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ABSTRACT OF THE DISSERTATION

Theoretical Study of Tellurium Isotope Fractionations in Ore-Forming Systems, and
Studies of Doubly Substituted Isotopologues of Methane

by

Mojhgan Haghnegahdar
Doctor of Philosophy in Geochemistry
University of California, Los Angeles, 2018

Professor Edwin Arthur Schauble, Chair

This thesis encompasses three research projects on the stable isotopes of tellurium
and multiply substituted isotopologues of methane. In the first project (Chapter 2), I used

theoretical techniques to predict tellurium isotope signatures of ore formation processes.

In this study, equilibrium mass-dependent isotopic fractionation among Te-bearing
species relevant to the formation of precious-metal ores is estimated with first-principles
thermodynamic calculations. This work is the first theoretical study on the isotope

fractionation of tellurium in ore-forming systems.

In the second project (Chapter3), I investigated the potential of *CH,D and
12CH2D2, the doubly substituted mass-18 isotopologues of methane, as tools for tracking

atmospheric methane sources and sinks. Methane is the most abundant organic chemical

il



and the second most important long-lived greenhouse gas in the atmosphere. It also has a
significant impact on the chemistry of the troposphere and stratosphere. However, there
are large uncertainties in the sources and sinks of methane to the atmosphere, as well as
in their variability in time and space. I used electronic structure methods and initial
isotopologue abundance measurements, from the UCLA Nu Panorama and other
laboratories [Stolper et al., 2015; Wang et al., 2015; Young et al., 2017], to estimate
kinetic and equilibrium isotope signatures for *CH,D and "*CH,D,. Then I predicted the
abundances of singly and doubly substituted methane species in atmosphere in different
scenarios using a whole-atmosphere box model. This study is the first model ever to
describe the atmospheric methane budget that includes both doubly substituted
isotopologues, “CH,D and *CH,D,.

The third project (Chapter 4) focused on measuring 13CH3D and 12CH2D2 in
methane samples from natural boreal lakes, collected in Alaska, Canada, and Siberia.
Wetlands are among the largest methane sources, and they will need to be characterized
as part of the construction of any realistic global budget of CH,D and '*CH,D,. In this
project all measurements were performed using gas chromatography and a high-

resolution gas-source multiple-collector mass spectrometer (the UCLA Nu Panorama).

Finally, these data are combined with recent predictions of future emissions growth to
model the likely impacts of boreal lakes on the future atmospheric CHy4 isotopologue
budget up to year 2100. In addition to testing our model atmospheric budget, doubly

substituted isotopologue measurements of CH, appear to provide information about the

likely production mechanism for natural CH, samples.
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Chapter 1. Introduction



Stable isotope abundances have been commonly used as geochemical tracking
tools. Traditional stable isotope analysis focuses on the isotopes of the light elements,
including H, C, N, O, and S [Valley et al., 2001], whereas non-traditional stable isotope
geochemistry usually involves isotopes of heavier elements. The extension of stable
isotope geochemistry to heavier elements has been greatly aided by the development of
multi-collector inductively coupled plasma mass spectrometry (MC-ICPMS) [Schauble,
2004]. Factors expected to control the degree of isotope fractionation in traditional and
non-conventional stable isotopes in various processes include: the relative mass
difference between isotopes, volatility, changes in oxidation state, and sensitivity to
biological factors. Stable isotopes, traditional and non-traditional, have had a wide range
of applications in geology and geochemistry.

Additionally, stable isotopes have been valuable tools for solving biogeochemical
problems including environmental and atmospheric analysis. Stable isotopes can track
both sources and sinks of biologically significant elements and molecules helping
geochemists to understand the global cycles of elements such as carbon and nitrogen.

1.1 Introduction to chapter 2

Chapter 2 presents a theoretical study of equilibrium stable isotope fractionation
for tellurium. The goal of this chapter is to model tellurium isotope signatures relevant to
ore formation process, especially in gold deposits. Recent developments in analytical
instruments, including MC-ICP-MS, have made measurements on tellurium possible in
both terrestrial and meteorite samples [Fornadel et al., 2014 and 2017; Fehr et al., 2005,
2009, and 2018, Moynier et al., 2009].

The motivation for this work is investigate whether tellurium isotope



geochemistry can shed light on the formation process of epithermal and orogenic gold
telluride-bearing deposits, and thus indirectly on gold mineralogy. Tellurium (Te) bonds
with gold (Au) in more minerals than any other element, however the formation and
transport process for bringing Te and Au to the site of mineralization still are not clear.
The focus of this study is tellurides [compounds with Te (-II)], which are most common
in magmatic and hydrothermal ore deposits, along with gas phase species. Prior to this
study, the theoretical study on isotope fractionation of tellurium goes back to 1968 and
was limited to several gas molecules [Smithers and Krouse; 1968]. The present study
benefited from advice given by Edwin Schauble. Edwin Schauble also performed the
PBC model calculations as well as writing the related section. In addition, this work is
part of a collaboration with Paul Spry and Andrew Fornadel from Iowa state university,
who made Te isotope measurements on minerals. Two manuscripts have already been
published on the measurements [Fornadel et al., 2014; and 2017]. Some initial results of
the theoretical study have also been published as part of a paper led by our collaborators

[Fornadel et al., 2017]. We plan to publish this chapter separately.

1.1.1 Equilibrium stable isotope fractionation

When a chemical process induces isotopic fractionations, isotopic signature can
be a potential tool for learning about that process.

For the general case of thermodynamic equilibrium involving with isotope

exchange reaction between two substances, for instance XA and XB [Schauble, 2004]

lightxe Ay heavyyrpy s heavyr A 4 lightyepy (1)

The equilibrium constant (Kq) for the above reaction is:



q — (lightx A) (heavyxp) - Ryp

K. (2)

The isotope fractionation factor (a) for "™ X/™*¥ X between two substances XA and XB
P

is defined as the ratio of the two isotope ratios

__ Rxa
AxA-xB = Rxp ©)

Therefore, o is related to K4 for isotope exchange reactions (as long as one atom is

exchanged and symmetry numbers are ignored):

— 4
Keq = Qxa—xB -
A simplified equation for estimating mass-dependent fractionation assuming rigid

rotation and harmonic vibrations only needs frequencies:

3n— 6 1—exp (-Ui) -
= 1lij= X Bigel M 1947].
p = i= e p( )1—exp(—Ui) [Bigeleisen & Mayer, 1947]. (5)

In this equation, f (the reduced partition function ratio between the isotopic forms) is the
fractionation factor of the molecule relative to an ideal atomic gas, n is the number of

atoms in the molecule, 3n-6 is the number of vibrational frequencies in the molecule (for

a linear molecule it is 3n-5), U; is kh—vT for the ith vibrational mode (4 is Planck’s constant,
B

v is vibrational frequency, kg is Boltzman’s constant), and U;* is the analogous term for
the molecule substituted with a heavier isotope. A fractionation factor (o) between two

substances A and B can be calculated using reduced partition function ratios (f) as:

— Ba
@=L (6)

As a quantum mechanical phenomenon, equilibrium mass-dependent isotopic

fractionation is primarily determined by changes in molecular and crystalline vibrational



frequencies when one isotope is substituted for another [Urey, 1947]. However,
measurements of vibrational frequencies have been limited mostly to simple molecules,
as vibrational frequencies are often hard to measure for natural and complicated systems,
including minerals and crystals. First-principles methods have been able to provide

theoretical estimation of the frequencies for molecules with even more than 100 atoms.

1.2 Introduction to chapter 3 and 4

The later parts of this thesis (chapters 3 and 4) focus on the study of doubly
substituted isotopologues of atmospheric methane. The overarching goal is to use CH,D
and '*CH,D, to track the methane budget in the atmosphere, including sources and sinks,
and their variability in time and space. For instance, recent increases in atmospheric
methane concentrations could be caused by increased emission, decreases in *OH that
reacts with CHy to remove it from the atmosphere, or a combination of both. Therefore,
tracing atmospheric methane and developing a model based on its chemical behavior in
the atmosphere could be useful for studies of climate and atmospheric chemistry.
Identifying atmospheric methane sources and sinks could help understand and ultimately
control CH4 emission to the atmosphere. The work described in the last two chapters is
motivated chiefly by the recent discovery of clumped isotope signatures of methane.
High-precision isotopic measurements are now possible for not only all elements on the
periodic table, but also for doubly substituted isotopologues of molecules such as
methane. Doubly substituted methane isotopologue signatures are a potential tool for
distinguishing between methane sources [Ma et al., 2008; Stolper et al., 2014a; Wang et

al., 2015; Young et al., 2016, 2017; Haghnegahdar et al., 2017].



The consequence of increasing atmospheric methane concentration on global
climate is an important social concern. Although the magnitudes of various sources and
sinks in the global methane budget have been estimated, there are still considerable
uncertainties in individual sources and their rates of change, especially during recent
decades. More work is needed to reliably characterize sources and sinks. Chapter 3 and 4
of this thesis investigate the potential of using ?CH;D and '*CH,D, abundances in the
atmosphere as a new tool to track atmospheric methane sources and sinks. Chapter 3 has
been published as a manuscript [Haghnegahdar et al., 2017]. This work has benefited
from advice given by Edwin Schauble and Edward Young, who are the co-authors of the
published manuscript.

Wetlands are among the largest methane sources. The goal of this final chapter is
to better understand the atmospheric global budget by measuring *CH;D and '*CH,D; in
natural methane samples from boreal wetlands (using the UCLA Nu Panorama). We then
combine the data with recent predictions of future emissions growth to model the likely
impacts of boreal lakes on the future atmospheric CH,4 isotopologue budget up to year
2100. Methane samples analyzed in this work were collected from high latitude lakes by
Katey Walter Anthony (from University of Alaska Fairbanks). Samples were measured
with the help of Issaku Kohl and Jabrane Labidi. Potential electron acceptors in various
depths of two of the lakes in Alaska, were evaluated by Matthias Winkel (GFZ German
Research Centre for Geosciences). This study has benefited from advice given by Edwin
Schauble and Edward Young, and also collaboration with Katey Walter Anthony, Issaku
Kohl, and Jabrane Labidi, and Matthias Winkel who are all co-authors on the manuscript

that is being prepared based on this chapter.



1.2.1 Singly and doubly substituted isotope signatures

The & and A for methane isotopologues in %o are:

5 = (P _ 1)(1000%0) 7)
standard
Jj

A = (2 1)(1000%0) (8)

]Rstochastic

where R represents abundance ratios '“CH3;D/'’CHy4 or '*CH,D,/'’CHy4 for a sample,
standard (Standard Mean Ocean Water (SMOW) for hydrogen and Pee Dee Belemnite
(PDB) for carbon) , or stochastic equivalent. D/H and *C/"*C ratios for the stochastic
reference for each gas are calculated solely from the abundance ratios '*CH;D/'*CH, and
BCHy/"*CH,, i.e. D/H=1/4("*CH;D/"*CHy) and *C/"*C="CH4/'*CHj as explained below.

X"C and X(D) are respectively, the fraction of >C and D:

13 . 13C
XBC =5 ©)

D
X(D)=——. (10)

The random distribution of methane isotopologues are estimated probabilistically as:

X("CH,) = X("C)(X(H))’ (11)
X(“CHy = X("C)(x(H))’ (12)
X(CH;D) = 4X("°C)(X(H))’(X(D)) (13)
X("CH;D) = 4X("C)(X(H))’(X(D)) (14)
X(“CH:D») = 6X("“C)(X(H))’(X(D))". (15)

For the exchange reactions, equilibrium abundances of isotopologues are

calculated assuming harmonic vibrations and rigid rotation:

BCH, + “CH;D = "“CH, + “CH;D (16)



_[°CH,D][""CH,]

- 17
eq [13CH4][12CH3D] ( )
and
2 2CH;D = "“CH,+ “CH,D, (18)
12 HD 12 H
K_[sz][C4]_ (19)

eq [12CH3D]2

By substituting the fractional abundences (Egs. 11, to 15) in Eqgs. 17 and 19, K., can be

evaluated as:

_ ZEOEEPEO) XPFOXED* _ 20
€d T 4x(12¢)(X(H))3(X(D)) X(1B3C)(X(H)* 20)

and

6X(2OXHN X O X(2Ox@EN* 6 _3 51
€d T 4x(120)(X(H))3(X(D)) 4X(12C)(X(H))3(X(D)) 16 8 @h

These equilibrium constants are sensitive to temperature, with Keq(l3CH3D) ~ 1.007 and
Keq(IZCHzDz) ~ 1.02 x (3/8) at ~300K, where Keq(lzCHzDz) = 3/8 represents the

stochastic distribution of isotopologues.

All electronic structure calculations in this thesis are made using the Gaussian09 software

package (Gaussian 09: AM6 4 L-GO9RevB.01 12 August 2010) on the UCLA Hoffman2

cluster.
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Chapter 2. First-principles Models of Equilibrium Tellurium Isotope
Fractionation

Abstract

We present theoretical models of tellurium isotope signatures, which are of
interest as geochemical tracers for ore forming processes. Tellurium has a unique crystal-
chemical role as a bond partner for gold and silver in epithermal and orogenic gold
deposits. We predict *°Te/'**Te isotope fractionations in representative tellurium-bearing
species and crystals of varying complexity and chemistry, combining gas-phase
calculations with supermolecular cluster models of aqueous and solid species. These in
turn are compared with plane-wave density functional theory calculations with periodic
boundary conditions. In general, "*¥Te/"¢"Te is predicted to be higher for more oxidized
species, and lower for reduced species, with *°Te/'**Te fractionations as large as 3%o at
100°C between coexisting Te (IV) and Te (-II) or Te (0) compounds. We compare the
predicted fractionations with observed isotopic compositions, however, these data are not
well suited make any conclusive statements about fractionation processes. More focused
experimental investigations on naturally occurring redox pairs (i.e., Te (0) or Te (-II) vs.

Te (IV) species) are needed.
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1. Introduction

In this study, we model equilibrium "*Te/'*Te isotope fractionations in naturally
occurring tellurides and tellurium species, to investigate their potential as a geochemical
tool to understand gold ore formation.

Understanding ore formation has always been an important research area in
geochemistry. Isotopic signatures of some members of the chalcogen group, including
sulfur and selenium, have already been used as geochemical tracers to better understand
the process of ore formation [e.g., Fry, 1988; Johnson, 2004; Cook et al., 2009]. Their
broad range of oxidation states and bond partners are important factors making them
favorable for these studies [Li and Liu, 2011]. However, the isotopic behavior of
tellurium, the heaviest stable chalcogen, is largely unstudied [Smithers and Krouse, 1968;
Fehr et al., 2004; 2018; Fornadel et al., 2014; 2017].

Tellurium, with atomic number 52, is located below selenium in the chalcogen
group. It has an outer electron configuration of 5s> 5p” in its neutral atomic ground state.
Tellurium has eight naturally occurring stable isotopes: '*’Te(0.09%), '**Te(2.5%),
BTe(0.9%), '**Te(4.6%), 2 Te(7.0%), '*°Te(18.7%), **Te(31.8%), and *°Te(34.5%),
and forms inorganic and organic compounds with oxidation states (-II), (-I), (0), (+II),
(+IV), and (VI) [Chivers and Laitinen, 2015; Knockaert, 2012].

With an estimated crustal abundance of 1pg/kg [Grundler et al., 2013], tellurium
1s one of the rarest stable solid elements in the Earth’s crust and ocean water; however, its
cosmic abundance is as great or greater than that of any other element with an atomic
number higher than 40 [Cohen, 1984; Grundler et al., 2013]. Te (VI) and Te (IV) are the

most thermodynamically stable oxidation states at the Earth’s surface [Chasteen et al.,
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2009]. Tellurium has a scavenging-type distribution in the ocean; occurring
predominantly as Te (VI). This means thermodynamically stable Te (IV) is less abundant
than Te (VI) in ocean water because of preferential scavenging of Te (IV) by FeOOH in
Fe-Mn crusts and colloids in the water column [Hein et al., 2003].

Tellurium is most characteristically found as tellurides in ore deposits, More than
50 different Te-bearing minerals have been identified [Lueth et al., 2015]. Tellurides, (Te
(-1, -II)) and native tellurium (Te (0)) are found in primary hypogene deposits, whereas
tellurates (Te (VI) and Te (IV)) occur in secondary supergene deposits. Secondary Te
minerals are relatively rare due to the high stability of native tellurium and many
tellurides in weathering environments [Lueth et al., 2016]. The association of tellurium
with gold is well recognized. In epithermal gold deposits a substantial amount of gold is
chemically bound with tellurium in addition to being found in the native form [Nikolaev
et al., 2013; Grundler et al., 2013]. An example is the Kalgoorlie gold mines, one of the
largest gold system in the world, with more than 1,457 tons of gold deposits [Shackleton
et al., 2003]. The Golden Mile deposit, Kalgoorlie, Australia, tellurides are responsible
for approximately 20% of gold production, in the form of at least 19 tellurium-bearing
minerals including the precious metal tellurides, calaverite, krennerite, sylvanite stiitzite,
petzite, hessite, montbrayite, and nagyagite [Shackleton et al., 2003].

Tellurides of different elements including Au, Ag, Bi, Pb are reported as trace
minerals in gold deposits [Ciobanu et al., 2006]. This association, along with high Te:Au
ratios in many hydrothermal ores, suggests that hydrothermal fluids can carry significant
amounts of Te [Grundler et al., 2013]. Although it is known that gold telluride deposits

generally result from low temperature (<300°C) hydrothermal processes, the mechanism
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of telluride precipitation is still unclear [Cook, 2009]. Cooke and McPhail [2001]
proposed vapor phase transport of Te, with condensation of Te, (g) and H,Te (g) into
precious metal tellurides as a possible mechanism for telluride precipitation. In this
model, the phase change process during evolution, separation, and re-condensation of the
vapor phase could induce an isotopic signature on Te. On the other hand, aqueous Te
(IV) species such as H;TeOs may play a role in transportation of tellurium to form Te (-
II)-bearing crystals in epithermal and orogenic gold deposits as the dominant Te-bearing
species in hydrothermal solutions [Grundler et. al., 2013]. Based on this model, if Te in
hydrothermal fluids is transported as Te (IV) species then a reduction process could be
responsible for the formation of Au-tellurides. In this case, strong isotopic fractionation
could result from the reduction of mobile Te (IV) species to Te (-II), (-I), and (0) in
crystals. A third possibility is that Te is transported in reduced form in the liquid phase,
for instance in the form of polytelluride complexes (Te,™), and is then precipitated as Au-
tellurides during cooling of hydrothermal fluids [Grundler et. al., 2013]. This would
involve more subtle or only partial redox reaction for Te, and large isotopic fractionations
would not be expected in this scenario. Therefore, isotope fractionation of tellurium may
be a good tool for tracing the transport process. Recent developments in analytical
chemistry have made precise isotope measurements of Te possible. Tellurium isotope
variations have been studied in both terrestrial and meteorite samples [Fornadel et al.,
2014; 2017; Fehr et al., 2005; 2009; 2018; Moynier et al., 2009].

There is no recent theoretical study on the isotope fractionation of tellurium in
ore-forming systems. Published thermodynamic models of tellurium isotope

fractionations have been limited to small gas-phase molecules, including a few charged
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molecules analogous to aqueous species, with no direct modeling of crystals or more
complex molecules. Previous theoretical calculations indicate that Te-isotopic
fractionation is sensitive to differences in bond partner, bond stiffness, coordination
number, bond length, and oxidation state [Bigeleisen and Mayer, 1947; Smithers and
Krouse, 1968]. In order to better understand potential isotopic signatures of Te-transport,
reaction, and precipitation, we use first-principles theoretical models to estimate isotope
fractionations between different tellurium-bearing crystals, along with gas and aqueous
species, mainly using hybrid density functional theory (B3LYP) [Becke, 1993]. These in
turn are compared with isotope fractionations estimated with plane-wave density
functional theory using periodic boundary conditions. We expanded our study to different
tellurides to shed light on the effective factors on tellurium fractionation in these types of
crystals including different structural properties, bond lengths, and oxidation states.

2. Methods

We model mass-dependent fractionation following the standard approach, i. e.
assuming harmonic vibrations

3n-6U 1-exp (-Uj) L
ﬁ =11;=1 exp( ) T—exp(—U) [Bigeleisen and Mayer, 1947].

In this equation, £ is the fractionation factor of the molecule relative to an ideal gas, #n is

the number of atoms in the molecule, 3n-6 is the number of vibrational frequencies in the

molecule (for a linear molecule it is 3n-5), U; is :—UT for the ith vibrational mode (% is
B

Planck’s constant, v is vibrational frequency, kz is Boltzman’s constant), and U;* is the

analogous term for the molecule substituted with a heavier tellurium isotope. A
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fractionation factor (o)) between two substances can be calculated using reduced partition

B1
B2’

function ratios (f) as: a =

By using the Bigeleisen and Mayer [1947] equation, we assume that fractionation
of tellurium isotopes in different species including crystals and molecules is governed by
small differences in the vibrational energies of substituted molecules (i.e. mass dependent
fractionation). Clusters and molecules with heavier isotopes vibrate at lower frequencies
and have a correspondingly lower zero-point energy compared to species substituted with
lighter isotopes. Therefore, for each isotopic substitution reaction, vibrational (phonon)
Helmoltz free energy can be used to estimate the driving energies such that isotopic
fractionations can be estimated by knowing the isotope effects on vibrational frequencies.
Unfortunately, vibrational frequencies for crystals and isotopically substituted Te-bearing
species are not well known. In order to overcome these problems and limitations, first
principles electronic structure calculations can be used to create vibrational models of
species such as gas-phase molecules, solutes, and crystals.

Previous work has shown that observed equilibrium isotopic fractionations of
other elements can be predicted with useful accuracy using the first-principles electronic
structure and lattice dynamical modeling [e.g., Schauble et al., 2009; Meheut et al., 2007;
Rustad et al., 2010]. These techniques are used for Te here.

In general, we adopted a cluster-based approach that is similar to Rustad et al.
[2010]. In order to mimic the crystal-chemical environment of tellurium atoms in
telluride minerals, we construct clusters consisting of a core group of atoms of a central

tellurium surrounded by nearest neighbors, a 2nd-nearest neighbor coordination shell, and

finally partially charged atoms added outside the 2™ shell to satisfy dangling bonds and
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neutralize the net charge of the cluster. It is worth mentioning that in their model, Rustad
et al. [2010] considered the 2™ and 3" nearest neighbors explicitly, and so they generally
worked with larger clusters than in the present study.

Core atoms are modeled with the greatest care, using medium-sized or larger
basis sets to achieve reasonable accuracy. The atoms in the inner core are initially set at
positions corresponding to measured X-ray crystal structures, and then allowed to relax to
find their minimum-energy configuration. The force-constant (Hessian) matrix is then
calculated for vibrational analysis of the relaxed structure. Atoms outside the core are
treated in a more simplified way, and are fixed in position and not included in the
vibrational analysis. This fixed shell is then surrounded on the outside by a mantle of
pseudo-hydrogen atoms placed along each dangling bond at a distance of 1.5A, with
partial charges corresponding to the Pauling bond order of the dangling bond (Figure 1).
Outer-shell and pseudo-atom electronic structures are approximated with a small basis set
(LANL2DZ) [Dunning and Hay, 1977; Wadt and Hay, 1982a; b]; Rustad et al. [2010]
used a similar-sized basis set (3-21G) in their preceding work on Ca and Mg in carbonate
minerals. All molecular and supermolecular calculations used the Gaussian09 software
package [Gaussian 09: AM64L-GO9RevB.01 12-Aug-2010]. Clusters representing
calaverite (AuTe,; [Schutte et al., 1988]), hessite (AgxTe; [Schneider et al., 1993]), altaite
(PbTe; [Noda et al., 1987]), CdTe [Zachariasen, 1926], and native tellurium (Te;
[Bradley, 1924]) are modeled. These minerals are chosen to represent the most common
and/or economically significant minerals and mineral types. Table 1 and Figure 1 present

the designed structures for these clusters.
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Table 1- Modeled supermolecular clusters representing different tellurides and native Te
with details of their cores, 2™ layer shell, and outer layer.

Cluster Core 2" Shell Outer layer
(partially charged H)
Hessite (Ag,Te) Te bonded to 8 Ag 14 Te 88
Altaite (PbTe) Te bonded to 6 Pb 18 Te 78
CdTe Te bonded to 4 Cd 12 Te 36
Calaverite (AuTe,) Te bonded to 6 Au 25 Te 42
Native Te Te bonded to 2 Te 20 Te 14

Along with the clusters, we modeled gas phase molecules and aqueous species,
including TeFs, HeTeOs, HsTeOg, HyTeOs, TeOs>, HyTe, and Te,. They were chosen to
span a range of oxidation states and include species potentially relevant to hydrothermal

transport.
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Figure 1- Clusters of (a) calaverite (AuTe;,), (b) altaite (PbTe), (c) native Te along with
(d) H,Te, and (e) H,TeO3; molecules

All models presented in detail here are constructed using hybrid density-
functional theory (B3LYP; [Becke, 1993]) and the Def2-SVPD basis set [Rappoport and
Furche, 2010], which seems to provide reasonably accurate results at moderate
computational cost. This is indicated by good agreement with test calculations using
larger (and presumably more accurate) basis sets such as Def2-TZVP [Weigend and
Ahlrichs, 2005], cc-pVTZ [Dunning and Woon, 1993], and aug-cc-pVDZ [Dunning,
1989] and also with measured vibrational spectra of gas phase molecules.

Reduced partition function ratios for some crystalline species (native Te, cubic
CdTe in a sphalerite-type structure, PbTe altaite, AuAgTes sylvanite, AuTe, calaverite,
and Ag,Te hessite) are also estimated using density functional theory (DFT) with
periodic boundary conditions. For calaverite we have assumed a 12-atom local unit cell
structure derived from the 24-atom superstructure proposed by Krutzen and Inglesfield
[1990], which approximates the estimated incommensurate modulation of the actual
structure. The average calaverite unit cell structure and its high-pressure modifications
were previously studied with similar modeling methods [e.g., Caracas and Gonze, 2004].

In general, our procedure for periodic boundary condition calculations is similar
to previous work on C-""O clumping and **Mg/**Mg fractionation [Schauble et al.,
2006; 2011]. The present calculations use Vanderbilt-type ultrasoft pseudopotentials to

describe inner-shell electrons and plane-wave basis sets to describe valence and near
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valence electrons [Vanderbilt, 1990]. Pseudopotentials are taken from publicly available
libraries, including the PSLibrary for tellurium [Te.pbe-dn-rrkjus psl.1.0.0.UPF; Dal
Corso, 2014] and the GBRYV library for other elements [Garrity et al., 2014]. The
PSLibrary pseudopotential for tellurium is chosen because it includes semi-core 4d
electrons in the active valence, and seems to reproduce molecular structures and
vibrational frequencies somewhat more accurately than the GBRV pseudopotential. We
use the PBE gradient-corrected density functional of Perdew et al. [1996]. Model
calculations are performed with the Quantum Espresso software package [Giannozzi et

al., 2009; http://www.quantum-espresso.org], using the UCLA Geochemistry and

Astrobiology computing cluster. The kinetic energy cutoff for plane wave basis sets is 82
Rydberg (1116 eV), a high value, to ensure reasonable convergence in electronic energies
and phonon frequencies. Phonon frequencies are calculated at the center of the Brillouin
zone and at other high-symmetry wave vectors for comparison with published infrared,
Raman, and neutron-scattering spectra. Grids of non-zero phonon wave vectors are used
to estimate the effect of Te-isotope substitution on the Helmholtz free energy for each
crystal, and then to calculate reduced partition function ratios for isotope exchange
crystal [Elcombe and Hulston, 1975]. Comparisons to published spectroscopy data for
native Te [Powell and Martel, 1975], ZnTe [Vagelatos et al., 1974], cubic CdTe [Rowe et
al., 1974], and PbTe-altaite [Cochran et al, 1966] suggest that the DFT models
systematically underestimate phonon frequencies by approximately 6%, and a best-fit
scale factor of 1.06 has been applied in all calculations of reduced partition function

ratios with plane- wave basis sets. This scale factor is similar to ones used in previous

21



studies of oxide, carbonate, and silicate minerals using the PBE functional [e.g.,
Widanagamage et al., 2014; Schauble, 2011].

For PbTe altaite, we also estimated reduced partition function ratios using a
published empirical lattice-dynamics model based on harmonic and coulomb potentials
fit to measured phonon dispersion and elastic properties [Cochran et al., 1966; Model 3].
For cubic CdTe, we estimated reduced partition function ratios using an analytic
Stillinger-Weber potential fit to previously published DFT phonon calculations using a
local density functional [Han and Bester, 2017]. Calculating phonon frequencies with
these potentials requires much less computational effort than the DFT models, so it is
possible to sample a large number of phonon wave vectors. The results listed below for
PbTe altaite and cubic CdTe are based on shifted 8x8x8 Monkhorst-Pack grids containing
120 distinct phonon wave vectors.

3. Results and Discussion

3.1. Basis sets effects on cluster models

We performed test calculations using six basis sets of varying size for core atoms
in each cluster, including Def2-TZVP [Weigend and Ahlrichs, 2005; Metz et al., 2000;
Peterson et al, 2003; Andrae et al., 1990], cc-pVTZ-PP [Peterson et al., 2003; Peterson
and Puzzarini, 2005; Peterson, 2003], aug-cc-pVDZ-PP [Peterson et al., 2003; Peterson
and Puzzarini, 2005; Peterson, 2003], Def2-SVPD [Rappoport and Furche, 2010; Metz et
al., 2000; Peterson et al, 2003; Andrae et al., 1990], cc-pVDZ-PP [Peterson et al., 2003;
Peterson and Puzzarini, 2005; Peterson, 2003], and LANL2DZ [Dunning and Hay, 1977;
Wadt and Hay, 1982a; Wadt and Hay, 1982b]. In general, we found that fractionation

factors estimated using medium-sized versus larger basis sets (i.e. all but LANL2DZ) for
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the core structure agrees quite well with each other. Table 2 is a comparison of results

using the B3LYP model chemistry and different basis sets at 100°C for several different

clusters. Table 3 shows the same test for gas-phase species. In both cases, results based

the Def2-SVPD basis sets [Rappoport and Furche, 2010; Metz et al., 2000; Peterson et al,

2003; Andrae et al., 1990], are in a good agreement with those produced by larger basis

sets.

Table 2- Calculated reduced partition function ratios for cluster molecules using B3LYP

chemistry model and different basis sets at 100°C.

PbTe | CdTe | AgTe AuTe, Te
Def2-TZVP 1.00069  1.00128  1.00101  1.00149  1.00063
cc-pVTZ-PP 1.00073  1.00127  1.00103  1.00146  1.00065
aug-cc-pVDZ-PP | 100073  1.00127  1.00102  1.00141  1.00066
Def2-SVPD 1.00072  1.00123  1.00104  1.00142  1.00070
cc-pVDZ-PP 1.00077  1.00130  1.00105  1.00146  1.00066
LANL2DZ 1.00075  1.00136  1.00109  1.00164  1.00059

Table 3- Calculated reduced partition function ratios for gas species using B3LYP
chemistry model and different basis sets at 100°C.

TeF, H¢TeO; | HsTeOg | HyTeO; | TeOs> H,Te Te,
Def2-TZVP | 1.00956 1.00766  1.00715 1.00467 1.00465 1.00108  1.00075
cc-pVTZ 1.00969 1.00772  1.00718 1.00461 1.00468 1.00107  1.00075
aug-cc- pVDZ | 1.00889 1.00722  1.00666 1.00430 1.00412 1.00107  1.00073
Def2-SVPD | 1.00904 1.00720  1.00669 1.00423 1.00405 1.00104  1.00074
cc-pVDZ 1.00940 1.00765  1.00716 1.00437 1.00452 1.00107  1.00074
LANL2DZ | 1.00813 1.00757  1.00711 1.00404 1.00392 1.00105  1.00058

For native tellurium the difference between the cc-pVTZ-PP and the Def2-SVPD

model results is 0.03 %o at 100°C (Figure 2). Small basis sets like LANL2DZ do not

agree as well, however. Tellurium clusters terminated by hydrogen atoms are within ~

0.11 %o of partial-H terminated models (using Def2-SVPD); the results for both
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positively and negatively partial-H terminated models are not significantly different from

each other (Figure 2).

500 353 288

Def2-SVPD (H terminated)

Def2-SVPD(partial - charged H)
Def2-SVPD(partial + charged H)
cc-PVDZ-PP

aug-cc-PVDZ-PP

PBC Model

cc-PVTZ-PP

Def2-TZVP

1.0012

1.0008
LANL2DZ

BNative Te

1.0004

1.0000

Figure 2- Calculated reduced partition function ratios comparing models of native-Te
using different basis sets, with terminating hydrogen atoms or partial charges (B3LYP
model and PBC model).
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3.2 Effects of model chemistry

We also tested different model chemistries in addition to B3LYP, including RHF
(Hartree-Fock [Hartree, 1928], and MP2 (second-order Mgller-Plesset theory [Meoller and
Plesset, 1934]. A comparison of the test results at 100°C using the Def2-SVPD basis sets
are shown in Table 4 and 5 for clusters and gas molecules, respectively. The choice of
model chemistry, and particularly B3LYP vs. MP2, appears to have little effect on
calculated fractionation factors.

Table 4- Calculated reduced partition function ratios for cluster molecules comparing
different model chemistry, using Def2-SVPD basis set at 100°C.

PbTe | CdTe | Ag2Te | AuTe Te
RHF 1.00076  1.00145 100116  1.00170  1.00105
B3LYP | 1.00072  1.00123 1.00104  1.00142  1.00070

Table 5- Calculated reduced partition function ratios for gas species comparing different
model chemistry, using Def2-SVPD basis set at 100°C.

TeFs H¢TeOs | HsTeOg | H,TeO; TeO;” H,Te Te,
RHF 1.01150 1.00929  1.00879  1.00527 1.00539  1.00117  1.00096
B3LYP 1.00904 1.00720  1.00669  1.00423 1.00405  1.00107  1.00074
MP2 1.00947 1.00755  1.00708  1.00449 1.00426  1.00112  1.00062

3.3 Discussion

Our testing indicates that B3LYP [Becke, 1993] and the Def2-SVPD basis sets
[Rappoport and Furche, 2010; Metz et al., 2000; Peterson et al, 2003; Andrae et al., 1990]
are reasonably accurate, while also being computationally efficient. Calculated
fractionations for gas-phase species (Table 6) using this combination are in good
agreement with previously reported theoretical estimates [Smithers and Krouse, 1968]. At
100°C, TeOs>, Te,, and HyTe are within ~1%o of their results, and show the same order

of **Te enrichment. For TeF, our estimation is ~1.6%o lower than their value.
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Table 6- Calculated reduced partition function ratios for gas-phase molecules. All models
shown were calculated at the B3LYP/Def2-SVPD level.

Molecule | 298K | 373K | 500K | 1000K | Smithers & Krouse (373K)

TeFs 1.01356 1.00904 1.00522 1.00134 1.01060
H¢TeOq 1.01078 1.00716 ~ 1.00413 1.00108
HsTeOq 1.01008 1.00669  1.00386 1.00100
H,TeO; 1.00638 1.00428  1.00249 1.00065

TeOs” 1.00609 1.00405  1.00234 1.00061 1.00469
H,Te 1.00140 1.00104  1.00068 1.00023 1.00098
Te, 1.00115 1.00074  1.00041 1.00010 1.00079

Vibrational frequencies and molecular structures in gas-phase molecules TeFs,
H,Te, TeOs>, and Te, match reasonably well with measured values [Claassen et al.,
1970; Siebert et al., 1955; Gomez and Jensen, 1997; Barrow and Parcq, 1972] (Table 7).
In the case of TeFs, there is an up to 10% offset from measured frequencies. For TeOs*
there is also a similar difference between modeled frequencies and measured values. For
H,Te, ~2% disagreement in determined frequencies compared to the harmonic frequency
values is observed, and for Te, the disagreement is ~1%. Disagreements between
experimental and ab initio theoretical frequencies have long been noted [Pople et al.
1993; Scott and Radom 1996; Schauble, 2004; Merrick et al., 2007; Alecu et al., 2010].

In order to correct the underestimation of model frequencies, we considered
applying a frequency scaling factor. There have been numerous studies on using scale
factors to improve agreement between computational and experimental frequencies
[Pople et al. 1993; Scott and Radom 1996; Merrick et al., 2007; Alecu et al., 2010]. Alecu
et al. [2010] determined general scale factors for vibrational harmonic and fundamental
frequencies using a wide variety of different chemistry models and basis sets. Their
recommended scale factors for B3LYP/Def2-TZVP are, respectively, 0.999 and 0.959 for

harmonic and fundamental frequencies [Alecu et al., 2010]. However, the calibration set
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of molecules in these types of studies typically do not include Te-bearing molecules, or
include a very few of them. We evaluated the systematic error and scaling factors for
specifically TeFs, TeOs”, and HoTe (species with available experimental frequencies).
Our best-fit scale factors for TeFs, TeOs>, and H,Te are respectively 1.098, 1.124, and
1.013. We have calculated alternative  factors for these species using these scales
factors. For the purpose of comparison, we also tried simply multiplying experimental

130

frequencies assumed to correspond to the "~ Te isotopologue by the ratio of the modeled

frequencies of the lighter isotopologue (with '*

Te) to the frequencies of the heavy one
(P°Te). At 100°C, for TeFe, results using the best-fit scale factor and isotopologue
frequency ratios both predicts a larger B factor than unscaled frequencies do, by 1.5%o
and 1.4%o respectively. The P factor also increases for TeO;” by ~1.0%o using either
correction approach at 100°C. For H,Te the adjustments are very small, +0.02%o0 and
+0.01%0. On the other hand, applying the recommended general harmonic frequency
scale factor of 0.999 by Alecu et al. [2010] to TeFe, TeOs”, and H,Te resulted in minimal
changes of ~—0.2%o, 0%0, and 0% changes in our calculated B factors at 100°C. Thus,
employing the recommended general scale factor had almost no effect on estimated f3
factors. Notably, Te-bearing molecules appear to behave differently than the general
calibration set of molecules from previous scale factor studies.

The offsets between theoretical and measured vibrational frequencies in TeFs,
TeO;”, and H,Te are different from each other, and they also vary among the different
vibrational modes of each molecule. Consequently, it is not clear that there is a consistent

best-fit scale factor to resolve disagreements between theoretical and measured

vibrational frequencies in these molecules and correct the errors. Therefore, in present
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study we did not use any frequency scale factor for the calculations we report in the
results for gas phase molecules and cluster models.

Table 8 compares calculated fractionations for tellurium crystals using
B3LYP/Def2-SVPD and plane-wave density functional theory models with periodic
boundary conditions (PBC). The cluster result for native Te is ~0.02%o heavier than the
PBC model at 100°C, The differences for altaite, cadmium telluride, hessite, and
calaverite are respectively 0.2 to 0.3%o, ~0.3%o, ~0.4%o0, and 0.6%.. In all cases the cluster
model predicts higher *°Te/'*Te fractionation value compare to PBC. The calculated
P0Te/'*Te fractionation between native Te and PbTe based on the cluster-model is

smaller in comparison to the PBC model prediction (Figure 3).

Table 7- A comparison between vibrational frequencies of TeFs, TeOs>” H,Te, and Te,
B3LYP/Def2-SVPD level in present study with experimental values [Claassen et al.,
1970; Siebert et al., 1955; Gomez and Jensen, 1997; Barrow and Parcq, 1972].

cm’ ‘ Present Study Experimental Values
TeF6
T2U(3) 173.8 197
T2G(3) 271.9 314
T1UQ@3) 290.4 325
EG(2) 621.8 670.3
A1G(1) 624.6 697.1
T1U@3) 692.8 752
Te032'
E(2) 239.3 326
Al(1) 283.5 354
E(2) 654.5 703
Al(1) 670.8 758
H,Te (Harmonic)
Al 893.9 877.9
Al 21134 2146.7
B2 21219 2154.4
Tez
v 2454 247.1
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Table 8- Calculated reduced partition function ratios (B) for crystals at various
temperatures. All cluster models shown here were calculated at the B3LYP/Def2-SVPD
level.

Cluster Model 298K 373K 500K 1000K

CdTe 1.00192 1.00123 1.00069 1.00017

Ag,Te-Hessite 1.00163 1.00104 1.00058 1.00015

PbTe-Altaite 1.00112 1.00072 1.00041 1.00010

AuTe,-Calaverite 1.00221 1.00142 1.00079 1.00020

Native Te 1.00105 1.00068 1.00039 1.00010
Periodic Boundary Conditions (PBC) Model

CdTe (DFT) 1.00152 1.00097 1.00054 1.00014

CdTe (Han & Bester) 1.00150 1.00096 1.00054 1.00013

Ag,Te-Hessite 1.00118 1.00076 1.00042 1.00011

PbTe (DFT) 1.00079 1.00050 1.00028 1.00007

PbTe (Cochran et al.) 1.00064 1.00041 1.00023 1.00006

AuTe,-Calaverite 1.00123 1.00079 1.00044 1.00011

AuAgTe,-Sylvanite 1.00137 1.00088 1.00049 1.00012

Native Te (DFT) 1.00102 1.00066 1.00037 1.00009

In the supermolecular cluster model results, native tellurium is predicted to have
lower *°Te/'*Te than the coexisting CdTe, PbTe (altaite), AuTe; (calaverite), and Ag,Te
(hessite) at all relevant temperatures; however, plane wave calculations show the lowest
130 /125 . . 130 /125 " . .

Te/ ~"Te for PbTe (altaite) (Figure 3). “"Te/ ~Te reduced partition function ratios
estimated by supermolecular cluster-model has the highest value for AuTe,, while it is

the highest for CdTe determined by PBC model (Figure 4).

Consistent with previous studies [Smithers and Kraose 1968, Urey, 1947],
heayTe/ieMTe s expected to be higher in oxidized tellurium species (Figures 5 - 7). For
instance, amongst all calculated species, Te (VI) in TeFs displays the highest and Te (-I1)

and Te (0) in HyTe and Te, the lowest p *°Te/'*Te.
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Figure 3- Calculated reduced partition function ratios for lead telluride and native

tellurium, comparing supermolecular cluster (B3LYP/Def2-SVPD) and periodic
boundary condition density functional theory models (using the PBE functional).
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Figure 4- Calculated reduced partition function ratios for calaverite, hessite, and CdTe
comparing supermolecular cluster (B3LYP/Def2-SVPD) and periodic boundary
condition density functional theory models (using the PBE functional). Also, calculated
value for sylvanite using periodic boundary condition density functional theory models
(using the PBE functional).
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Among Te (IV) species, tellurite (TeO3”) is just 0.23 %o (at 100°C) lighter than
Te (IV) in tellurous acid (HoTeO3). For Te (VI), HsTeOg is 0.46 %o lighter than HsTeOg

at the same temperature (Figure 5).

500 353 288
1.020
1.015 TeFs
2 H,TeO,
@ H:;TeO4
£ 1010
- H,TeO,
Te0,*
1.005
H,Te
Te,
1.000 * native Te
0 4 8 12
106 /T2

Figure 5- Calculated isotope fractionations for molecules, including gas-phase analogues
of hydrothermal species. Crystalline native tellurium is shown for reference (B3LYP/
Def2-SVPD).

The PBC model for sylvanite (AuAgTe,) predicts higher '*°Te/'*Te than in
calaverite (AuTe,) and hessite (Ag,Te) (Figure 7). Estimated bond lengths using cluster
model are in a better agreement with experimental values than PBC model (Figures 8,

and 9).
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Figure 6- Calculated reduced partition function ratios for different crystals, as well as
molecular H,Te, and H,TeOs, using cluster models (B3LYP/Def2-SVPD).
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Figure 7- Calculated reduced partition function ratios for different crystals with periodic
boundary condition density functional theory models (using the PBE functional).
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Calculated fractionation factors decrease with increasing temperature in both gas—
phase species, supermolecular clusters, and periodic-boundary condition models.
B0Te/'*Te fractionations are expected to be ~3-4 %o (at 100°C) between coexisting
Te(IV) and Te (-II) compounds. Among gas-phase species, Te (VI) molecules TeFs,
HeTeOs, and HsTeOq will have the highest B307e/125Te at equilibrium, while Te, and
H,Te are lowest, with 6%o to 8 %o predicted fractionation between Te (VI) and Te (-II)
species at 100°C. Crystalline native tellurium and molecular Te, are identical within the
likely uncertainty of the models. Amongst all the gas molecules with the oxidation states
ranging from -II to +VI, Te, shows the lowest *"Te/'*Te. This suggests that structural
properties of the molecules also play a role.

Calculated isotope fractionations using the cluster method in simple Te (-1I)
telluride crystals (CdTe, Ag>Te, and PbTe) show a strong, roughly linear correlation with
bond length in both models. In general *°Te/'*Te is higher in tellurides with shorter
bond lengths, which presumably corresponds to higher bond stiffness (Figures 8, and 9).
This correlation between bond strength and calculated isotope fractionations can also be
seen in the gas-phase molecules with the same oxidation state of tellurium.

The values of Te/'*Te in Te (IV) species (TeOs™) is predicted to be 3-4%o
higher than in reduced Te species such as calaverite (AuTe,), hessite (Ag,Te), CdTe,
altaite (PbTe), and sylvanite (AuAgTes) at 100°C, suggesting that strong isotopic
fractionation is a likely consequence if Te (IV) species play the role of transporter of
tellurium to hydrothermal deposits. However, kinetic control of fractionation, or
quantitative precipitation of aqueous tellurium species could potentially act to make

observed fractionations smaller than would be predicted at equilibrium.

33



1.0020
1.0017 Experimental Bond Length
Ag,Te
)
&
~  1.0014 Optimized Bond Length
2
. 1.0011
PbTe
1.0008
2.7 2.9 3.1 3.3
Bond Length
A

Figure 8- Calculated reduced partition function ratios using the cluster model
(B3LYP/Def2-SVPD) vs. experimental (red circles [Nod et al., 1987; Wyckoff 1963;
Schneider and Schulz, 1993]) and optimized bond lengths (black squares) for (-1I)
telluride crystals at 25°C.
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Figure 9- Calculated reduced partition function ratios using the PBC model vs.
experimental (red circles [Nod et al., 1987; Wyckoff 1963; Schneider and Schulz, 1993])
and modeled bond lengths (black squares) for (-II) telluride crystals at 25°C.
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Finally, we calculated a as: a = for all the mineral species. For both

Bnative Te

super molecular cluster and PBC models « is the lowest for PbTe (Figures 10 and 11).
The highest a for a telluride, using cluster models, is predicted for calaverite (AuTe,)

(Figure 10).
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Figure 10- Calculated fractionation factors, relative to native tellurium, for crystals based
on cluster models (B3LYP/Def2-SVPD).
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Figure 11- Calculated fractionation factors, relative to native tellurium, for crystals based
on PBC models.
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3.4 Comparison with measurements

Recently, analyses of naturally occurring calaverite and native Te samples in
Cripple Creek, and also sylvanite along with native Te samples in Boulder County were
reported based on multicollector-inductively coupled plasma-mass spectrometry (MC-
ICP-MS) [Fornadel et al. 2014; 2017]. In the lack of internationally accepted standard for
the measurement of Te isotopes, Fornadel et al. [2014, 2017] prepared their own standard
as their reference [Fornadel et al. 2014]. Overall, measured 3'"°Te/'*Te values for
tellurides and native Te in the system Au-Agu-Te systems range from —1.54%o to
+0.44%0 and —0.74%0 to +0.16%o, respectively [Fornadel et al., 2014; 2017]. Values of
§"'Te/'*Te for Te (IV)-bearing tellurites (tellurite, paratellurite, emmonsite, and

poughite) range from —1.58%o to +0.59%o [Fornadel et al., 2017] (Figure 12).
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0.6 $ Cresson Mine
0.4 Cripple Creek
< +Good Hope MIne
0.2 O . .
X Klondike Mine
ﬁ 0 X XRex Mine
g + | |
= Pheonix Cross Mine
~
@ 02 X + +Boulder C
5 O oulder County
w -0.4 Bambolla
Gunnison
-0.6
O Rice Lake
-0.8 Golden Fleece Mine
1 Forest Queen Mine
El Paso Mine
-1.2 May Day Mine
Stutzite Kennerite Petzite Sylvanite Calaverite Native Te .
May Day Mine

Figure 12- 3"*°Te/'*Te values measured by MC-ICP-MS in tellurides and native Te
range from -1.00 to 0.64 %o [Fornadel et al., 2014].
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Although various samples of naturally occurring tellurides and native Te from
multiple sites were analyzed, there are only a few instances where more than one mineral
was analyzed from the same location, and even in these instances the paragenetic
relationships between minerals is not clear. Therefore, the observed range in Te
fractionations may have to do with locality-specific and/or temporal variations, at least in
part.

The measurements of Fornadel et al. [2014] suggest a fractionation in the range of
—0.72%o to —0.33%o for *°Te/'*’Te in calaverite compared to native Te (both collected
from Cripple Creek), while our results using cluster models predict an enrichment of
0.4%o in calaverite at equilibrium with native Te at ~227°C (the likely fluid temperature
[Fornadel et al., 2017; Grundler et al., 2013]). Also, calculations based on the PBC
method predict an enrichment of 0.07%o in calaverite at the same temperature. For the
case of sylvanite compared to native Te (both sampled from Boulder County), the
experimental *°Te/'*Te fractionation is +0.10 %o, close to our prediction of +0.13 %o
based on the PBC model at 227°C (Figure 13).

Cripple Creek is the only location where §"°°Te/'*Te was measured for both
calaverite and native Te. Deposits in the Cripple Creek and Boulder County areas are
epithermal systems related to relatively shallow emplacement of alkaline igneous rocks,
and mineralized between 130° to 270°C [Fornadel et al., et al., 2017]. Conversely,
orogenic deposits have different suites of tellurides, some of which may have formed at

higher temperatures (above 400°C).
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Figure 13- A comparison of observed differences in isotopic composition for calaverite
and sylvanite compared to native Te in Cripple Creek and Boulder County (circle) with
fractionations estimated with cluster models (triangle), and PBC models (star) at 227°C.

Additionally, isotopic compositions of tellurite and native Te collected from
Bambolla were measured, suggesting a tellurite-Te fractionation in the range of —0.84%o
to —0.46%o for *°Te/'*Te [Fornadel et al., 2017], while our cluster models predict an
enrichment of ~2%o in tellurite at equilibrium at 227°C.

Measured fractionation values suggest at most a minor effect of reduction-
oxidation reactions on isotopic fractionation between Te (0) and Te (-I) or Te (-II). Our
calculations however, predict a more profound fractionation for the redox reactions that
might happen during Te-transportation and ore-formation if Te (IV) species are important
in hydrothermal solutions. Overall, the observed experimental isotopic fractionation of Te
is similar to previous studies on magmatic Se [Layton-Matthews et al., 2013], which
could suggest a magmatic source of Te for these samples. Fornadel et al. [2017]
concluded that phase separation and temperature are unlikely to be the primary control on

Te-isotope fractionation. They suggested other factors including the compositions of the
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source rocks and the duration of the mineralization process could play a more important
role. More measurements, especially co-genetic Te pairs representing various oxidation

states, along with controlled laboratory experiments are needed.

Conclusions

Our calculated fractionations for gas-phase species based on hybrid density
functional theory (B3LYP) are in good agreement with previously reported estimates
[Smithers and Krouse, 1968]. Isotope fractionations calculated with hybrid density
functional theory (B3LYP) for gas-phase species and clusters mimicking crystals appear
not to depend greatly on the details of basis set choice. Over a range of temperatures,
native Te is predicted to have lower B0Te/'*Te than the coexisting CdTe, hessite, altaite,
and calaverite. Calaverite is predicted to have the highest **Te/'*Te among the telluride
crystals studied with this model. Plane-wave density functional theory models with
periodic boundary conditions predict that *°Te/'**Te is lower for PbTe (altaite) than other
crystals. It is predicted to be 0.3-0.5 %o lower than in the gold/silver tellurides including
hessite, calaverite, and sylvanite at 100°C. Calculated isotope fractionations using the
cluster model for native Te are in a good agreement with plane-wave density functional
theory models with periodic boundary conditions, and for CdTe show a reasonable
agreement. However, for hessite and calaverite the agreement is poor. There is a strong
relationship between crystal structure, bond strength and isotopic properties. For instance,
calculated isotope fractionation for different telluride crystals using either type of model

show a roughly linear correlation with bond length and bond strength.
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In addition to oxidation states, structural properties of the molecules including
symmetry and polarity also play a role in isotopic fractionation of the gas species. In
general, *°Te/'*Te is higher for more oxidized species, and lower for reduced species.
Te (IV) species such as TeOs” will have *°Te/'*Te that is ~3 %o greater than Te (-I) in
calaverite (AuTe;) and ~3.5 %o greater than hessite (Te (-1I)) at 100°C. This is consistent
with a general expected enrichment in heavier isotopes in oxidized aqueous tellurium
species, relative to tellurides in the system Au-Ag-Te. If Te (IV) species are important in
hydrothermal tellurium transport, the reduction reaction to form Te (-I) and Te (-II)
species should cause a distinct isotopic signature. If reduced species such as Te, and
H,Te play the role of Te-transporter then isotope fractionations may be less pronounced.
Studies of the isotope fractionation of Te could shed light on the geochemistry and
formation process of tellurides in the system Au-Ag-Te, in Te-bearing ore deposits.
However, in order to develop a better understanding of tellurium and its roles in the
system Au-Ag-Te systematic measurements of carefully located samples with known

paragenetic relationships are needed.
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Chapter 3. A Model for 12CHzDz and 13CH3D as Complementary
Tracers for the Budget of Atmospheric CHy4

Abstract

We present a theoretical model to investigate the potential of CH;D and
2CH,D,, the doubly substituted mass-18 isotopologues of methane, as tools for tracking
atmospheric methane sources and sinks. We use electronic structure methods to estimate
kinetic isotope fractionations associated with the major sink reactions of methane in air
(reactions with OH and Cl radicals), and combine literature data with reconnaissance
measurements of the relative abundances of CH;D and '*CH,D, to estimate the
compositions of the largest atmospheric sources. This model atmospheric budget is
investigated with a simplified box model in which we explore both steady state and
dynamical (non-steady state) conditions triggered by changes in emission or sink fluxes.
The steady-state model predicts that sink reactions will generate a marked (>100%o)
clumped isotope excess in atmospheric A"?CH,D; relative to the net source composition.
"2CH,D, measurements may thus be useful for tracing both atmospheric source and sink
fluxes. The effect of sinks on A"?CH;D is much less pronounced, indicating that *CH;D

in air will give a more focused picture of the source composition.
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1. Introduction

In this study we develop a theoretical model using the relative abundances of
BCH;D and '?CH,D,, the doubly substituted mass-18 isotopologues of methane, to
quantitatively track the sources and the sinks of atmospheric methane. The ultimate goal
is to develop new tracers for atmospheric methane.

Atmospheric methane is the second most important long-lived greenhouse gas in
Earth’s atmosphere; it contributes 0.5 Wm™ to total radiative forcing [Dlugokencky et al.,
2011; IPCC Report, 2013]. Moreover, as the result of reactions with radicals in the
atmosphere it plays an important role in producing tropospheric ozone and stratospheric
water vapor. This indirectly adds around 0.2 Wm™ to its forcing [Dlugokencky et al.,
2011; IPCC Report, 2013]. Natural sources of methane include wetlands, oceans,
termites, and the breakdown of clathrates, whereas major anthropogenic sources include
fossil fuel exploitation, ruminant livestock, rice agriculture, waste management, and
biomass burning. Biogenic and thermogenic generation of methane are both significant
[Wuebbles and Hayhoe, 2002].

The methane concentration in the atmosphere increased through much of the
twentieth century, reaching 1.7ppmv in 1990 [Breas et al., 2001], then leveled off from
1999 until 2007 [Rigby et al., 2008]. The rise has now resumed. Since 2007, the global
average growth of methane concentration has been ~6 ppb/year [Kirschke et al., 2013].
However, the mechanism and origin of this new upward trend are not fully understood
[Rigby et al., 2008; Dlugokencky et al., 2011; Montzka et al., 2011; Bousquet et al., 2011,
Kirschke et al, 2013]. Possibilities include enhanced wetland CH4 emission,
anthropogenic CH4 emissions, wild fires, less intense OH photochemistry, and inter-

annual wind changes. More generally, there is a lack of understanding regarding the
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factors that have driven the rise in methane concentrations during the past few decades
[[PCC Report, 2013], highlighting uncertainties in the methane atmospheric budget
[Bousquet et al., 2011; Dlugokencky et al., 2011; Kirschke et al., 2013; IPCC Report,
2013]. Inverse (top-down) models of the methane budget are not consistent with process-
based (bottom-up) models and inventories. Identifying the role of sinks as well as sources
should improve our overall understanding of the atmospheric methane budget.

Isotopic measurements have been a valuable tool for distinguishing among
various sources of CHy to the atmosphere [Cicerone and Oremland, 1988; Dlugokencky
et al., 2011]. 8"°C and (less commonly) 8D measurements of atmospheric methane have
been reported in numerous studies [King et al., 1989; Fung et al., 1991; Levin et al.,
1993; Hein and Crutzen, 1997; Lowe et al., 1999; Quay et al., 1999; Bréas et al., 2001;
Saueressig et al., 1995, 2001; Fletcher et al., 2004; Whiticar and Schaefer, 2007].
Different methane sources have different *C/'’C and D/H ratios, depending on the
methane formation process and the carbon and hydrogen isotope compositions of
precursor materials [Cicerone and Oremland, 1988]. In general, methane produced at
high temperatures, including methane released from biomass burning or natural gas, is
enriched in both °C and D [Cicerone and Oremland, 1988] relative to low temperature
methane sources (Figure 1). However, °C/">C and D/H do not always uniquely resolve
methane originating from microbial, thermogenic, and abiotic sources. [Sherwood Lollar
et al., 2006; Ono et al., 2014; Stolper et al., 2014a]. Precise analyses of doubly
substituted methane isotopologues (clumped isotopes) may offer additional constraints on
methane sources [Ma et al., 2008; Stolper et al., 2014a; Wang et al., 2015; Young et al.,

2016; Young et al., 2017].
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Figure 1- Estimated fluxes, 3D and 8"°C for methane sources to the atmosphere (data
from: Whiticar & Schaefer, 2007)

Atmospheric sink reactions are slower for D-substituted methane isotopologues
[Alei et al., 1987; Cicerone and Oremland, 1988; Mroz et al., 1989], resulting in higher
D/H in air compared to most sources. Methane containing multiple deuterium atoms (e.g.,
"2CD,) has been analyzed in the atmosphere and found in much higher concentrations
than would be expected from likely sources, suggesting a strong signature of sink
reaction kinetics [Mroz et al., 1989; Kaye and Jackman, 1990]. More recently, precise
measurements of CHs;D have been tested as potential tools for determining the
generation temperature and mechanism for different sources of methane [Stolper et al.,
2014a, 2014b; Wang et al., 2015]. Douglas et al. [2016] used A3 methane (departures in
the relative abundances of both mass-18 isotopologues from the stochastic distribution)

as a tool to determine the source of natural methane emissions from Arctic and Subarctic.
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Tsuji et al. [2012] performed spectroscopic isotope measurements on ~CHsD to
determine the isotope ratios of *CH3;D/*CHsD and “CH;D/"?CH, in natural methane.
Young et al., [2017] obtained both “CH;D/'*CH4 and '*CH,D,/'*CH4 signatures of
abiotic and biotic methane formation in natural settings and in the laboratory. Theoretical
studies of the equilibrium distribution of ?CH;D [Cao and Liu, 2012; Webb and Miller,
2014] and "*CH,D; [Stolper et al., 2015; Young et al., 2016; Young et al., 2017; Piasecki
et al., 2016] have also appeared. The '*CH;D/'*CHj kinetic isotope effect in the sink
reaction with Cl and OH radicals were determined for the first time by Joelsson et al.
[2014, 2016] using Fourier transform infrared (FTIR) spectroscopy. Kinetic isotope
effects for >CH,D, in reactions with OH and Cl radicals have also been measured
[Gierczak et al., 1997; Sauer et al., 2015; Feilberg et al., 2005; Boone et al., 2001;
Matsumi et al., 1997; Wallington and Hurley, 1992].

In the present study, we investigate the potential for using two doubly substituted
methane isotopologues, *CH3D and '*CH,D,, as tracers of atmospheric methane cycling.
There are no existing models, to our knowledge, that consider “CH;D and '*CH,D; in
concert as distinct species for atmospheric studies. In the present work, we use electronic
structure methods to estimate kinetic and equilibrium isotope signatures for methane sink
reactions, including both mass-18 doubly substituted isotopologues of methane. We use
our results to model the relative abundances of singly and doubly substituted methane
species in the atmosphere in different relevant scenarios in order to assess the utility of

the multiply-substituted species as tracers.
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2. Methods

2.1 First-principles Calculations of Isotope Partitioning

We use first-principles electronic structure calculations to estimate kinetic and
equilibrium isotope effects. All electronic structure calculations are made with the
Gaussian 09 software package (EM64L-G09RevD.01; [Frisch et al., 2013]). The main
results reported in this study are based on 2nd-order Mgller-Plesset theory (MP2; [Moller

and Plesset, 1934]) and the medium-sized Gaussian basis sets cc-pVTZ [Dunning, 1989].

We also tried 6-311G** [Krishnan et al., 1980] basis sets to test for consistency.
These model chemistries do well at reproducing previous measurements and high-
precision theoretical calculations of structural and vibrational properties of methane. No
frequency scale factor or correction for anharmonicity has been used for our calculations
and comparisons. Table 1 presents the comparison between our calculated harmonic
frequencies of methane (cm™) and those of previous studies [Gray et al., 1979; Lee et al.,

1995; Liu and Liu, 2016]. Harmonic frequencies for all isotopologues are in

supplementary information (Table S1). Kinetic Isotope Effects (KIE = %) for sink

reactions with OH and Cl radicals are modeled using transition state theory, with a one-
dimensional Wigner tunneling correction for hydrogen and deuterium [Gupta et al.,
1997]. Test calculations indicate that tunneling of H-atoms is significant for absolute rate
constants and KIEs in both sink reactions (Table S2 in supplementary information). In
both reactions, corrected KIEs for >CH;D and '*CH,D, are about 0.1 larger than non-
corrected values. We use Harmonic vibrational frequencies in transition state

calculations. Saddle-point and reactant geometries are fully (energy) optimized at each
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level of theory. Lasaga and Gibbs [1991], Gupta et al. [1997], Troung and Truhlar
[1990], Tanaka et al. [1996], and Roberto-Neto and Coitin. [1998] used similar
approaches to estimate KIEs of the reaction of singly-substituted CH,4 isotopologues with
*OH and Cle, yielding results similar to those of the present study. The optimized
geometries for both reactions are given in Table 2. Figure 2 shows the transition state of
methane in reaction with *OH and Cle. Harmonic frequencies for both transition states are

in Table S3 (supplementary information).

Table 1- Comparison of harmonic frequencies (cm™) for '*CH, between the present study
and previous works *

Table 1. Comparison of Harmonic Frequencies (cmq) for 12CH4 Between the Present Study and Previous Works®

Present Gray et al. Bottinga Jones and McDowell [1959]
Work Liu and Liu [2016] Lee et al. [1995] [1979] [1969] (Recalculated)

Mode MP2/cc-pVTZ CCSD/aug-cc-pVTZ CCSD(T)/cc-pVQZ Expt./FF Expt./FF Expt./FF

Aq 3076 3045 3036 3026 3143 3143

E 1586 1584 1570 1583 1573 1573

F, stretch 3212 3162 3157 3157 3154 3154

F, bend 1350 1363 1345 1367 1357 1358
RMS error versus G&R 1979 38 10 14 - 59 59
Mean error versus G&R 1979 23 5 -6 - 24 24
1o3|n[;<e3q(1 3CH3D)] 578 573 571° 573° 5.82° 569°
(8/3) 10°In[Keq( 2CH,D)] 19.49 = 19.06°, 19.20° 20495,19.72°  2042° 19.67°

E(G&R, 1979 refers to Gray et al. [1979])
Keq determined using frequencies recalculated with tabulated force field.
cKeq calculated from tabulated vibrational frequencies (correcting for an apparent data entry error in the original Gray et al. [1979], tabulation)

Table 2- The optimized geometries of transition state structures of methane reactions with
OH and ClI radicals. Bonds directly participating in the reaction are indicated by dotted
lines.

OH
C—H 1.832A @—— H 1.889 A O------ H 1317A O——H 09677 A

Cl
C——H 1.080 A @—— H 1.359A Cl--—--- H 1451 A
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a) b)

Figure 2- Transition state structures for (a) CHs---OH, and (b) CHy4---Cl* sink reactions
determined by electronic structure calculations at the MP2/cc-pVTZ level.

Equilibrium abundances of isotopologues are calculated using harmonic
vibrational frequencies, based on the following exchange reactions and associated
equilibrium constants:

BcH, + CH;D = "CH, + PCH3D (1)

K - [°CH,D]["CH,] @)
“ [°CH,]["*CH,D]

and
2 2CH;D = "CH,+ *CH,D, (3)
_["CH,D,]["CH,] @
eq [12CH3D]2

These equilibrium constants are sensitive to temperature, with Keq(13 CH3D) = 1.007 and

Keq(lzCHzDz) ~ 1.02 x (3/8) at ambient conditions ~300K, where Keq(uCHzDz) =3/8
represents the stochastic distribution of isotopologues.

Isotopic distributions for clumped isotope species are expressed in delta notation:

5 = (I 1)(1000%o) (5)
standard
Jj

A = (Pl 1)(1000%o0) (6)

]Rstochastic
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where R represents abundance ratios “CH3;D/"?CH4 or '>CH,D,/'’CH, for a sample,
standard, or stochastic equivalent. D/H and *C/"*C ratios for the stochastic reference for
each gas are calculated solely from the abundance ratios 2CH;D/"*CH, and *CHy/ IZCH4,
i.e. D/H=1/4('*CH;D/"*CH,) and "“C/"C="CH4/'">CH,. This treatment neglects the
effects of non-stochastic isotopologue partitioning on the abundances of singly-
substituted species; however, numerical tests show no significant loss in accuracy in
using this approach to determine bulk isotope ratios for gases, within the likely natural
range of isotopologue distributions.
2.2 Atmospheric Methane Budget

We construct a model for steady-state *CH;D and '>CH,D, abundances in the
atmosphere by considering the isotope and isotopologue compositions of major methane
sources and isotope fractionations associated with the major sink reactions; the reactions
of methane with OH and Cl radicals are the main sinks for atmospheric methane and are
assumed to be the only fractionating sinks in our model. The model considers A”CH;D
and A"”CH,D, of atmospheric methane in a homogenous “troposphere” reservoir,
controlled by a balance between the emission flux of different sources to the atmosphere
and the rates of CH4 destruction by reaction with *OH and Cle reactions. We also
designed a box model to investigate non-steady state scenarios by inducing imbalances

and changes in emissions and sinks.
2.2.1. Atmospheric sources and isotopologue abundances

There are significant uncertainties in the estimated fluxes of individual methane
sources as well as the overall global budget. Here we use a “bottom-up” budget proposed

by Whiticar and Schaefer [2007]. In this model, the total methane flux into the
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atmosphere is 540 Tg/yr. The leading methane emission sources are biogenic, including
wetlands, rice paddies, ruminants, landfills, Aerobic Methane Production (AMP),
termites, oceans, and fresh water (Table 3). Wetlands, with a flux of 115 Tg/yr, are the
most important source category. Abiogenic methane sources include natural gas, biomass
burning, coal, gas hydrates, and geological. Among these sources, biomass burning and
coal have the highest fluxes with 41 Tg/yr and 35 Tg/yr respectively (Table 3) [ Whiticar
and Schaefer, 2007]. In this group, AMP is perhaps the most controversial component --
it is not included in some other recent source budgets and estimates of the size of this
source vary widely [Kirschke et al., 2013; Saunois et al., 2016]. However, AMP makes
up a minor part of the total assumed biogenic methane source, and we assume that it has
isotope signatures similar to microbial methane sources. The inclusion of AMP in our
model budget does not substantially affect our overall conclusions. Aside from AMP,
wetland emissions show the largest uncertainties, especially in the direction of higher
emission, with more recent top-down estimates (based on inverse modeling of
observations, measurements, atmospheric models, and statistical tools) ranging from 142
to 208 Tg/yr and bottom-up estimates (based on emission inventories) ranging from 177
to 284 Tg/yr [Kirschke et al., 2013]. For biomass burning, top-down source estimates are
ranging from 24 to 45 Tg/yr while bottom up calculations suggest a range of 32 to 39
Tg/yr [Kirschke et al., 2013]. For fossil fuels (including coal) top-down estimates range
from 77 to 123 Tg/yr and bottom-up estimates from 85 to 105 tg/yr [Kirschke et al.,

2013].

The 813CH3D, 812CH2D2, A13CH3D, and A"”CH,D, values for each major

atmospheric methane source are estimated by combining the Whiticar and Schaefer
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[2007] results for total fluxes and bulk isotopic compositions with the "“CH;D
measurements of Young et al., [2017], Stolper et al., [2014], Wang et al., [2015], our own
theoretical calibration of the ?CH,D, equilibrium, and initial 2CH,D, measurements at
UCLA [Young et al., 2017]. The 8"°C and 8D values for the source terms combined are

calculated according to
ES
6 = E1 i (7)
S E

where §, is either 8'"°C or 8D for source i in %o and E; is the flux of the source i in Tg/yr.
The abundances of doubly-substituted isotopologues in major atmospheric
methane sources are not well known, though some individual sample measurements that
may be representative of source components are now available [Stolper et al., 2015;
Wang et al., 2015; Young et al., 2017]. It is therefore necessary to make assumptions
about some components to assemble a complete budget. Our basic approach is to assume
that non-microbial source components form in internal isotopic equilibrium at
temperatures characteristic of the methane formation process; this assumption is
consistent with initial measurements of ?CHz;D by Stolper et al., [2014b] and Wang et
al., [2015]. However, measurements of ABCH;D in biogenic methane indicate that these
sources tend not to show low-T equilibrium (i.e., A”CH;3D > 5%o), but are instead closer
to stochastic (A"CHsD < 5%o; [Wang et al., 2015]). Furthermore, initial measurements at
UCLA of APCH;D and A"”CH,D;, in microbially produced methane in the laboratory
yield significant deficits in A">CH,D, relative to equilibrium. We therefore use these
microbial A”CH;D and A CH,D, measurements to represent biogenic atmospheric
sources in our primary budget. Whether these reconnaissance measurements accurately

represent natural systems remains to be seen, however, and it appears that microbial
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communities can cycle or produce methane with either equilibrium or disequilibrium
isotopologue abundances depending upon rates of processing (e.g., Wang et al., 2015;
Young et al., 2017). To investigate this possibility, we have constructed an alternative
budget by assuming an effective equilibrium at a “temperature” of 300°C for A"?CH;D
and A"CH,D, for biogenic methane, roughly matching the A”CH;D measurements of
Wang et al. [2015]. Finally, we have constructed a third possible budget using the
biogenic sample A”CH;D measurements of Stolper et al. [2015], along with model
biogenic source A'>’CH,D, compositions predicted by that study. These three alternative
source budgets will be referred to as DM (Disequilibrium Model), pEM (pseudo-
Equilibrium Microbial), and SMC-15 (Stolper et al. [2015] measurements and model).
By considering these alternatives we are able to get a sense of how important biogenic

source compositions are for the total atmospheric source isotopologue budget (Table 3).

Reference bulk isotope ratios are taken to be (13C =0.0112372 [Assonov and

IZC)V—PDB

Brennikmeijer, 2003] and (%) =1.5576x107" [Schimmelmann et al., 2006].

VvsMow

In the discussion that follows, it will be useful to remember that 6 values for
BCH;3D or '*CH,D; of air can be calculated applying equation (7) for each isotopologue,
i.e., that 6-values mix in a nearly linear fashion. In contrast, A values are not conserved
and do not necessarily follow linear mixing trends because the stochastic reference frame
changes with the isotopic composition of the gas. ACH;D and A CH,D, in the
aggregate atmospheric source are not weighted averages of the A”CH;D and A'>CH,D,
in individual sources. This property of A in isotopologues has been pointed out in
previous studies [Eiler and Schauble, 2004; Eiler, 2007; Stolper et al., 2014; Young et al.,

2017]. In the current study it will become particularly important when comparing closed-
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system Rayleigh evolution to open-system steady state models of the atmosphere, in
which A">CH,D, trends in opposite directions from the source composition. The distinct
behavior of ACH;D in closed systems vs. open systems is also reported by Whitehill et

al. [2017].

Table 3 — Atmospheric source models, including calculated APBCH;D and A"”CH,D,
values, for atmospheric methane sources and air, based on the pseudo-Equilibrium Model
(pEM), the Stolper et al. [2015] model predictions (SMC-15), and a Disequilibrium
Model based on reconnaissance A'>CH,D, measurements (DM) (8"°C and 8D values
from Whiticar and Schaefer [2007]; Quay et al., 1999]).

A "’CH,D| A *CH,D, | A **CH,D, | A **CH,D, A **CH,D
Flux |§"cH,|6D-CH,| 6°CH,D, | 6"CH,D| T | pEM & Stolper | Young | Young
SMC-15| pEM | SMC-15 | DM DM

(Tg/yr)| (%a) | (%o) | (%) | (%) |(K)| (%) (%) (%) (%) ( %a)
Rice paddies | 110 | -63 | -320 | -528.8 | -359.2 [302| 5.65 | 19.14 | 19.14 | 19.14

Source

Ruminants | 80 | -60.5 | -330 | -549.7 | -369.5 | 585| 1.59 | 3.04 20 314 | -0.64
Naturalgas | 45 | -44 | -180 | -322.5 | -213.7 |433| 2.98 | 7.57 7.57 7.57

Coal 35 | -37 | -140 | -254.8 | -169.4 |433| 2.98 | 7.57 7.57 7.57

Blomass | 41 | 246 | -225 | -394.83 | 2418 |433| 298 | 757 | 757 | 7.7

burning

Boreal

38 | -62 | -380 | -607.2 |-414.87|285| 6.22 | 2187 | 2187 | 2187

wetlands

Tropical |55 | s | 360 | -s82 | -394 [203 594 | 2049 | 2049 | 2049
wetlands

Termites | 16 | -63 | -390 | -620.3 | -425 |293| 5.94 | 20.49 | 20.49 | 20.49
Landfills | 40 | -55 | -310 | -522.5 | -346.9 |585| 1.59 | 3.04 20 314 | -0.64
Ocean 10 | 58 | -220 | -379.1 | -260.9 |293| 5.94 | 20.49 | 20.49 | 20.49
Freshwater | 4 | -53.8 | -385 | -614.5 | -414.8 |302| 565 | 19.14 | 19.14 | 19.14
Gas hydrates| 4 | -62.5 | -190 | -338.9 | -238.4 |433| 2.98 | 7.57 7.57 7.57
Geological 0 -41.8 | -200 | -355.2 | -231.2 | 433

AMP 40 | -51.2 | -260 | -450.7 | -296.8 |585]| 1.59 | 3.04 20 314 | -0.64
Calculated | o | 542 | -205 | -a92.8 | -330.4 |253| 476 217 | 2657 | 1183 | 411
total source

Measured

" | sa0 | -47.1| -86 ? ? ? ?

CH, in air

2.2.2. Atmospheric sinks and kinetic isotope effects

The primary sink of atmospheric methane is *OH (90%), reactions with Cle in the
stratosphere and the marine boundary are responsible for an additional ~6% [Lelieveld et
al., 1998; Kirschke et al., 2013] (about 3.3% happening in MBL (Marine Boundary

Layer) [Platt et al., 2004]). The remaining sinks include soil reactions [Kirschke et al.,
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2013]. There is also a small loss due to reaction with O('D), mostly occurring in the
stratosphere [Sauer et al., 2015].

Kinetic isotope effects of singly substituted methane isotopologues in the *OH
and Cle reactions are known to lead to large (~200%0) D/H and minor (~5%0) “C/"*C
enrichments in air [e.g., Lasaga and Gibbs, 1991; Saueressig et al., 1995; Roberto-Neto
et al., 1998; Gola et al., 2005; Sellevdag et al., 2006; Michelsen, 2001]. The actual
fractionations depend to some degree on temperature and on the radical reactant. To
simplify the atmospheric steady state model, we have assumed that tropospheric radical
reactions determine the atmospheric isotopologue abundances. We assume that ~96.6%
of the total methane sink is due to reaction with *OH and the remaining ~3.4% by
reaction with Cle, closely matching the tropospheric *OH/Cle sink reaction rate of
Kirschke et al. [2013] while ignoring other minor sink processes. We calculated kinetic
isotope effects for both the *OH and Cle reactions for BCH,, CH;D, "“CH;D, and
">CH,D,.

In order to evaluate possible changes in rare isotopologues of methane during
recent changes in atmospheric methane concentration, we constructed a one-box model
that allows us to evaluate different scenarios, for instance by imposing sudden or gradual
changes in source and sink rates. We use the rate constants of methane reactions with
*OH and Cle from Sander [2006] and apply our estimated kinetic isotope effects to scale
the rate constants for each isotopologue. Atmospheric concentrations of *OH and Cle
were also held constant for all scenarios except where we investigated changes in *OH
concentration. We use the *OH concentration estimates suggested by Singh et al. [1996],

IPCC Report [2001], and Bousquet et al. [2005]. For Cle, we obtained our value using the
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mean concentration suggested by Allan et al. [2007] for MBL atomic Cl, scaled to an
average tropospheric concentration [Singh et al., 1996]. This yields *OH and Cle
concentrations of 10° molecule cm™ and 1500 molecule cm™, respectively. In general, for
each radical we picked a concentration within the suggested range [Prather, 1990; Singh
et al., 1996; Bousquet et al., 2005] such that the destruction ratio was in reasonable
agreement with Kirschke et al. [2013]. In our box models the «OH sink reaction is
considered to be occurring at 262K, the reported effective temperature for this reaction in
the troposphere [Prather, 1990]. For Cl- reaction with methane the temperature is
considered to be 273K, since the reaction is thought to be most vigorous in the MBL
(Marine Boundary Layer).

The basic mass-balance equation in all cases is

dn
—=F-kn , 8
= 3

where n refers to the moles of the species of interest, E refers to ), E; where E; are fluxes

of all the sources, and k = kyy[OH] + k¢;[Cl]. The solution to (8) is
n(t)=ne™ + %(1 —e™). 9)

Steady-state solutions can also be obtained from Equation (9) in the limit of infinite time
(effectively reached on a time scale of hundreds of years).

A gradual (exponential) increase in the overall source term leads to the differential
equation:

dn
—=FEe" -kn 10
da ° (19)

with the solution
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E E
n(t)=(n ——2L e+ 0 e 11
(0)= (=, k+r) k+r (b

where 7 is the rate constant for the changing the source term. For the case of gradual

changes in a specific emission source component, the equation becomes

@_E +Ee" —kn (12)
dt

where Ej is the changing source component and E,, represents the unchanging source

components. The solution to this equation is

E E E E
t=—p + P _ s ok 13
= S T T T (13)

We also consider seasonal cycles where the mass balance equation becomes periodic,

@—E +E sin2mt—kn (14)

dt

resulting in the time-dependent expression

n(t)— +e—kt(n E,, E (-27) E[ 2ﬂcos(2m)+ksm(2m)]

15
k kK +4n° k*+4x° (13)

In Equation (15) the seasonal cycles are represented by the sinusoidal term sin(2nf), with
a period of one year. In our calculations the initial steady-state residence time for
methane in the atmosphere is 10.9 years. This is consistent with recent reported values of
11.2+1.3 years, with respect to reaction with tropospheric hydroxyl radicals [/PCC
Report, 2013]. Applying our estimated KIE values, lifetimes for *CH,, '*CH;D, "CH;D,
and '*CH,D; in the atmosphere are 11.0, 14.6, 14.7, and 21.5 years respectively. The
wide variation in mean lifetime among different isotopologues leads to complex patterns
of variation in isotopologue abundance ratios in non-steady state models, including the

simple box model results presented below.
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3. Results and Discussion

3.1 Isotope exchange equilibrium and Kkinetic isotope effects

Calculated equilibrium constants for exchange reactions involving singly- and
doubly-substituted isotopologues are shown in Figure 3. The present results for *CH;D
formation agree well with previous studies, including Webb and Miller [2014], Stolper et
al. [2015], and Liu and Liu [2016]. They also agree with a recent empirical calibration
[Wang et al., 2015] within measurement uncertainties. Our calculated 1000In(K.q) at
300K is 5.78. Webb and Miller [2014], using Path Integral Monte Carlo and Urey-HO
methods based on high-accuracy electronic structure methods, report values of 5.73 and
5.71, respectively. These same equilibrium constants calculated by Liu and Liu [2016],
using harmonic and anharmonic methods, are 5.76 and 5.81, respectively.

The calculated 1000In(K,) for "2CH,D, formation is considerably larger, 19.49 at
300K. Estimated equilibrium constants for ?CH;D and '*CH,D, at the same temperature
(5.72 and 19.21, respectively) were reported by Young et al. [2016] based on hybrid
density functional theory. Piasecki et al. [2016] reported estimates of 5.68 and 20.17,
respectively, using similar modeling methods. Stolper et al. [2014] estimated a
1000In(K¢q) value of 20.42 for this exchange using harmonic vibrational frequencies
tabulated by Bottinga [1969] based on empirical force field model calculations. A simple
comparison of harmonic frequencies from our model, Bottinga [1969], and other ab initio
and empirical results from the literature does not obviously point to large systematic
differences in frequencies (Table 1). One possible reason for the different calculated K¢q
values is that the frequencies tabulated by Bottinga [1969] are rounded to the nearest 0.1

cm . Test calculations using that data set indicate that rounding errors of up to +0.05
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cm’ are likely to induce artifacts of several tenths per mil (at ~300 K) in calculated Keq
values for both "“CH,D, and “CH;D. As a further test, we determined Ke,'s using
harmonic frequencies calculated to many decimal points of precision directly from
published empirical and ab initio force fields [Jones and McDowell, 1959 -- on which
the Bottinga, 1969 calculation are based; Gray et al, 1979; Lee et al., 1995] and
compared these with K 's based on tabulated, rounded frequencies from the same studies

(Table 1).
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15 1 323
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1000In(K,,12CH,D,
o

0 T . .
2 4
1000In(K,,'3CH;D)

Figure 3- Equilibrium relationship between clumping equilibria for ">CH,D, and *CH;D,
determined at the MP2/cc-pVTZ level.

Discrepancies of up to 0.7%o are apparent. The 1000In(K,) values for 2CH,D,
based on unrounded frequencies (including our ab initio model) span a reasonably narrow
range (19.2 - 19.7) at 300 K, whereas 1000In(K,) values based on rounded, tabulated

frequencies are more scattered (19.1 - 20.5).
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For the sink reactions, test calculations suggest that the choice of basis sets has
little effect on predicted KIEs, as long as the basis set is sufficiently large (i.e., triple-zeta
or larger). The choice of model chemistry (i.e., MP2 vs. hybrid density functional theory)
is more significant. Figures S1 to S4 in supplementary information present these tests.
For the reaction with Cle, the MP2/6-311++G(2d,2p) molecular structures for reactants
and products are no more than 0.007 A different from experimental values [Boone et al.,
2001]. For comparison, results of higher-accuracy quadratic configuration interaction
with singles and doubles (QCISD) electronic structure models differ from experiment by
no more than 0.004 A [Boone et al., 2001]. KIE results from MP2 model agree well with
the models based on the M06 functional [Zhao and Truhlar, 2008], which was designed
to do well predicting transition state structures and energies. Agreement with B3LYP
models [Becke,1993] is poorer. B3LYP is known to perform rather poorly in the
prediction of transition states [Zhao and Truhlar, 2008]. The most notable difference in
the geometry of the transition state structure obtained by MP2 versus B3LYP is in the
length of the reacting C---H bond. In the reaction with *OH, the C---H bond oriented
towards *OH is 0.034 A longer with B3LYP models than with MP2 models. Most
critically, the imaginary frequency corresponding to the reaction coordinate is > 700 cm™
higher for MP2 models with H in the reactive C--H bond, and > 500 cm ™' higher with D
in the reactive bond. These tests indicate that the MP2 method is well suited for
theoretical estimates of KIEs and equilibrium partitioning; in contrast, the B3LYP
method may introduce significant additional uncertainty. Therefore, all the reported KIE
values in our work are determined using MP2 in combination with the cc-pVTZ basis sets

(MP2/cc-pVTZ).
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We find systematic differences between theoretical and measured KIE values for
singly-substituted isotopologues, as has been previously noted [Gupta et al., 1997]. The

differences are most noticeable for the Cle reaction. Gupta et al. [1997] reported a 32%o

difference at 300K between the measured and theoretical 13C/ C KIE in the Cle

reaction, and a 5%o difference in the reaction with *OH. The greater isotope sensitivity
and theory/experiment disagreement in the Cle reaction may reflect a transition state that
is more product-like, with a longer C---H bond length to the reacting hydrogen atom,
compared to a more reactant-like transition state with shorter C--H bonds in the *OH
reaction. This means that in the case of Cle, the reaction coordinate approximates a
vibration of a fairly rigid H;C group against the forming HCI molecule, with significant
motion of the carbon atom, whereas the *OH reaction coordinate is mainly translation of
the reacting hydrogen atom, with little motion of the carbon atom and thus little carbon
isotope sensitivity.

Our model results for doubly substituted isotopologues are in a reasonably good
agreement with previous measurements and theoretical studies (Table 4), including KIE
values for ?CH;D reactions with *OH and Cle measured and calculated by Joelsson et al.
[2016 and 2014] (experimental values of 1.34+0.03 and 1.60+0.04 and theoretical values
of 1.35 and 1.48 vs. our values of 1.33 and 1.46 at 298K, respectively). The Joelsson et
al. measurements used Fourier transform infrared (FTIR) spectroscopy, and the authors
suggest that uncertainties stemming from spectral analysis were an important source of
uncertainty in their measured KIEs. However, the ultimate cause of the difference
between measured and theoretical isotope effects in the reaction with Cle does not appear

to be definitively known (e.g., Joelsson et al., 2014). The KIE for >CH,D, in reactions

67



with *OH and Cle have also been measured at room temperature in several previous
studies. The measured value for the *OH reaction is 1.81+£0.28 [Gierczak et al.,1997]. For
Cle, measured values are 2.17+0.2, 2.45+0.05, 2.27+0.27, 1.4+£0.2, and 2.19+0.02,
respectively by Sauer et al. [2014], Feilberg et al. [2005], Boone et al. [2001], Matsumi
et al. [1997], and Wallington and Hurley [1992]. The measurement by Mastumi et al.
[1997] based on an absolute rate determination is in poor agreement with the other
studies using relative rate techniques. Impurity in the chemicals and the occurrence of
secondary reactions in experimental apparatus could be responsible for some of the
scatter in measured KIEs [Boone et al., 2001; Sauer et al., 2014], however there is no
definite explanation for these differences. Our calculated values for *OH and Cle are 1.92
and 2.20, respectively, within the range of experimental determinations. In addition,
Feilberg et al. [2005] list theoretically determined KIE values for '*CH,D, reacting with
Cle as 2.16, 2.24, 2.40 [Boone et al., 2001], and 2.93 [Corchado et al., 2000]. The lowest
theoretical KIE, 2.16, was calculated without considering tunneling effects, however,
which are important for this reaction [Boone et al., 2001]. The largest value, 2.93, was
determined using a fundamentally different theoretical description of reaction kinetics
than transition state theory, which may partly explain the discrepancy relative to the other
model results [Corchado et al., 2000]. Corchado et al. [2000] acknowledge that their
method could result in overestimation of calculated KIE values compare to other
experimental and theoretical values, especially at low temperatures. The much smaller
difference between the remaining two theoretical results (2.24 vs. 2.40) reflects the
application of two different tunneling correction factors (Eckhart vs. Wigner) [Boone et

al., 2001], and may give a reasonable estimate of the intrinsic theoretical uncertainty
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associated with the use of simplified tunneling corrections for the methane sink reactions.

Overall, as seen in Table 4 there is a significant uncertainty and scatter in both measured

and theoretically determined KIEs. Even though our theoretical values lie well within the

range of previous studies that observation is difficult to convert to a meaningful

confidence interval. However, this uncertainty does not appear to be large enough to

qualitatively affect model estimates of the impact that sink reactions on methane

isotopologue species in the atmosphere, as we will show below.

Table 4 — Calculated KIEs compared with previous experimental determinations.

Table 4. Calculated KIEs Compared With Previous Experimental Determinations

KIE (kCH4/ki) Present Study Calculated Values Experimental Values

OH 13CH, 1.0063 1.0030 to 1.0094° 1.0039 to 1.0059™°
2CH3D 1.32 1.26 to 1.40°¢ 1.255,130°
3cHsD 133 135¢ 1.34°
2c4,D, 1.92 1819

cl 13CH, 1.028 1.021 to 1.066° 1.058°
2CH,3D 1.41 143t0151° 1.46°
3CH;D 1.46 1.48f 160"
12CH,D, 2.20 2.16 to 2.93¢ 1.40 to 2.439

2Gola et al. [2005].
bCantrell et al. [1990].
€ Joelsson et al. [2016].
Gierczak et al. [1997].
SFeilberg et al. [2005].
Joelsson et al. [2014].
9Sauer et al. [2015].

Our calculated absolute rate constants are also in reasonable agreement with

previous published measured and theoretical values by other groups [Lassaga et al.,

1991; Tanaka et al., 1994]. For example, the Sander et al. [2001] experimental rate

constant value for CH, reacting with «OH at 298K is 6.3x10™"°, whereas our ab initio
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value is 9.8x10"°. It is perhaps worth mentioning here that Sauer et al. [2014] used
measured KIEs to make vertical profiles for deuterated methane isotopologues in reaction
with Cle, an exercise bearing some similarity to the atmospheric model we will present in
the proceeding sections.
3.2 Steady-state model of air

Estimated abundances of singly and doubly-substituted isotopologues, including
813CH3D, 812CH2D2, A13CH3D, and AlzCHzDz, in methane sources to air are shown in

Table 3 and in Figures 4 and 5.
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813CH,D

Figure 4- Estimated fluxes, 8'°CH,D, and §”CHs;D for methane sources to the
atmosphere, based on the disequilibrium model (DM). The area of each circle is scaled in
proportion to the flux it represents.
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Figure 5- Estimated A'’CH,D, and A”CH;D in methane sources to air, based on the
disequilibrium model (DM). The area of each circle is scaled in proportion to the flux it
represents.

Using the disequilibrium microbial source budget (DM), 8"°CH;D and §'*CH,D;
for the total atmospheric sources are predicted to be -330%o and -493%. (Figure 4) and
APCH;D, and A">CH,D; are predicted to be +4.1%o and +11.8%o, respectively (Figure 5).
Both mass-18 isotopologues are enriched relative to the stochastic distribution, mainly
due to equilibrium clumping in abiogenic sources, with a small additional enrichment due
to mixing. In contrast, APCH;D and A'>CH,D, values for sources using the pseudo-
equilibrium microbial assumption (pEM) are +4.7%o and +21.7%o respectively. Finally,
AZCH,D, is +26.6%o using the predicted values by Stolper et al. [2015] (SMC-15).

Figure 6 presents a comparison of the effects of the various assumptions for the biogenic

methane composition.
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Figure 6- A comparison of the effects of different source model assumptions for
isotopologue abundances in biogenic methane (Disequilibrium Model -- DM, pseudo-
Equilibrium model -- pEM, and Stolper et al. [2015] model -- SMC-15) on the calculated
AP CH3D, and A”CH,D; of the total atmospheric methane source.

A source mixing effect slightly increases A’ CH;D because D/H and
BC/1C are positively correlated in the major methane source components (R*~ 0.37 for
all the sources, weighted equally, and R*~ 0.60 for the 8 largest source components), and
simple mixtures along a positively correlated D/H and *C/"*C gradient will have higher
APCH;D than the weighted average of the end members, in much the same way that
A*CO, is higher in mixtures between high-8'*0, high-8">C and low-8'*0, low-8"°C end
members [Eiler and Schauble, 2004]. A”*CH,D; is similarly expected to increase when
sources of varying D/H mix, as shown in the laboratory [Young et al., 2016]. The total

source composition is thus not at the precise position one would expect from taking a

simple weighted average of A values in Figure 5.
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Having developed an estimate of the source composition, it is interesting to
consider the effects of the two major sink reactions on a closed reservoir with an initial
composition set equal to the net atmospheric source, as an example of closed-system
evolution. We calculated a Rayleigh distillation model at an assumed reaction
temperature of —20C, i.e., (R=R’f“') where fis the fraction remaining of atmospheric

methane in reactions with *OH and Cle (Figure 7, 8) using the standard relation

5t = (M— 1)(1000%0). As the reaction proceeds, o values increase and A

letandard

values decrease for both mass-18 isotopologues in the remaining methane. This signature

is much more pronounced for '*CH,D, (Figure 7).

1250 === CH,+OH o

—&— CHy+Cl
1000

250
0 Atmospheric Methane Source
0 200 13 400 600 800
0 “CH,D

Figure 7- Estimated 8> CH;D and 8'>CH,D; in the residual gas in a Rayleigh distillation
model. The initial reservoir is assumed have the atmospheric source composition
predicted by the Disequilibrium Model (DM). -20C (253K) KIEs for the *OH (black
thick line) and Cle (red thin line) sink reactions are used. Tickmarks and labels indicate
the fraction of gas remaining.
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Figure 8- Estimated A"?CH;D and A'>CH,D, in the residual gas in a Rayleigh distillation
model. The initial reservoir is assumed have the atmospheric source composition
predicted by the Disequilibrium Model (DM). -20C (253K) KIEs for the *OH (black
thick line) and Cle (red thin line) sink reactions are used. Tickmarks and labels indicate
the fraction of gas remaining.

For example in reaction with *OH, when f=0.5 (50% of methane remaining) A"’ CH;D
has changed from 4.1%o to 3.3%o, but ACH,D; changed from 11.8%o to 4.2%0. Analogous
shifts in the Cle reaction at f=0.5 are —2.1%o and —22.4%o respectively.

The much larger effects on A"?CH,D, suggest that '>*CH,D, measurements are
likely to be particularly well suited for investigating the overall atmospheric methane
budget, especially secular changes in source and sink fluxes, while *CH;D may give a
more focused picture of source components.

In contrast to the closed-system Rayleigh model, a steady-state model for

atmospheric CH4 with the DM source assumption predicts ABCH;D and A2CH,D,
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values of +4.5%0 and +113.5%o, respectively, with a large enrichment of 12CH,D, above
the stochastic reference. 8°CH;D and §!2CH,D, values are —98.7%o and —11.7%o,
respectively in this model. Steady state values for §'°C and 8D are ~ —48%o and ~ —58%o,
which are reasonably close to the composition of the modern troposphere (—47%o0 and —
86%o0 [Quay et al, 1999]) (Figure 9). The alternative pseudo-equilibrium microbial
(pEM) source composition yields steady-state air values for APCHs;D of ~5%o and
A12CH,D; of ~+124%o, while A12CH,D; (steady state) is ~+130%o using the Stolper et al.
[2015] source composition (SCM-15) (Figure 10). Overall, steady state models with
various source assumptions predict that the main sink reactions in the atmosphere
generate a distinct signature of higher A1?CH,D, relative to the source composition, also
increasing 8'"°CH;3D and §12CH,D,. These predictions illustrate the importance of the sink
reactions in controlling the relative abundance of 12CH,D; in atmosphere, as well as the
distinct signature of an open system with sinks and sources, relative to either process
acting in isolation. They also suggest that A”CHs;D will mainly be sensitive to source
compositions, in agreement with another recent theoretical and experimental study of
APCH;D, which predicts only a ~0.3%o impact of the sink reactions on tropospheric

methane [ Whitehill et al., 2017].
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As mentioned earlier, it is well known that A values can show behavior distinct
from & as the result of mixing, diffusion or kinetic isotope effects [Eiler and Schauble,
2004; Eiler 2007]. This occurs because the stochastic reference frame changes with the
isotopic composition of the gas. A'>CH,D, in our steady state model shows analogous
behavior, which might be rationalized as an ongoing, mixing-like process between fresh

source gas with low D/H and fractionated sink residue with roughly 210%o higher D/H.

3.3 Isotopologue signatures of unbalanced sources and/or sinks

The recent rise in atmospheric methane could be the result of an increase in
emission rate, a decrease in sink activity (via reduction in the concentration of the
hydroxyl radical), or a combination of both [Rigby et al., 2008; Bosquet et al., 2006]. The
roles of the individual emission sources in affecting the recent change of global
atmospheric methane are uncertain. Therefore, in our dynamic model, we examined a
number of different possibilities. After imposing changes in sources and/or sinks we
monitored the evolution §°C (8"°CH,), 8D (8'*CHs;D), APCH;D and A“CH,D, of
methane in the atmospheric air over time (Figures 11 to 14).

3.3.1 Instantaneous doubling of source components

For the first set of tests we assumed no change in the sink reaction rates and changed
global emission sources to force the model out of balance. In each case, an impulse
(sudden change in rate) was imposed by doubling the flux of one of the major sources
(e.g., Figure 11). In the case of doubling wetland rates of methane emission, the initial
ACH,D; response is a transient starting with a sudden increase to 3.0%. above the

steady-state value of 113.5%o lasting 2 years, followed by a 7.8%o decrease over a ~30
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year period and then a gradual 8.0%. increase, settling to a new steady-state value of
116.7%o after ~150 years. Instantaneous doubling of wetland output therefore has a net
effect of approximately 3 per mil in A'>CH,D, over a period of a century and a half.

Doubling both biomass burning and coal emission yields results similar to that
for wetlands. The doubling of these sources causes an initial 11.0%0 decrease over
approximately 25 years followed by an 13.4%o increase to the new steady state value of
116.0%o after roughly 120 years. For the case of doubling rice paddies, there is a sudden
initial increase of 0.7%o lasting for 2 years to a maximum value of 114.2%o, then a
decrease of 9.2%o to a minimum of 105%o and finally attainment of a new steady state of
115.0%0 over a total period of around 120 years (Figure 11b).

The effects of emission impulses on A CH;D are much smaller (figures 11c). For
example, doubling wetland emission causes an initial 0.3%o increase from the steady state
value of 4.5%o, then a 0.05%o0 decrease lasting for ~20 years and again a 0.1%o increase to
a new steady state of 4.9%o, a net increase of 0.4%o. In the case of doubling methane
production from rice paddies, an initial increase in A"?CHsD of 0.3%o lasting for 5 years
is followed by a 0.1%o decrease and then a final 0.1%o increase to reach the new steady
state value of ~4.8%o, or a net increase of 0.3%o. Doubling biomass and coal burning
produces a 12 year period of decrease of 0.3%o followed by a 0.5%o increase, reaching the
new steady state value of 4.7%o after ~70 years.

Considering these perturbation scenarios in concert, it appears that the KIEs
associated with sink reactions lead to distinct lifetimes for different methane
isotopologues and large contrasts between the isotopic compositions of the source flux

and the atmosphere. The effects combine to cause rather complex annual to decadal
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patterns of variation in isotopologue abundance ratios in non-steady state box models.
The complexity reflects the residence times of 12CH4, 13CH4, IZCH3D, 13CH3D, and
2CH,D; in the atmosphere with respect to reaction with «OH and Cl- of 10.9, 11.0, 14.6,
14.7, and 21.5 years, respectively. Broadly speaking, increases in source flux lead to a
temporary (< 10 years) decrease in the D/H of atmospheric methane and variation in the
2CH,D, excess as the reservoir mixes towards the source composition, but the reservoir
moves towards a new steady state on longer timescales that roughly restores the original
source/atmosphere offset in D/H (with a characteristic time scale of ~15 years) and
"2CH,D, excess (~22 years). Intermediate high-frequency variations may come from the
distinct time scales for the evolution of the normal, singly, and doubly substituted
isotopologues. We also observe, for both A CH,D, and A"“CH;D, that short and
(especially) long-term responses to variations in individual source component fluxes
scale to some extent with their effects on the net A'”CH,D, and A”CH;D of the total
source. However, it should be emphasized that changes in the total source flux also have
short-term (years to decades) effects even in the absence of any change in the isotopic

composition of the total source.
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3.3.2 Change in *OH concentration

In order to examine the effects of changing sink rates we imposed an
instantaneous change in the concentration of «OH in the atmosphere (Figures 12). The
atmospheric methane budget is very sensitive to <OH concentration changes.
Dlugokencky et al. [1996] suggested that in 1991/1992 the reduction of +OH as the result
of the Mount Pinatubo volcanic eruption could be the reason behind the rise of
atmospheric methane in that year. ‘OH concentrations in the atmosphere could also be
affected by changes in the levels of atmospheric carbon monoxide (CO), the main -OH
sink [Rigby et al., 2008]. Reported year-to-year changes in ‘OH concentration vary from
2% [Montzka et al., 2011] to 25% with a reported mean interannual variability (IAV) of
~7 to 9% [Bousquet et al., 2005; Prinn et al., 2005]. We therefore examined changes in
*OH concentrations of +/- 5% as a plausible short-term step.

A 5% increase in [+OH] results in an initial A">CH,D, transient consisting of an
increase of 3%o to a value of 116.5%0. The excursion requires over a decade to reach its
maximum amplitude. This is much longer than the time scale of interest for small
interannual variations. In contrast, the induced variation in the first year after the
perturbation is less than 1%o. In the model scenario, A'>*CH,D; reverts gradually back to a
steady state of 113.6%o0 over the next century or two (Figure 12b black line), ending up
very close to the initial steady state composition. For A”CH;D the same change in [+ OH]
causes a sudden but much more modest decrease of less than 0.1%o from the initial
+4.5%0 lasting ~3 years followed by a 0.05%o increase over a ~30 year period and then a
0.03%0 decrease to a new steady-state value of 4.6%o0 over the next century (Figure 12c

black line), reflecting the slightly changed balance of sink reactions with Cle vs. *OH. A
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5% decrease in [+OH] results in nearly the opposite response to a 5% increase (Figure 12b

dashed red line, and Figure 12c¢ dashed red line), and a 10% decrease or increase results

in almost exactly twice the amplitude of variation with similar time scales, consistent

with the scaling observed for source variations.
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3.3.3 Exponential increase in emission

Changes in atmospheric methane concentrations may also result from more
gradual changes in sources. For instance, according to Bousquet et al. [2006], variations
in wetland emissions were the main control of interannual variability in total source
emissions (x12 Tg of CHy/year) during the 20-year period between 1984 and 2004. Such
wetland-dominated variability could explain 70% of global emission anomalies in this
period. In order to approximate such a change we investigated the effects of
exponentially changing source terms, extending the exponential increase out to a duration
of 200 years to see how long-term, modest rates of increase compare to faster, shorter-
lived scenarios (Figure 13). We examined exponential growth rates of 1%/year in the
emission from all sources, and a 5%/year exponential increase in wetland source
emissions with no change in other sources.

For the first case where all sources increase, A'?CH,D, declines from 113.5%o to
85.0%0 over a time interval of 150 years (Figure 13d black line) during which overall
emissions increased by more than 600%. A" CH;D increases from 4.5%o to 4.6%o and
then decreases to 4.2%o in this scenario (Figure 13c black line). In the case of a more
rapidly increasing wetland source we first see an increase in A'’CH,D; of 2.0%o from the
steady state value of 113.5%o, and then a protracted reduction to a new steady state of
~49.0%o over the next ~160 years (Figure 13d dashed red line). In this scenario, A”CH;D
increases from the steady state value of 4.5%o0 to a new steady state of 5.8%o over this
same time interval (Figure 13c dashed red line). Such a large exponential increase in
wetland emission over 200 years is obviously unrealistic, but it does illustrate the

asymptotic effects of long-term trends in source budgets.
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In the scenario with a 5%/year exponential increase in wetland source emissions,
the total wetland emissions have doubled after 14 years, and at this stage the perturbation
from steady state A'’CH,D,and ACH;D are rather similar to those found roughly 2-3
years after an instantaneous doubling wetland emissions.

3.3.4 Seasonal cycling in wetland emission

Finally, we developed a model with seasonal variations in wetland emission
sources, simulating changes in surface temperature, precipitation, and other seasonal
parameters, but also to serve more broadly as an analogue scenario for various proposed
and observed intra- annual and short-term inter-annual variations in other source and sink
components of the overall budget. We left the total integrated annual wetland emission
unchanged, assuming an oscillation with a period of one year, ranging from no wetland
emissions in month zero to twice the average annual wetland flux rate in month six.

We observe in the model that variations in the atmospheric reservoir caused by
rapid seasonal oscillations are strongly damped by the much longer residence time of
methane, resulting in only a small seasonal variation in A”>CH,D, (Figure 14b) of order
~0.5 %o. Similarly, A’CHsD varies by less than 0.1%o (Figure 14c) in this scenario.
Overall it seems that seasonal cycling of wetland sources will only induce minor isotopic
variations in the atmospheric reservoir as a whole. This is true not only for clumping
signals but also for the bulk 8D, which varies by only 1.9%o; 5"°C varies by only 0.1%o
(Figure 14d and ¢). By comparison, the amplitude of the seasonal cycle in 8"°C observed

by Quay et al. [1999] ranges from ~0.1%o to 0.4%o, depending on latitude.

85



a b
1136 -
3.655x10" 1
14
3.650x10" - S 1134+
< ™~
T 5
Q 3.645x10" %
11324
3.640x10" -
14
3.835x107 : : : : 113.0 . ; , ;
200 201 202 203 204 200 201 202 203 204
Year Year
C
4.50 57.0
4.49 1
575+
448
2 [a]
z © .58.0-
«©
g 447
-58.5 -
4.46
4.45 T T T T -59.0 4 T T T T
200 201 202 203 204 200 201 202 203 204
Year Year
(&
-47.58
-47.61
O
)
T
-47.64
-47.67
2(‘)0 2(’)1 2(‘)2 2(’)3 264

Year

Figure 14- Dynamic box model results for seasonally variable wetland emissions (from
zero in month zero to the twice the average annual wetland flux value in month six),
starting from steady state: (a) number of moles of CH, in the atmosphere, (b) A'*CH,D,
in air, (¢) ACH;D in air, (d) 8D in air, and (e) 8"°C in air.

86



A”CH,D, and A®CH;D seem to have the potential to reveal more information
about the global atmosphere CH, budget, particularly on multi-year time scales.
However, it should be noted that the potential for significant short-term perturbation
signatures has not been examined at smaller spatial scales (e.g., vs. latitude or altitude)
where source/sink balances may vary more dramatically, and short-term isotopic and
isotopologue abundance variations may be larger.

3.4 Sensitivity Testing
3.4.1. Alternative source budgets

Global atmospheric methane budgets have previously been estimated using two
basic approaches. So far we have followed a bottom-up estimated budget, as reported by
Whiticar and Schaefer [2007] that is consistent with a total source flux of 540 Tg/yr.
Coincidentally, this total flux value is the same as the /PCC [2013] reported value, even
though that estimate is based on a top-down approach. The contributions from individual
source components do differ between the two compilations.

In order to get a more extreme test of the sensitivity of the box model results to
the source compositions, we altered our initial source budget to match the IPCC
alternative “bottom-up” budget, which yields a total source flux of 678 Tg/yr, without
changing the isotope and isotopologue compositions of each source component. Despite
the change in overall flux, the altered budget yields a change of only +0.1%0 in the
predicted ACH;D and +3.0%o in A'>CH,D, for the total estimated source composition,
and similar changes in the steady state atmospheric composition. Applying the steady
state model using these source flux estimates, ACH;D in air will be +4.6%o and

A’CH,D, +116.8%o.
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Similar to the calculations described in section 3.3.1., for example, doubling
emission from wetland sources (holding all source component isotopic compositions
fixed) caused source A”’CH;3D, and A'>CH,D, signatures to increase by 0.4%o and 3%o to
values of +4.5%o and +14.8%o, respectively. Doubling the flux from rice paddies led to a
change of +0.3%o in A”CH;D and +1.4%o in A">CH,D,. Doubling the emission of coal
and biomass burning leads to changes of +0.2%o and +2.30%o in A”CHsD and A'>CH,D,
_respectively (Figure 15). More details are in the supplementary information. Overall
these tests suggest that uncertainties in the rate of emissions from various major sources
will likely contribute uncertainties of ca. 1%o and several %o to the net source A”CH;D

and A'?CH,D,, respectively.
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Figure 15- Sensitivity of the total atmospheric source model composition to changes in
fluxes from various source components. A comparison between estimated A"’ CH;D, and
A*CH,D, values of total atmospheric sources when doubling: wetland sources, biomass
and coal sources, and rice paddies individually along with using bottom up total source
emissions.

88



3.4.2. KIEs and sinks

As an initial test of the sensitivity of our atmospheric budgets to uncertainties or
changes in kinetic isotope effects in the sink reactions, we constructed a simple heuristic
KIE model in which we assumed that D cannot be abstracted from methane into the water
vapor or HCI product in the reaction between CH4 and *OH or Cle; i.e., we assume that
kemsp=3/4kcns and kemopo=1/2kcps, consistent with the rule of the geometric mean
[Bigeleisen, 1955], and for simplicity further assumed that carbon isotope effects are
absent in both sink reactions. The resulting atmospheric steady-state compositions are
qualitatively similar to results using ab initio KIEs for all three deuterated isotopologues
studied ("*CH;D, CH;D, and 'CH,D,). For ACH,D, the resulting steady-state
atmospheric value is still notably enriched relative to the source composition at +138%o,
which is about 24%o higher than the steady state composition reached results using ab
initio KIEs. At steady state the atmospheric A"?CH;D retains the source value in the
heuristic model, because it is assumed that there in no *C-related KIE.

As a second test, we used experimentally determined KIEs of sink reactions
[Gola. et al., 2005; Joelsson et al., 2016; Gierczak et al., 1997; Feilberg et al., 2005;
Joelsson et al., 2014] to determine A" CH;D and A'>CH,D; of air rather than our ab initio
model. The steady-state ACH;D and A'?CH,D, values we obtain are +33.80 £ 26.00%o
and +101.20 £+ 51.40%o respectively. These compositions overlap with our model steady-
state values using ab initio KIEs, albeit with a large range of scatter. In all cases,
however, the steady-state A'>’CH,D, is strongly enriched by the open system interaction

between sources and sinks.
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4. Conclusions

For the first time, expected signatures in the abundances of doubly substituted
mass-18 methane isotopologues (*CH3D, and “CH,D,) have been incorporated into a
box model for the atmospheric methane budget. CH;D and '*CH,D, show promise as
complementary tracers of atmospheric methane sources and sinks under some
circumstances, with '?*CH,D, in particular being sensitive to sink reactions. However, in
order to make the best use of mass-18 isotopologue measurements in air, it will be
important to accurately characterize the major sources and sinks of atmospheric methane
in terms of flux, isotopic composition, and isotopologue signatures.

We have demonstrated that the reactions of methane with *OH and Cle generate a
distinct signature of higher A'*CH,D; (by ~102%o using our ab initio KIEs) relative to the
source composition. We predict high A'*CH,D; values of ~114%o relative to stochastic in
air at approximate steady state, in contrast to A”CH;D values of ~5%o that are little
different from the estimated source composition. The largest sensitivities in mass-18
isotopologue abundances come from changes in the wetland source term in our model.
The effects of changing sink rates due to changing *OH concentrations are more modest
but may still be measurable. Although the precision of measurements of *CH;D is better
compared to *CH,D, (Young et al., 2017), the range of variation in composition is so
much larger for "?CH,D, that the doubly-deuterated isotopologue is still likely to be a
more sensitive probe for investigating these types of variation in the atmospheric methane
budget. Our predictions may be useful for constraining the origin and fate of methane in

the atmosphere. The characteristic relationship between ABCH;D vs. A’CH,D, may
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make it possible to back-project from the composition of methane in air to constrain

contributions from individual sources and sinks.
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Figure S1. Testing effects of basis sets (cc-pVTZ (square) vs. 6-311G** (star)) on
calculated kinetic isotope effects on *CH3;D/'“CHy in the CH,4 - OH sink reaction. All

calculations are at the MP2 level.
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Figure S2. Testing effects of basis sets (cc-pVTZ (square) vs. 6-311G** (star)) on
calculated kinetic isotope effects on >CH,D»/'*CHy in the CH4 - OH sink reaction. All
calculations are at the MP2 level.
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Figure S3. Testing different effects of different model chemistries (MP2 (0), B3LYP (+),
and M06(x)) on calculated kinetic isotope effects on *CH3;D/'*CH, in the CH,4 - OH sink
reaction. All calculations use the cc-pVTZ basis set.
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Figure S4. Testing different effects of different model chemistries (MP2 (o), B3LYP (+),
and M06(x)) on calculated kinetic isotope effects on '*CH,D,/"*CH, in the CH,4 - OH
sink reaction. All calculations use the cc-pVTZ basis set.
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Figure S5. Sensitivity of the total atmospheric source model composition to changes in
various source components. A comparison between estimated 3D and 8'°C values of total
atmospheric sources when doubling: wetland sources, biomass and coal sources, and rice
paddies individually along with using bottom up total source emissions.

Table S1 — Harmonic frequencies for methane isotopologues calculated using

MP2/ccpVTZ
Mode Symmetry in'’"CH,| "“CH, BCH, >CH,D “CH,D 2CH,D,
Al 3075.9944| 3075.9944 | 2322.0379 | 2310.6724 | 2270.4211
E 1586.2445| 1586.2445 | 1521.9977 | 1521.0517 | 1482.7725
E 1586.2445| 1586.2445 | 1521.9977 | 1521.0517 | 1373.9051
T2 stretch 3211.8457| 3200.3597 | 3211.6006 | 3200.0822 | 3211.3523
T2 3211.8457| 3200.3597 | 3211.6006 | 3200.0822 | 3150.9921
T2 3211.8457| 3200.3597 | 3115.9725 | 3112.0965 | 2378.1067
T2 bend 1349.8133| 1341.4509 | 1344.0747 | 1336.8521 | 1119.8727
T2 1349.8133| 1341.4509 | 1193.0892 | 1184.9205 | 1269.619
T2 1349.8133| 1341.4509 | 1193.0892 | 1184.9205 | 1058.6241
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Table S2. Testing the effects of the Wigner [Gupta et al., 1997] tunneling correction on
calculated kinetic isotope effects. The KIEs this table are calculated at T=25°C.

*OH “CH, |“CH,D |"CH,D |*CH,D, Cl “CH, |“CH,D|“CH,D|"“CH,D,
No correction | 1.0063 | 1.3019 | 1.2932 | 1.8066 | No correction | 1.0200 | 1.4231 | 1.3946 | 2.1199
Corrected 1.0064 | 1.3334 | 1.3245 | 1.9180 | Corrected | 1.0280 | 1.4552 | 1.4154 | 2.2062

Table S3- Harmonic frequencies for "“CH;-OH and '“CH,4-Cl transition states. Both
transition states were optimized without structural symmetry in our MP2/cc-pVTZ
models (point group Cl). However, the '*CH4Cl transition state approached Cj,
symmetry very closely, and likely has this symmetry at the true saddle point.

2CH,-OH | *CH,-Cl
-1798.8745 | -1219.8981
16.9358 | 366.9022
313.6989 | 366.9078
347.9141 | 513.0943
786.064 | 964.8982
926.6672 | 964.8996
1207.8595 | 1218.7881
1293.6862 | 1449.7202
1400.8452 | 1449.7226
1485.1122 | 3129.9819
1510.0608 | 3300.086
3116.244 | 3300.0874
3249.2363
3253.1676
3814.4534

Table S4. Testing the effects of source model uncertainties on the total atmospheric
source composition by varying individual emission source fluxes. Isotopic and
isotopologue ratios in each source component are held fixed at the Disequilibrium Model
composition.

A®CH,D | A¥CH,D, | &%CH, | 6D-CH,

Initial Model 411 11.83 -54.16 -295.43
Bottom-up (IPCC) 4.2 14.82 -53.19 -298.07
Double Wetland 4,51 14.75 -55.17 -307.92
Double Rice 441 13.17 -55.66 -299.58

Double Biomass Burning + Coal 432 14.13 -51.22 -281.90

103




Chapter 4. Effects of Boreal Lake Wetlands on Atmospheric BCH;D
and "*CH,D;

Abstract

Atmospheric methane has strong impacts on atmospheric chemistry and the global
climate. Wetlands are among the largest methane sources, and they will need to be
characterized as part of the construction of any realistic global budget of CH;D and
2CH,D;. In order to begin assessing A”?CHsD and A'>CH,D, in atmospheric sources and
sinks of methane, we analyzed methane emitted from nine boreal lakes located in Alaska,
Canada, and Siberia. Measurements were performed using the Panorama high resolution
mass spectrometer at UCLA. Our measurements show boreal lake methane A”CH,D,
and APCH;D ranging from —41.6 to +18.7%o, and —1.2 to +5.4%o, respectively. Most of
the samples (six of nine lakes) resemble methane from laboratory cultures of microbial
methanogens, with isotopic signatures that depart markedly from the equilibrium
composition of A”CH,D, ~ +20 and A”CH3;D = +6 at plausible environmental
temperatures. Based on our measurements of natural methane samples, two arrays can be
defined: the microbial array with low, disequilibrium A'>CH,D, and A”CH;D resembling
previously observed values for laboratory cultured samples and the methanothroph-
affected array closer to the equilibrium isotopologue distribution.

Using these data, and recent predictions of future emissions growth, we modeled the
likely impacts of boreal lakes on the future atmospheric CH4 isotopologue budget up to
year 2100. Our model predicts that a gradual rise of 17 Tg/yr (~3%) in boreal wetland
methane emission by 2100, in comparison with a fixed methane emission scenario, will

result a change of ~2%o in atmospheric A'">CH,D, but less than 0.1%o change in A" CH;D.
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oD also shows the similar behavior but in a shorter time scale, reaching a pseudo-steady
state in ~50 years. The sensitivity of A"?CH,D, suggests a potential use for tracking

changes in the atmospheric methane budget.

1. Introduction

To begin building a more realistic budget of atmospheric sources and sinks of
methane that includes the abundances of multiply-substituted isotopolgues, we analyzed
both APCH;D and A CH,D, of methane emitted from nine boreal lakes located in
Alaska, Canada, and Siberia. We also used A”CH3D and A">CH,D; to explore the origin
of methane emitted from these lakes. We modified our previously published model
budget and evaluated the potential sensitivity of ACH;D and A">CH,D; to the likely
future atmospheric methane growth causing by increase in the emission of boreal
wetlands.

Methane is the most abundant organic compound in the Earth’s atmosphere. It is
also the second strongest greenhouse gas. Methane emissions to the atmosphere include
both anthropogenic and natural sources [Saunois et al., 2016].

Wetlands play a significant role in global methane budget. With estimated
emission ranging from 150 to 201 Tg/yr (~25% of total emission from all sources
together [Whalen, 2005]), wetlands are the largest natural source of methane to the
atmosphere [Saunois et al., 2016]. However, wetland emissions also show the largest
uncertainties, especially in the direction of higher emission, with recent top-down
estimates ranging from 142 to 208 Tg/yr and bottom-up estimates ranging from 177 to

284 Tg/yr [Kirschke et al., 2013]. There are two types of wetland sources: boreal and
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tropical [Riley et al., 2011]. Boreal wetlands, including lakes, contain more than half the
wetlands area in the Northern hemisphere [Sepulveda-Jauregui, et al., 2014]. This source
is likely dominated by microbial methane ebullition (bubbling) from anoxic lake
sediments [Sepulveda-Jauregui et al., 2014]. Methane emission from pan-Arctic wetlands
has been increased by 20% from 1948 to 2007 in a fast response to climate change [Chen
et al.,, 2015]. Despite the significance of high latitude wetlands in the atmospheric
methane budget, there are still uncertainties. Freshwater lakes release approximately 72
Tg/year methane to the atmosphere [Bastviken et al., 2011]. Methane emissions from
northern lakes (>°50 latitude) contribute 16.5£9.2 Tg CH4/yr to global methane budget
[Wik et al., 2016; Walter et al., 2006; Bastviken et al., 2011; Tan and Zhuang, 2015].
Chen et al. [2015] estimated an average flux of 36.1+6.7 Tg CH4/yr from pan-Arctic
wetlands during 1997 to 2006. Also, Olefeldt et al., [2012] offered a range of 25 to 100
Tg/yr emission of methane from boreal and tundra wetlands. There has been a sudden
large growth in the extent of permafrost degradation in some regions of Alaska since
1982. This is correlated with the record warm temperatures during 1989 to 1998 —a 2 to
5 °C increase in mean annual ground temperatures relative to 1989 [Jorgenson et al.,
2006, Clow and Urban, 2003]. Methane emissions from Arctic wetlands (>67°N) appear
to have increased by 30.6 + 0.9% from 2003 to 2007 [Bloom et al., 2010]. In addition,
Chen et al., [2015] anticipated a rise of 42% in methane emission from Pan-Arctic
wetlands by the end of 21* century, compared to the flux emitted from 1997 to 2006.
Similarly, an escalation of annual emission of boreal lakes by 20 to 54% has been
predicted by the end of this century, as new climate studies predict up to 9°C rise in

Arctic mean annual air temperature [Wik et al., 2016]. This temperature rise in turn will
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increase the destruction of northern permafrost and increase in methane emission from
boreal wetlands.

Reaction with OH radical is the main methane sink in the atmosphere [Khalil et
al., 2007]. The balance between methane sources and sinks determines the methane
budget in the atmosphere. Methane concentration in the atmosphere has more than
doubled since 1850 [Turner et al., 2017]. Also, the length of the warm season across the
Arctic has increased since 1850s [Wik et al., 2016]. Atmospheric methane concentration
grew by ~1%/year for the past three decades of twentieth century [Bartlett and Harriss,
1992]. Interestingly, methane concentrations stabilized in the early 2000s to 2007 and
then resumed increasing [Turner et al., 2017]. Different explanations have been proposed
for these trends. Turner et al. [2017] proposed that the temporary stabilization of
atmospheric methane concentration was the outcome of simultaneous increase in OH
radicals (and the resulting sink) and an increase in methane emission. In this model, the
subsequent growth is explained by a decrease in OH radical concentration after 2007,
somewhat counteracted by a drop in methane emission. In contrast, Nisbet et al. [2016]
inferred that the growth in atmospheric methane since 2007 was led by an increase in the
emissions from wetland sources (including rice paddies). The actual reasons behind this
stabilization and then renewed growth are not fully understood.

Carbon and hydrogen stable isotope measurements (3"°C and 8D) have been
important tools for fingerprinting different methane sources in northern lakes [Walter
Anthony et al. 2012] and also for differentiating between pathways of microbial
methanogenesis [Whiticar and Faber, 1986; Burke, 1993; Valentine et al., 2004; Walter et

al., 2008]. Additionally, they have been used in constraining the atmospheric methane
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budget [Cicerone and Oremland, 1988; Dlugokencky et al., 2011, Brownlow et al., 2017].
Different methane production and consumption processes can have characteristic isotope
signatures (3"°C and 8D) depending on the methane formation pathway and the carbon
and hydrogen isotope compositions of precursor materials [Cicerone and Oremland,
1988]. Therefore, isotope signatures measurements have been used to apportion
emissions from various sources to the atmosphere in addition to identify fluctuation in the
atmospheric methane sources and sinks [Fisher et al., 2017]. Yet, this type of analysis can
give ambiguous results due to overlap in the isotope ranges attributed to different
methane sources. In addition to pathway effects there are other factors that could
influence isotope signatures including substrate limitation, and the kinetics of the
reaction, transport, and oxidation. All of these factors complicate interpretation of
BC/"C and D/H signatures of methane. These contribute to overlap between bulk isotope
composition of microbial, thermogenic and abiotic methane sources [Sherwood Lollar et
al., 2006]. There are disagreements regarding the causes of recent anomalies in
atmospheric methane concentration [Turner et al., 2017]. Multiple scenarios have been
proposed in part using 5'°C measurements. Based on the shift to more negative values for
8"°C since 2007, Nisbet et al. [2016] concluded that methane regrowth was generated by
significant increase in biogenic methane emissions, and that fossil fuels were not a
dominant factor. Schaefer et al. [2016] developed a one-box model incorporating 8"°C
data that also suggested fossil fuels did not contribute in the recent methane rise. In
contrast, Rice et al. [2016] inferred an increase in fossil fuel sources since 2000 using

8"°C records. Turner et al. [2017] also described ambiguities involved in using 8"°C in
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CHy4 to track recent atmospheric methane anomalies due to the overlap in isotopic
signatures, especially among the different sources.

Doubly substituted methane isotopologues signatures are a potential tool for
distinguishing between methane sources [Ma et al., 2008; Stolper et al., 2014a; Wang et
al., 2015; Young et al., 2016, 2017; Haghnegahdar et al., 2017]. BCH5D in particular
have been proposed as a possible way to identify the formation temperature and
mechanism of methane generation [Stolper et al., 2014a, 2014b; Wang et al., 2015,
Young et al., 2017]. Additionally, the abundance of mass 18 methane was used to define
microbial versus thermogenic sources of natural methane emission form Arctic and sub-
Arctic lakes [Douglas et al., 2016]. Isotopic ratios of *CHs;D/"*CH;D and *CH;D/'*CH,4
in natural methane have been measured using infrared spectroscopy [Tsuji et al., 2012].
Young et al., [2017] performed the first measurements that resolved both mass 18 isotope
signatures of methane, "CH;D/'"*CH, and '>CH,D,/'?CH,, in abiotic and biotic methane
collected in natural and laboratory settings. It is expected that atmospheric sink reactions
cause a higher concentration of multiply substituted methane isotopes such as '>CDy in
the atmosphere [Alei et al., 1987; Cicerone and Oremland, 1988; Mroz et al., 1989; Kaye
and Jackman, 1990; Haghnegahdar et al., 2017].

In addition to measurements, there have been several theoretical studies on the
equilibrium distribution of BCH;D [Cao and Liu, 2012; Webb and Miller, 2014] and
2CH,D, [Stolper et al., 2015; Young et al., 2016, 2017; Piasecki et al., 2016;
Haghnegahdar et al., 2017]. Haghnegahdar et al. [2017] developed an initial global

atmospheric methane budget including doubly substituted isotopologues of methane to
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investigate the potential of “CH;D and 'CH,D, as tools for tracking atmospheric
methane sources and sinks.

In constructing our original model, we had to make assumptions about the clumped
isotope signatures of various methane sources to the atmosphere due to the lack of
resolved measurements of doubly substituted isotopologues in most types of methane

sources. One goal of the present study is to test and refine these assumptions.

Figure 1- Map showing locations of
lake samples (red circles) analyzed
in this study.

2. Methods

2.1 Clumped Isotopes Measurements

We analyzed samples collected from nine lakes located at latitudes >°55 N in
Siberia, Canada, and Alaska (Figure 1, table 1). The samples were chosen to represent a
diverse set of cold lakes in different geographical regions of the world with different

geological and ecological features along with different methane fluxes and isotope
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signatures. Interior Alaska thermokarst lakes in a Pleistocene-aged yedoma silt-
dominated landscape include Cranberry Lake, Vault Lake, Goldstream Lake, Octopus
Lake, Doughnut Lake, and Blacksheep Pond. Doughnut Lake is thought to have an open
talik, allowing hydrological exchange between the surface water and groundwater
beneath permafrost. Blacksheep Pond, a smaller, 2™ generation lake, overlies permafrost
consisting of refrozen sediments of a previous lake generation; due to its closed talik,
there is no exchange of sub-permafrost groundwater with the surface pond water. In
addition to interior Alaskan lakes, we also analyzed ebullition (bubble) samples collected
from glacial lakes in eastern (Golf Lake) and western (Pickhandle Lake) Canada and
from a northeast Siberian yedoma lake (Shuchi Lake). Methane ebullition samples were
collected during natural ebullition (bubbling) events, during the period of 2012 to 2017
using submerged bubble traps deployed over seepage points following methods described
in detail by Walter Anthony et al. [2012], except for two samples from Siberia, which
were collected in 2004. Another exception are the Blacksheep Pond samples, which were
collected not from natural ebullition events, but following disturbance associated with
coring of pond sediments (March 2017 sample) and underlying permafrost (April 2017
sub-permfrost gas sample). All samples were stored in the dark under refrigeration until
analysis. In these lakes, methane typically is produced in anoxic sediments through
microbial methanogenesis. Some of the dissolved methane pool is oxidized by microbes
within the sediments and lake water column [Martinez-Cruz, at al., 2017; Martinez-Cruz,
at al., 2018], but a significant quantity is released to the atmosphere, mostly through

ebullition (bubbling) [Walter et al., 2008; Walter Anthony et al., 2012]
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Table 1- Samples information including names and locations along with latitudes and
longitudes of the lakes, collected sites and dates, sample numbers, and also additional
notes.

Region Lake Date Notes Latitude Longitude
Alaska Blacksheep Interior Alaska, 2nd generation thaw pond formed in
Pond 3/11/17 an ancient thermokarst lake basin 64.8885 -147.921
Interior Alaska, deep gas collected beneath refrozen
Blacksh permafrost, which formed after drainage of the
Alaska 3;03 deep ancient thermokarst lake and before formation of
4/3/17 the recent small surface pond 64.8885 -147.921
Alaska Cranberry 11/19/12 | Interior Alaska thermokarst lake 64.936 -147.821
Alaska Doughnut 3/15/16 Interior Alaska lake (uncertain origin) 64.899 -147.909
Alaska Goldstream 8/7/14 Interior Alaska thermokarst lake 64.916 -147.849
Alaska Goldstream 3/2/16 Interior Alaska thermokarst lake 64.916 -147.849
Alaska Octopus 10/15/14 | Interior Alaska thermokarst lake 64.908 -147.861
Alaska Vault 10/30/13 | Interior Alaska thermokarst lake 65.029 -147.699
Alaska Vault 8/17/14 | Interior Alaska thermokarst lake 65.029 -147.699
E.Canada Golf 11/8/13 | Eastern Canada glacial lake 58.751 -93.968
W.Canada |  Pickhandle 8/30/14 | Western Canadian glacial lake 61.920 -140.301
Siberia Shuchi 5/25/04 | Northeast Siberia thermokarst lake 68.746 161.394
Siberia Shuchi 5/25/04 | Northeast Siberia thermokarst lake 68.746 161.394

Prior to measurements, methane was purified from mixed gas samples using a
vacuum line and gas chromatography technique similar to the method described
previously by Young et al. [2017]. In general, we tried to have enough sample gas to
provide at least ~60 pmole of CHs. After purification, samples were measured using the
Panorama high resolution mass spectrometer at UCLA, as described previously in detail
by Young et al. [2016 and 2017]. In brief, ion currents of CH,", “CH,", *CH;D",
BCH;D", and "CH,D," of methane gas samples were measured. We operated at mass
resolving powers (MRP) of 40,000 for clean separation of '*CH,D, from "*CH;D,
corresponding to an approximate entrance slit width of 35 pum. Isotopologue ratios were
obtained using two different magnet current settings; one for obtaining §°C and
A13CH3D, and the other for 8D and A?CH,D,. Mass-16 and 17 ion currents were

measured on Faraday cups with 10'' Q. CH;D" and '*CH,D," were measured on a

112



secondary ion multiplier with ~6000 to 10,000 and ~150 to 250 cps, respectively. Sample
aliquots were introduced to the dual inlet of the mass spectrometer using a small-volume
cold finger in order to avoid expansion and thermal gradient effects. An internal reference
standard with a known composition (UCLA-2) was used during the measurements. The
typical measurement external precision for 8°C, 8D, A”CH;D, and A'CH,D,
measurements are respectively <0.1, 0.2, 0.2, and 0.8 %o 1 o. These values are between 2
and 3 times the internal precision for each measurement. & and A for methane

isotopologues are:

5 = (P _ 1)(1000%0) (1)
standard
;

A = (e 1)(1000%o0) )

]Rstochastic

where R represents abundance ratios “CH3;D/'’CHy4 or '*CH,D,/'*CHy4 for a sample,
standard (Standard Mean Ocean Water (SMOW) and Pee Dee Belemnite (PDB)) , or
stochastic equivalent.

The first one third of samples were analyzed during May, and then the rest from
mid October to mid November 2017.
2.2 Model Budgets

Having the measured values for ?CH;D and '>CH,D, of boreal wetlands, we
incorporated the results into our theoretical one-box model of atmospheric methane and
its isotopologue budget [Haghnegahdar et al., 2017] to make it more realistic.

It is not clear which individual sources and sinks have been responsible for the
recent trends in atmospheric methane abundance over the past three decades. Therefore,
we performed a historical simulation for global methane abundance from 1890 to the

present testing the practicality of using clumped isotopes of methane to constrain various
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scenarios. We tested two scenarios suggested by Turner et al. [2017] to simulate renewed
growth in atmospheric CH4 abundance after 2007, including a 20Tg/yr sudden increase in
methane emission and 5% decrease in OH radical concentration. We assume that our
measured values for doubly substituted isotopologues of methane samples from boreal
lakes are typical of both wetland sources and rice paddies and left our other isotopologue
assumptions unchanged. Rice paddy sources of methane share the same mechanisms and
controls for methane emissions as natural wetlands. Therefore, they have been classified
as agricultural wetland sources [Bartlett and Harriss, 1992; Segers, 1997; Conrad 2002].
We modeled trends in singly and doubly substituted isotopologues for the time period. In
addition, we modeled the Chen et al., [2015] and also Wik et al. [2016] predictions of
increasing emission of methane from boreal wetlands by the end of 21st century. In this
scenario there is an exponential increase of 17 Tg/yr in boreal wetlands emission by year
2100.
3. Results and Discussion
3.1. Measurements

3.1.1 Bulk isotopes signatures
Our measured values for '"°C and 3D in boreal lake methane are in the range of —84.0 to
—55.5%0 and —452.2 to —312.8%o respectively (Figure 2).
The bulk isotope signatures of our samples are typical for microbial methane [Whiticar,
1999]. The lowest 8D and 8"°C values are from Shuchi Lake, Doughnut Lake has the

highest values.
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Figure 2- 8D vs. 3'"°C of natural methane samples collected from boreal lakes. 8D ranges
from —452.8%o to —312.8%o, the range of 8'°C is between —84.0%o and —55.5%o.

3.1.2. Clumped isotope signature

Equilibrium exchange reactions between methane isotopologues have been
discussed in previous studies [Young et al., 2017; Haghnegahdar et al., 2017]. In general,
if methane forms in isotopic equilibrium, the formation temperature can be indicated by
clumped isotope measurements. However, resolved measurements of A'*CH,D, and
APCH;D in microbially generated methane show that microbial methanogenesis typically
produces disequilibrium signatures [Young et al., 2017]. A" CH,D, for methane
generated by laboratory microbial samples show anti-clumped isotope signatures [Young
et al., 2017; Giunta et al., 2019] (Figure 3- blue diamonds) while A”CH;D is typically
nearly stochastic. These lab cultured samples were grown through different pathways,

including with methanol and carbon dioxide sources.
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APCH;D for all the samples, excepting Octopus and Vault (2013-sample); show clumped
signatures (A>0). For A"?CH,D,, all the samples except Doughnut Lake and Pickhandle
have anti-clumped signatures (A<0). All samples are far out of equilibrium. Analyzing
both A'>CH,D, and ACH;D clearly provides improved resolution of non-equilibrium
signatures relative to A;gor APCH;D alone. Douglas et al. [2016] measured A;g of Arctic
and Subarctic lakes, including samples from Goldstream and Doughnut lakes. However,
the sampling dates and ebullition events of our samples are different. For the purpose of
comparison we re-calculated Az for our samples from these lakes from resolved

isotopologue measurement data using the following procedure:

18R

Ajg = (18R* - 1) 3)

D
,where 2R = = , B3R = —
H

18p — ([*3CH3D]+[**CH;D,])
[12CH,4)

(4)

18R* = (6X%[2R]?) + (4%X2Rx13R). Q)

Even though our samples are not replicates, overall the isotopic signatures of methane are

similar (table 2).
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Table 2- A comparison between our measured values for Doughnut and Goldstream lakes
with Douglas et al. [2016] (analyzed samples in both studies were collected by Katey
Walter Anthony but from different sites and dates).

Lake 5C (%o) | 8D (%) | Az (%)

Present Study Doughnut —55.5 —312.8 +5.3
Goldstream =774 —397.1 +0.4

Goldstream -61.2 —380.5 -0.4

Douglas et al. [2016] Doughnut —55.5 -302.4 +6.0
Goldstream =77.6 —383.1 +2.0

Goldstream —64.3 —369.3 +1.1

Goldstream —61.9 —323.8 +0.2

Our measurements of natural methane samples emitted from boreal wetlands
indicate that typical compositions fall within an array with low, disequilibrium A'>CH,D,
and APCH;D. A"’CH,D, ranges from —41.6 to +18.7%o, while the range of ACH;D is
between —1.2 to +5.4%o.. Laboratory studies on microbial cultured samples show a similar
range of values for A'?CH,D,, —55.3 to —19.4%o, and A">CH;3D, —3.9 to +2.7%o, [Young et

al., 2017; Giunta et al., 2018].

Samples from three lakes (Doughnut, Pickhandle, and Blacksheep—April sample)
are distinct from the others. They are closer to the equilibrium curve and farther from the

measurements of microbial lab cultured samples (Figure 3).
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Figure 3- Measured values for boreal lakes (red triangles), along with the equilibrium
curve (black). Black points on the curve represent equilibrium temperatures. Laboratory
cultures of microbial methanogens are shown in blue diamonds.

Isotopic and contextual evidence suggests that these unusual compositions
represent samples originating from deeper subsurface methane sources that were likely to
have been affected by AOM (Anaerobic Methane Oxidation by methanotrophs).
Martinez-Cruz et al. [2017, 2018] observed AOM in the surface of sediments of interior
Alaska lakes, including Doughnut Lake. Winkel et al. (in review) reported microbial
communities naturally enriched in CH4-oxidizing archaea associated with AOM in deep

sediments near the base of the talik at Vault Lake. Here, we suggest that AOM leads to
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partial equilibration of methane due to the reversibility of the methyl-coenzyme M
reductase (MCR) reaction in the first step [Young et al. 2017]. Hence, the observed
doubly substituted isotopologue signatures of these three lakes could be the result of
mixing between a sample dominated by a methanogenesis signature and gas equilibrated
by methanothrophy (Figure 4). For instance, a mixing at 5°C - between a sample from
Goldstream Lake (that is apparently dominated by a methanogenesis signature) with
8D=-380.5%0 and &8°C=—61.2%0 and gas equilibrated by methanotrophy with a
composition of 8D=-294.1%o and 8"°C= —53.5%o (this composition is chosen so that the
mixing line passes through the sample at Doughnut Lake), gives the trajectory shown in
Figure 4. Similar mixing relationships can constructed to pass through the Pickhandle and

Blacksheep—April sample compositions (Figure 5).

35 1- Doughnut Lake

2- Goldstream Lake

A
(5

AI3CH,D

Figure 4- Hypothetical mixing trajectory from the composition of the Goldstream Lake
sample through the Doughnut Lake sample composition, calculated such that a gas
equilibrated at 5°C is the mixing end member. The microbial and AOM end-member
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gases would have 8D=-380.5%o, & C=—61.2 and 8D=-245.0%o, & C=—50.0%0
respectively.

37T 1- Pickhandle Lake
2- Blacksheep — April
1 3- Suchi
15 4- Suchi
Mixine v 5- Goldstream
5 4 g curve 6- Blacksheep - March

o)
o

AI3CH,D

Figure 5- Two hypothetical mixing trajectories: (a) from the composition of the
Blacksheep Lake (April, 2017) sample through the Blacksheep Lake (March, 2017)
sample composition, (green curve), (b) from the composition of the Pickhandle Lake
sample through the Goldstream Lake sample composition (purple or navy curves),
calculated such that a gas equilibrated at 5°C is the mixing end member.

The abundances of potential electron acceptors to support AOM have been
analyzed in two of the lakes, Blacksheep and Goldstream. Dissolved NO3, SO4>, and
total Fe concentrations are shown in Figure 6, the concentration of dissolved CHy is
shown in Figures 7 and 8. Fe (III) seems to be the dominant electron acceptor in
Goldstream Lake, showing the highest concentration (Figure 9). However, more studies
are needed on the effect of the concentration of electron acceptors on the incidence of

AOM, along with the resulting doubly substituted isotopologue signatures of methane.
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Figure 6- Dissolved concentration profiles of potential AOM electron acceptors,
including NO5’, and SO4> versus depth in the sediment in Goldstream (site T1, T3, and
T4) and Blacksheep Lakes.
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Figures 7- Concentration of dissolved CHy in different depths of Blacksheep Lake.
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Figures 8- Concentration profile of dissolved CH4 versus water depth in Goldstream

Lake.
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Figure 9- Dissolved concentration profile of Fe (potential AOM electron acceptor) versus
depth in the sediment in Goldstream Lake - site T3 (Figure by Matthias Winkel).
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As seen in Figure 10, three groups can be defined in our plot of A'*CH,D; vs.
APCH;D: 1) the microbial array (produced by microbes through methanogenesis), which
is close to the results from previous lab cultured samples, 2) the mixing array — samples
falling near mixing curves between microbial samples and any end-member that has been
equilibrated by AOM, and finally an AOM dominated (equilibrated) array.

Measured 8"°C, 8D, A*CH;D, and A'™>CH,D, values for all samples are shown in

table 3.
35 T
AOM \
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Figure 10- Hypothetical arrays: microbial array (brown curve) — the samples showing
isotope signature of methanogenesis and resemble laboratory culture signatures, mixing
(green curve) between this end-member (or range of possible end-members) and gas
equilibrated at low temperatures by AOM (blue curve).
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Table 3- Bulk and doubly substituted isotope signatures measured values for methane

emitted from boreal natural lakes.

Lake Region 8C (%o) 3D (%0) | APCH;3D(%0) | A2 CH,D1(%0)
Blacksheep Alaska —62.6 —379.4 +0.9 -31.8
Blacksheep Alaska —82.1 —342.0 +4.2 -5.9

Cranberry Alaska —66.4 —367.8 +2.1 -17.2
Doughnut Alaska —55.5 -312.8 +5.2 +18.7
Goldstream Alaska =77.4 —397.1 +0.8 —27.7
Goldstream Alaska —61.2 —380.5 +0.6 —26.7

Octopus Alaska =733 —399.8 -1.2 —41.6

Vault Alaska —76.2 —408.0 -0.2 -29.6

Vault Alaska =70.9 —379.9 +0.9 -27.0

Golf E. Canada =71.1 —319.6 +2.2 -17.3
Pickhandle W. Canada =70.7 —346.1 +5.4 +9.4

Shuchi Siberia —84.0 —452.2 +1.2 -21.3
Shuchi Siberia —79.4 —419.2 +1.5 —18.2

Figures 11 and 12, respectively, present A”CH;D vs. §"°C and 8D. A"*CH,D; vs.

8'°C and 8D are shown in Figures 13 and 14. Though there is not a strong correlation

between doubly and singly substituted isotope signatures, the samples

with highest

values of A"CH;D and A" CH,D, overall illustrate elevated values of 8D (>—346%o)

compared to the other samples. In contrast, 3'°C does not follow any clear pattern.
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Figure 11- APCH;D vs. 8"°C for all methane samples.
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Figure 12- APCH;D vs. 8D for all methane samples.
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Figure 13- A" CH,D, vs. 8"°C for all methane samples.
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Figure 14- A" CH,D, vs. 8D for all methane samples.
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3.2. Atmospheric methane model

3.2.1 Isotopologue budget for the atmosphere

We previously developed a theoretical one-box model to investigate the potential
use of "CH;D and '*CH,D; as tools for tracking atmospheric methane sources and sinks
[Haghnegahdar et al., 2017]. In that model, we used electronic structure methods to
estimate kinetic isotope fractionations associated with the major sink reactions of CHy in
air (reactions with OH and Cl radicals), and combined literature data with reconnaissance
measurements of the relative abundances of CH;D and '*CH,D, to estimate the
compositions of the largest atmospheric sources. In this original model, we assumed
equilibrium A"”CH;D and A"?CH,D, for wetland sources. Our new measurements suggest
that this assumption is incorrect; only one sample (Doughnut Lake) is close to
equilibrium. In order to make a more realistic model of atmospheric methane budget
containing both singly and doubly isotopes of methane, we assume our measured values
for APCH;D and A'>CH,D, of boreal lakes are representative of the global wetland
methane source. This results in a shift of ~7%o in A'>CH,D, and ~1%o in ACH;D of air
at steady state including boreal and tropical wetlands. The newly estimated A"”*CH;D and
AZCH,D, values of air are +3.7% and +106.0%o respectively; the net source
compositions are respectively +3.3%o0 and +5.1%.. We also made an alternate model
assuming the least clumped composition, from Octopus Lake, as the net wetland source,
as a sensitivity test. Figures 15 and 16 present a comparison between these results. This
suggests that sink reactions play a more significant role in determining '*CH,D,
abundances (Figures15 and 16), whereas source compositions influence both *CH;D and

2cH,D,.

130



Rice paddy sources of methane have also been classified as agricultural wetland
sources [Bartlett and Harriss, 1992; Segers, 1997; Conrad 2002] as they share the same
mechanisms and controls for methane emissions as natural wetlands. The production
mechanism in both natural and agricultural wetlands is anaerobic methanogenesis
through decomposition of organic materials [Bartlett and Harriss, 1992]. Consequently,
we also applied the mean measured ACH;D and A'CH,D, of boreal lakes for rice
paddies in our model. As the result, A">CH,D, and A”CH;D of atmospheric at air steady
state would be +98.3%o and +2.9%o, respectively, a further decrease of ~8%o and ~0.8%o

from the model with an equilibrated rice paddy source.

15
a- Assuming isotopologue equilibrium in
wetlands (Haghnegahdar et al., 2017)
12 A
b- Mean measured boreal lake composition
~ o
a ° N
:N c- Least clumped boreal lake composition
&
— 6 1
< @
3 -
0 L L L L L
2 2.5 3 3.5 4 4.5 5

A13CH,D

Figure 15- A comparison between doubly substituted isotopologues of atmospheric
methane sources of original model assuming equilibrium in wetlands, applying the mean
measured boreal lake values, and applying least clumped boreal lake values.
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Figure 16- One-box model steady state of doubly substituted isotopologues of methane in
air using original model assuming equilibrium in wetlands, applying the mean measured
boreal lake values, and applying least clumped boreal lake values.

3.2.2 Sensitivity tests of isotoplogues

We manipulated our one-box model simulation to approximately reproduce
changes in the atmospheric methane budget, starting from year 1890 with methane
concentration of 836 ppb, and eventually reaching 1838 ppb in 2017. In this model,
steady state is assumed before 1890. Then, emissions increase exponentially (0.81%/yr)
from 1890 to 1990. From 1990 to 2006 a fixed (constant) source and sink is assumed

(Figure 17).
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Figure 17- Model simulation of atmospheric methane concentration from year 1890 to
2017.

We constructed a sensitivity test for 8°C, 8D, A”CH;D and A“CH,D; in
atmospheric methane along this time line by applying two different scenarios for renewed
growth after 2007, following the approach of Turner et al. [2017] (Figure 18). In the first
scenario, renewed growth is due to a one-time, instantaneous 20 Tg/yr increase in total
emission of methane in the atmosphere in year 2007, assuming fixed atmospheric OH
radical abundance (Figure 18-red dashed lines). In contrast, the second scenario assumes
a 5% decrease in global mean OH radical concentration in the atmosphere in 2007 and

fixed methane emissions (Figure 18-blue dashed line).
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Figure 18- Atmospheric concentrations from reconstructed atmospheric methane budget
compared to NOAA measurement records (solid black line), a 5% decrease in OH radical

concentration in the atmosphere in year 2007 (blue dashed line) is difficult to distinguish
from one time 20 Tg/yr increase in total sources emission (red dashed line).

In these models, A"’CH,D, decreased from 84.1%o in 1985 to +78.6%o in 2000
and then rose again to +83.1%o in 2016 (Figure 19b). For ACH;D the changes are not
noticeable, raising from +2.72%o in 1985 to +2.68 in 2000 then growing to +2.75%o for
the scenario of increasing emissions (Figure 19a, red dashed line) and 2.74%o for the
scenario of decreasing OH radical concentration (Figure 19d, blue dashed line).
A" CH,D, behaves the same in both scenarios; however, in comparison with 8'3C and 8D
it shows a sharper and more pronounced changes in the recent atmospheric methane

trends.
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Figure 19- Singly and doubly substituted isotopologues of methane in the atmosphere (a)
8"°C, (b) 8D, (c) A”CH;D, and (d) A"CH,D, from 1890 to 2016. Red dashed line is
based on a one time 20 Tg/yr increase in total emission of methane to the atmosphere in
year 2007 and blue dashed line a decrease of 5% in OH radicals in the atmosphere in the
same year.
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3.2.3 Isolating the Impacts of Increasing Future Boreal Wetlands Fluxes
Annual emissions of methane from boreal lakes are predicted to continue rising through
the end of this century [Chen et al., 2015; Wik et al., 2016]. We investigated the future
impacts of increased boreal wetland emissions on the atmospheric methane budget
through model A”CH;D and A'?CH,D, variations (Table 4). For this purpose, an
exponential increase of 17 Tg/yr of methane emission from boreal wetlands by year 2100
was compared with a fixed emissions and sinks scenario. The model comparison predicts
an approximately 2%o difference in A'>CH,D, values (Figure 20b) relative to the fixed
source and sink model. A”CH;D changes by less than ~0.1%o. 8D displays an analogous
behavior to A'?CH,D,, but the response is on a shorter time scale - reaching a pseudo-
steady state in ~50 years even with increasing boreal wetlands emission (Figure 20c).
Likewise, 8'"°C approaches a pseudo-steady state in ~50 years, with a total difference of
just ~0.1%o. In this model *CH,D,, compared to other isotopologues of methane, shows

more sensitivity for tracking methane budget imbalances in the atmosphere.

Table 4- A model comparison between a fixed sources and sinks model from 2017 to
2100 and a scenario of a 17 Tg/yr gradual increase in boreal wetlands emission by 2100.

%0 2017 2100 17 Tg/yr gradual increase in
(fixed) boreal wetlands flux by 2100
8- c -47.8 -47.6 -47.6
3D -69.4 -58.0 -59.7
A12CH2D2 81.5 97.1 95.6
A13CH3D 2.8 2.9 2.9
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navy line) vs. fixed sources and sinks (orange dashed line)
(a) atmospheric methane concentration, (b) A'?CH,D,, ¢)
APCH;D (d) 8D, (e) 8"°C.

137



4. Conclusions

For the first time, the abundances of both doubly substituted mass-18 methane
isotopologues (*CH;D and '*CH,D,, separately) of natural methane samples emitted
from boreal lakes have been analyzed. These values in turn have been incorporated into a
one-box model of the atmospheric methane budget including clumped isotopes
signatures. The measured values for A'>CH,D; range from —41.6%o to +18.7%o, while the
range of ACH;D is between —1.2%o to +5.4%.. The values indicate that typical
compositions fall within a microbial array with low, disequilibrium A'>CH,D, and
APCH;D. Clumped isotope signatures of three lakes (Doughnut, Pickhandle, and
Blacksheep — April sample) are closer to the equilibrium isotopologue distribution. These
three samples likely were affected by AOM (Anaerobic Methane Oxidation by
methanotrophs). The observed doubly substituted isotopologue signatures in these lakes
could be the result of mixing between methanogenesis and gas equilibrated by
methanothrophy. It is expected [Haghnegahdar et al., 2017] that sink reactions will play
a more significant role in determining the A'">CH,D, in atmospheric methane than source
variations, generating a distinctly elevated signature (by ~100%o) relative to the source
composition. Our model isotopologue budget for the atmosphere predicts ~2%o effect on
both A>CH,D; and 8D as the result of a gradual rise of 17 Tg/yr in boreal wetland
methane emissions by 2100, relative to a constant sources scenario. This sensitivity
suggests a potential of A'>CH,D, measurements for tracking changes in the atmospheric

methane budget.
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