphite is generally very small and basically negligible at mantle temperatures which makes the experimentally-derived fractionation
functions also useful for diamond-gas systems.

.

(C2 H6 ) is predicted to be an abundant component of reduced COH fluids (Zhang
and Duan 2009). The fractionation between basaltic melt, CO and CH4 , and liquid
iron is virtually unconstrained, but of great importance for modelling carbon distribution between early Earth atmosphere, magma-ocean and segregating core, i.e.
the evolution of Earth’s carbon reservoirs.
Of course numerous new questions have arisen throughout the three different
projects of this thesis, some of which are outlined in the following. In the gas-project
of Chapter 3, we have seen that carbon isotope exchange in gaseous systems proceeds
most efficiently as a heterogeneous reaction, which requires catalytic surfaces. This
can be hydrated silicate surfaces (CO2 -CO exchange) or transition metals (CO2 -CH4
exchange). Indeed, many studies on hydrothermal exhaust show that ∆13 CCO2 −CH4
are out of equilibrium even in high-temperature volcanic discharge, possibly due to
the lack of suitable catalytic surfaces. Yet some studies yield convincing evidence
for the isotopic equilibration of the CH4 -CO2 pair (Fiebig et al. 2004). The chance
of isotopic equilibrium between CO2 and CO in hydrothermal fluids is much higher,
unfortunately, carbon isotope compositions of CO are rarely analyzed, although the
CO2 -CO pair may be a valuable thermometer for magmatic devolatilization in active volcanic settings (e.g. Sato et al. 2002) or in the monitoring of underground
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coal seam fires (O’Keefe et al. 2010). There is probably much to learn about the gas
sources, gas generation, gas storage and ascent, as well as gas-melt/rock interactions
if we knew more about catalytic activities of geomaterials and the closing temperatures of isotope exchange in the system CO2 -CO-CH4 (+H2 and H2 O we consider O
and H isotopes as well). This information would allow us to monitor active changes
in the sources and pathways of hydrothermal fluids and can inform us on increased
magmatic activity underneath volcanoes.
Chapter 4 provides evidence that the carbon isotope composition of graphite is
controlled by surface isotope effects if the temperature is less than 1100 °C. The
reproducibility of ∆13 Ccarbonate−graphite fractionation factors (within our study and
compared to Deines and Eggler (2009) obtained from isotopically different systems
at <1100 °C) suggest that this effect is indeed characterized by equilibrium isotope
fractionation. Crystal surfaces fractionate isotopes differently compared to their
interior due to their more relaxed bonding environment and results in larger isotopic
fractionations (Reutsky et al. 2017; Hamza and Broecker 1974). On the basis of the
statistical mechanics and diffusion theory as well as experimental findings, we can
now formulate a first, qualitative concept of isotope fractionation during crystal
growth (Fig. 6.3):
1. 1) Minerals grow in isotopic equilibrium if
• crystallization rate < diffusive isotope mixing in crystal
2. Minerals grow in surface isotope equilibrium if
• Crystallization rate > diffusive isotope mixing between crystal-interior
(volume) and surface
• Crystallization rate < diffusive isotope mixing in the surface layer (i.e.
outermost unit cells)
3. Minerals grow in kinetically controlled isotope disequilibrium if
• Crystallization rates < diffusive isotope mixing in volume and surface
layer
Naturally, this concept requires more fundamental considerations concerning reaction rates, diffusion mechanisms, statistical mechanics (especially regarding crystal surfaces) and transition state theory, all of which were far beyond the scope
of this doctoral thesis. However, it opens interesting ways for new experimental
approaches testing the proposed concept, and eventually the way we interpret the
isotope abundances in minerals.
Point 3) of the concept above is well-described in low-temperature geochemistry,
and is fundamental for the interpretation of isotope compositions of abiogenic carbonates for climate reconstructions (Kim et al. 2006; Turner 1982; Watson 2004). We
have seen that kinetic isotope effects (KIE) extend to the high-temperature region
exceeding 800 °C, where significant fractionation takes place during the precipitation of graphitic carbon from a methane-fluid (∆13 Cf luid−graphite of 6.8 ‰). This is
remarkable, as (i) such large KIEs are rather unexpected at such high temperatures
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Figure 6.3: Cartoon illustrating the carbon isotope exchange in a growing graphene layer. Isotope exchange between the crystal volume (i.e. interior) and the growth medium (melt) proceeds via the surface. Carbon isotope fractionation between surface and melt (αsurf ace−melt )
yields a different magnitude than the theoretical fractionation between the bulk crystal and
melt (αvolume−melt ) due to a less stiff bonding environment. The 13 C/12 C ratio of the surface
determines a priori the carbon isotope composition of the growing crystal. Case 1) Crystallization rate < diffusive mixing →Surface isotope effects are erased, isotope exchange is so
fast that volume and melt "communicate"; Case 2) Crystallization rate > diffusive mixing
(volume), but crystallization rate < diffusive mixing (surface) →crystal growths at surface
equilibrium with an isotope composition determined by αsurf ace−melt ; Case 3) Crystallization
rates < diffusive isotope mixing in volume and surface layer →isotope composition controlled
by the kinetic isotope effects (i.e. the kinetic fractionation factor).

and (ii) change our interpretation of isotope fingerprints in high-temperature geomaterials. It appears that, for the special case of diamond and graphite, KIE control
their bulk carbon isotope compositions in the case of – from a geological perspective
– rapid precipitation. In fact, experimental studies which systematically investigate
KIE may become a pivotal source of information on the timing of geological processes such as metasomatic or hydrothermal reactions, or help us understand the
isotope composition of certain element reservoirs on Earth (e.g. low-δ 13 C-values
eclogitic diamonds or the low-δ 15 N-values mantle). Instead of rejecting experiments
with observed KIE, those should deserve more attention as they contain key information helpful for understanding our dynamic Earth, where many fluid-mediated
processes could proceed much faster than we may think.
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Sucrose experiments (SUC)
9.2i
18.03.2016 SUC
9.3i/o
23.05.2016 SUC
9.5i/o
12.08.2016 SUC
Au
Au
Au

Au
Au
Au
Au
Au
Au
Au
Au
Au
Au
Au
Au
Au90/Pd10
Au90/Pd10
Au90/Pd10
Au
Au
Au
Au
Au
Pt
Au
Au
Pt
Pt
Au
Au

experiments (STEA)
4.4.2015
STEA
5.6.2015
STEA
5.6.2015
STEA
6.6.2015
STEA
8.6.2015
STEA
9.6.2015
STEA
17.6.2015 STEA
12.6.2015 STEA
15.6.2015 STEA
17.6.2015 STEA
5.8.2015
STEA
5.8.2015
STEA
12.10.2015 STEA
12.10.2015 STEA
6.11.2015 STEA
14.01.2016 STEA
17.5.2016 STEA
29.05.2016 STEA
10.6.2016 STEA
29.07.2016 STEA
10.08.2016 STEA
21.9.2016 STEA
20.09.2016 STEA
21.09.2016 STEA
21.09.2016 STEA
05.10.2016 STEA
05.10.2016 STEA

Stearic acid
6.2
6.4i/o
6.5i/o
6.6i/o
6.7i
6.8i/o
6.10i/o
6.11i/o
6.14o
6.15i/o
6.16
6.17
6.20
6.21
6.24
6.28o
6.29i/o
6.30i/o
6.31o
6.32i/o
6.33i/o
6.46i/o
6.47i/o
6.48i
6.50i/o
6.52
6.53

Au
Au
Au
Au
Au
Au
Au
Au
Au
Au
Au
Au50Pd50
Au50Pd50
Pt

02.10.2014 OXA
02.10.2014 PVA
04.10.2014 PVA

Tartaric acid experiments (TAC)
26.03.2015 TAC
4.4
4.7
28.03.2015 TAC
4.8
12.05.2015 TAC
4.9
18.05.2015 TAC
4.10o
12.11.2015 TAC
4.11i/o
18.11.2015 TAC
4.13i/o
9.1.2016
TAC
4.19i
20.05.2016 TAC
4.20i H2
20.05.2016 TAC
4.21i H2
20.05.2016 TAC
4.26i/o
23.08.2016 TAC

2.1
3.1
3.2

800
1000
1000

800
800
790
800
800
800
790
800
800
800
800
800
800
800
1000
1000
1000
1000
1000
1000
1200
800
900
1000
1200
800
800

800
1000
1000
1000
800
800
800
1000
1000
1000
1200

800
800
800

2010
2000
2000

2000
c. 1770
c. 1890
c. 1930
c. 1973
c.1950
c. 1917
c.1979
c. 1930
c. 1920
c. 1390
c. 1390
990
1002
1000
1000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000
2000

2000
2014
2010
1900
1000
1000
1000
2000
2000
2000
2000

2000
2000
2000

Oxalic acid (OXA) and polyvinyl alcohol (PVA) experiments
Date
System
Capsule T (°C)
P (bar)
Experiment
material

48
24
3

24
48
17
36
48
24
12
72
17
36
16
16
125
172
51
168
24
3
24
3
1
0.5
0.5
0.5
0.5
60 seconds
30 seconds

24
0.5
0.5
0.5
69.5
50
72
29.5
24
24
1

0.5
0.5
0.5

run time
(hours)

4.72
5.2/20.1
4.9/19.9

10.1/30.0
5.0/30.0
5.0/30.0
5
5.0/30.0
5
5

15.95
17.2/20
16/20.7
16/18
18.4
17.8/18.2
7/20.6
10.3/23.7
17.9
7/19.1
9.2
6.8
8.5
7.11
12.4
10.2/30.2
5.0/30.1
30.1
40

29.7
31.9
31.9
28.9
35.97
17.2/33.2
9.85/30.47
5.14
6.04
5.02
9.97/30.23

starting material
mass (mg, single
capsule or
inner/outer capsule)
7.4
4.5
5.2

capsule hold pressure, yet gas was mixed

to overpressure
to overpressure
to overpressure

Capsule ruptured during recovery
Internal capsule ruptured due to overpressure
Internal capsule ruptured due to overpressure

No quench signal.
Unstable Pressure in EHPV, inner capsule ruptured
Unstable Pressure in EHPV, inner capsule ruptured
Unstable Pressure in EHPV, inner capsule ruptured
Unstable Pressure in EHPV, Gas lost during piercing process.
Unstable Pressure in EHPV, inner capsule ruptured
Unstable Pressure in EHPV, no quench signal
Unstable Pressure in EHPV, no quench signal, capsule stuck in EHPV
Unstable Pressure in EHPV, carbon blow out during piercing
Unstable Pressure in EHPV
Unstable Pressure in EHPV
Unstable Pressure in EHPV
No gas in capsule
No gas in capsule
Quench failed –> stuck in EHPV union
No gas in capsule
Quench problems
Stuck in EHPV middle union –>not exposed to temperature
No gas in capsule
Both capsules ruptured due to gas overload
Quench failed –> stuck in EHPV union; No gas
Quench failed –> outer capsule ruptured
No gas in capsules
Gas loss during piercing due to operating error
Quench failed –> stuck in EHPV hot zone
Capsule ruptured due to overpressure
Capsule ruptured due to overpressure

Capsule ruptured due to overpressure
Unstable Pressure in EHPV, capsule ruptured due
Unstable Pressure in EHPV, capsule ruptured due
Unstable Pressure in EHPV, capsule ruptured due
No gas in capsule
Capsule ruptured due to overpressure
Inner capsule ruptured due to gas overload. Outer
No gas in capsule
Capsule stuck in EHPV –> no quench
Capsule stuck in EHPV –> no quench
Capsule stuck in EHPV –> no quench

Quench failed –> stuck in EHPV union
No gas in capsule
No gas in capsule

Comment

Note: Experiments labelled with i/o are double capsules running with the same starting material and refer to inner (i) and outer (o) capsule.

Table 6.1: Externally heated pressure vessel (EHPV) experiments
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B
C
B
B
B
B
F
E
B

71.6
106.97
102.37
108.3
99.7
98.8
97.4
98.1
93.3

Table 6.2: Piston Cylinder experiments

1300
1650
1700
1300
900
900
900
900
800

48
48
24
144
240
288
0.08

Graphite recovery failed
B-type Thermocouple drift
Hot spot melted capsule-side
No graphite
No graphite
No graphite
Run together in large-volume Johannes press. Furnace failure caused
melting of 11.53. 11.55 discarded due to unconstrained temperature.
No graphite. Fine black schlieren. Recovery of carbon material failed

Batch SM mass (mg) T (°C) run time (hrs) Comment

Note: Batch refers to the starting material used. Batch B = Tartaric acid; C = Sucrose; E = Sucrose; F = Benzoic acid; SM = Starting material

28.08.2017

09.06.2016
25.11.2016
21.11.2016
06.01.2017
26.01.2017
26.04.2017

Experiment Date
11.01
11.17
11.24
11.26
11.33
11.35
11.53
11.55
11.59
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SUC-Ni-4
SUC-Ni-7
STEA-Ni-2 (old)
STEA-Ni-9
STEA-Ni-11
STEA-Ni-12 (old)
CHOL-Ni-0 (old)
TAC-Ni-0 (old)
Oxa-wet-Ni-0
DOC-Ni-0 (old)
SUC-Ni-0 (old)
STEA-Ni-0 (old)
DOC-Ni-6
DOC-Ni-7
DOC-Ni-8

Experiment

21.07.2017
21.07.2017
06.08.2017

26.06.2017
24.07.2017
4.8.2017
01.08.2017

14.06.2017

date

5

4

1
7
6
3
5
3

1000
1000
1200
1200
1000
1200
600
600
600
600
600
600
1000
1000
1000

n.a.
2
n.a.
n.a.
2.06
2.17
2.03
1.97
2.08
1.931
1.96
2
n.a.
n.a.
n.a.

run time (hrs) T (°C) SM (mg)

Quench failed - tube not released from hook
H2 atmosphere was removed before quenching.
Quench failed - capsule stuck in orifice above water bath
Tube expanded. Cracking during quench. Tube sucked water
Quartz glass cracked
Quartz glass cracked
No gas
No gas
The 600 °C experiments were produced and run together.
No gas
The quartz-tube welding must have been erroneous, as all
No gas
experiments lost gas. Tiny cracks visible at the welding
No gas
No gas
Quench failed - tube shattered
Tube exploded
H2 gas run out

Comment

Note: Ni = Ni-catalyzed experiments; SUC = Sucrose, STEA = Stearic acid; CHOL = Cholesterol; TAC = Tartaric acid; Oxa = Oxalic acid; DOC = Docosane; n.a. = not available

Table 6.3: Box oven and gas mixing furnace
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