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1 Chapter 1: Introduction

The study in the phenomena that describe how greenhouse gases (GHGs) are passed between the
landscape and the atmosphere falls under the general fields of climate science and climate
change. From the scientists’ perspective, interest in climate change has grown exponentially over
the last four decades. In the 1980s, the cumulative sum of publications that included climate
change or related terms in the abstract were near zero. However, as 2014 ended, this number
surpassed 25,000; this growth can be understood as a doubling of climate change publications
every 5-6 years (Haunschild et al., 2016). Climate change is a phenomenon that is not only
pertinent to scientists but is becoming more entrenched in mainstream media. The Media and
Climate Change Observatory (MeCCO) group monitors mentions of climate change in media
outlets all over the US and the globe. In 2017, MeCCO published a report that showed there
were 1925, 1070, and 6253 articles per source that mentioned of climate change or global
warming across the New York Times, Washington Post, and all major N. American print
publications, respectively (Boykoff et al., 2023). The combined interest by scientists and media

underscores the importance of the work presented in this document.

1.1 General Information

The anthropogenic release of GHGs into the atmosphere traps infrared radiation (IR) that
otherwise would escape from Earth’s atmosphere. The difference in amount of IR that is
insulated by the Earth’s tropopause, and the IR that leaves defines an important term, radiative
forcing (RF) (Myhre et al., 2013). The increase in RF through excess GHGs in the atmosphere
thickens the proverbial blanket around the earth, and as a result, changes to the climate have

occurred at a rate more rapid than any studied natural process (Forster et al., 2013).

Minding the changes in atmospheric GHG concentrations requires study of a multitude of
processes that generate and consume GHGs. Processes that are directly influenced or even
created by human beings (e.g., burning of fossil fuels, agricultural production, or sewage) will be
referred to as anthropogenic (Bousquet et al., 2006; Miller et al., 2013; Saunois et al., 2016).
However, processes that occur without human influence are considered natural. These natural

processes require special attention as they often set a baseline concentration of greenhouse gases



in the Earth’s atmosphere. Without knowing the baseline concentration, the effects of

anthropogenic influences on the climate are more uncertain.

This dissertation will focus primarily on how natural systems contribute as sources of GHGs to
the atmosphere. Specifically, diffusive fluxes of carbon dioxide (COz2) and methane (CH4) were
measured at two Quaternary age volcanic systems, Yellowstone and Valles Caldera. Although
both gases will be discussed in equal measure, it is important to note that CO2 has been studied
in greater detail in previous publications, whereas CHa4 has yet to attain the same level of
documentation in the field of literature for the two calderas. Thus, this dissertation reports the

first diffusive flux measurements of CH4 from these calderas.

The primary objective will be to detail spatial and temporal trends in the diffuse fluxes of CO2
and CH4 vary within each caldera. Auxiliary motivations include identification of gas sources
using carbon and hydrogen isotope compositions of these gases, underscoring where results are
novel with respect to previously published accounts, and an illustration of updated techniques

and methods for others seeking to conduct similar work in the future.

A detailed description of the two volcanic calderas will follow in subsequent chapters. This
introductory chapter includes a discussion of the general chemical properties of both gases, their
global budgets, brief descriptions of the subsurface pathways that these gases take to reach the
surface, and an overview of the theory and methods used to measure diffusive gas exchange
between land and atmosphere. Finally, a summary of the contents of the dissertation is provided

at the end of this chapter.

1.2 GHGs and the Strength of the Greenhouse Gas Effect

Chemical bonds hold the atoms in a molecule together. Absorption of IR will cause a bond to
experience stretching and bending vibrations (Archer, 2012). When these molecules are
symmetrical like O2 and N2, the two most abundant gases in the atmosphere, the stretching or
bending of the bonds is negligible, so they do not absorb IR and thus they are not considered
GHGs.



However, CH4 is a molecule composed of an atom of carbon bonded with four hydrogen atoms
surrounding it in a tetrahedral shape. The lack of symmetry between the size of the carbon and
hydrogen atoms as well as the 109.5° C-H bond angle increase the stretching and bending
vibrations (Brittin, 1945). Specifically, the stretching and bending forces occur between the
hydrogen atoms of the molecule (Barrett, 2005). Due to the increase in bond vibrations, CH4 can
capture more IR than Oz and N2, which makes it instrumental in the greenhouse gas effect.

CO2 is a linearly shaped molecule with two oxygen atoms double bonded to a single carbon atom
with a bond angle of 180 degrees. Although the bonds are symmetrical, the atoms that are
bonded are different, and stretching and bending of the bonds between oxygen and carbon still
occurs in the mid and low-IR range. Specifically, one of the oxygen atoms may stretch by
moving toward or away from the carbon atom, or both the oxygen atoms may move below the
linear plane causing a bonding angle no longer equal to 180°. In both scenarios, a dipole moment
is created, and radiative absorption is possible at 2349 cm™! for the asymmetric stretch and 677
cm’! for the bend (Barrett, 2005). Both absorptions allow the molecule to contribute to the

greenhouse gas effect.

1.2.1 Radiative Forcing

One method to assess the strength of the greenhouse gas effect is to examine the RF of the gas in
question. One of the useful attributes of RF is that it can be related to global surface temperature
response (ATs):

ATy = AF A, (Eqn. 1)
where AF is the RF and A is the climate sensitivity (K / [W m™]). Climate sensitivity has been
demonstrated to be invariant in one-dimensional models (approx. 0.5 K/ [W m]) making it
easier to compare the temperature response resulting from the RF of different GHGs
(Ramaswamy et al., 2001). Calculating AF varies by gas but previous authors have developed
highly cited models for this purpose (Myhre et al., 1998). Several studies have been conducted to
measure the RF of CH4 and their work proposes a current value of 0.61 W m2, which will
continue to increase with further accumulation of the gas in the atmosphere (Etminan et al.,
2016; Forster et al., 2013; Ramaswamy et al., 2001). This value indicates that 0.61 W of energy
for every square meter is trapped within the Earth’s atmosphere due to the presence of CHa. This



is significant because it shows that CH4 has the second highest forcing of GHGs after CO2,
which has a value of 1.83 W m? (Etminan et al., 2016).

1.2.2 Global Warming Potential

Building from RF, another important metric for quantifying the strength of the greenhouse gas
effect is through the index, Global Warming Potential (GWP). This index puts the greenhouse
gas effect within the context of time. Specifically, GWP is a metric that describes the relative
radiative effect of a GHG relative to CO2 and integrated over a given time horizon (Ramaswamy
et al., 2001). For CH4, the GWP (excluding feedbacks) is 28 on a 100-year timescale, but 84 on a
20-year timescale (Allen, 2014; Rice et al., 2016). This means CH4 has a warming effect that is
84 times greater than the equivalent mass of CO2 over the course of two decades. Even though
CHa has an average atmospheric residence time of only 9-12 years, the RF and GWP values
discussed above assert its importance as a GHG and why it is a focus of this dissertation

(Kirschke et al., 2013; Le Quér¢ et al., 2013; Rice et al., 2016).

1.2.3 CH4 Global Budget

1.2.3.1  CHgy Historical Record

As of Jan 2019, the average concentration of CH4 in the atmosphere was 1.8659 + 0.0011 ppm
making it the most abundant hydrocarbon in the atmosphere (Dlugokencky, 2020). However,
CHa concentrations were much lower in the past. Paleoclimate scientists using gas from bubbles
within Antarctic ice cores have established that during the last 650 kyr, atmospheric
concentration of CH4 was never lower than 0.4 ppm during glacial periods and were (with the
exception of a single datum) never greater than 0.7 ppm during interglacial periods (Forster et
al., 2013; Spahni et al., 2005). These generalities persist until about 200 years ago; since human
industrial activities began, ice core records show that the atmospheric concentration of CHa

increased by at least 120% (Jansen et al., 2007).

The modern record, which began in the early 1980s, involves capturing air in glass flasks and
measuring gas concentrations in the air sample using gas chromatographic methods

(Dlugokencky et al., 1994, 2011; Fisher et al., 2006). Data collected over the last 40 years



demonstrates an increase in atmospheric CHa by a factor 2.5 (Dlugokencky et al., 2011).
However, this increase reflects variable rates of growth. The growth rate of CH4 during the 1980s
started around 0.014 ppm yr'! but decreased to almost zero at the end of the 20" century (Forster
etal., 2013). Between 2000 and 2006 the growth rate was 0.0027 + 0.0010 ppm yr*!, and there
were three years where the growth was negative (i.e., concentration decreased) (Forster et al.,
2013; Rice et al., 2016). However, from 2006 until 2010, growth rates have picked up to a value
0f 0.0046 £+ 0.0013 ppm yr'! (Rice et al., 2016).

Explanations for this variability in the growth rate, the stabilization in the early 2000s and the
continued growth from 2006 onward, has been debated continuously in the literature. Two points
of reasoning persist: 1) the growth rate stabilizing in the early 2000s is anomalous and post-2006
increase was a return to normal or 2) the stable portion represents a new steady-state for CHs and
the post-2006 bump is anomalous (Turner et al., 2019). The verdict on which hypothesis is

correct 1s still to be determined.

1.2.3.2 CH4 Sources and Sinks

There are several reservoirs that contribute CH4 to the atmosphere that can be divided into two
categories, anthropogenic and natural. Of the anthropogenic sources, fossil fuels emit 85-105 Tg
CHa4 yr!, livestock ranching releases 87-94 Tg CHa yr'!, and landfills discharge 67-90 Tg CH4 yr-
I'(Ciais et al., 2013). In comparison, the most prominent natural sources of CH4 are wetlands that
produce 177-284 Tg CHa4 yr'!, biomass burning (can also be associated with human activity) adds
32-39 Tg CHa4 yr'!, and geological sources contribute 33-75 Tg CHs yr! (Ciais et al., 2013).
Although anthropogenic sources account for 50-60% of the CH4 added to the atmosphere each
year, the most pertinent sources for the purposes of this dissertation are geologic (Ciais et al.,
2013). Geological sources remain important as they account for about 8% of all CH4 sources and

15% of natural sources (Kirschke et al., 2013).

When it comes to sinks for CHa, almost 96% is consumed in the atmosphere through reactions
with tropospheric hydroxyls, chlorine, and loss to the stratosphere (Kirschke et al., 2013). The

remaining 4-5% of CHa is lost to terrestrial soils.



1.2.4 CO; Global Budget

1.2.4.1 CO; Historical Record

The most abundant GHG in the atmosphere is CO2. As of January 2019, the concentration of
CO2 in the atmosphere was 411.01 + 0.61 ppm, an increase of 30% since measurements began at
Mauna Loa, HI in March 1958 (Tans & Keeling, 2020). Just like CHa4, Antarctic ice cores
demonstrate steady CO2 concentrations from the beginning of the Holocene until 1750, with
values ranging between 260 and 280 ppm (Ciais et al., 2013). The large increase in CO2
concentration in the atmosphere during the post-industrial revolution underlines the importance

of CO2 as a GHG.

The near-linear relationship that exists between global temperature and cumulative global CO2
emissions of all sources has motivated research behind scores of publications on the CO2 budget.
Between 2004 and 2013, the annual growth rate of global CO2 emissions was 2.5% yr!, which
was lower than the annual growth rate, 3.5% yr!, between 2000 and 2009 (Friedlingstein et al.,
2014). The primary reason for the decrease in the 2004 to 2013 interval was due to rates
decreasing from 2010 onward. Friedlingstein et al. (2014) suggest that the difference between the
two growth rates is linked to the decrease in gross domestic product (GDP) and carbon intensity

of the world economy that occurred in response to the Great Recession starting in 2008.

Other studies have demonstrated that between 2014 and 2016, economic growth was divorced
from CO2 growth rates. During that interval, GDP rose steadily but global CO2 grew minimally
at a rate of 0.4% yr-!' (Jackson et al., 2017). However, the researchers note that atmospheric CO2

will likely continue to increase due to the demand for goods that require fossil fuel energy.

1.2.4.2 CO, Sources and Sinks

It is important to note that almost 90% of all anthropogenic CO2 emissions are related to fossil
fuel activities, which add approximately 7.8 + 0.6 Pg C yr'! to the atmosphere (Jackson et al.,
2017). Land use changes and volcanism (geological sources) constribute 1.1 = 0.8 Pg C yr'! and

0.1 Pg C yr'! to the atmosphere, respectively (Ciais et al., 2013).



On the other side of the ledger are sinks. Globally, the ocean consumes 2.3 + 0.7 Pg C yr'! and
terrestrial ecosystems ingest 1.5 £ 0.9 Pg C yr'! (Ciais et al., 2013). Focusing on terrestrial

ecosystems, temperate forests have a reported uptake of 0.8 + 0.1 Pg C yr! (Ciais et al., 2013).

1.3 Direct In-Situ Measurements of GHGs

1.3.1 Top-down methods

Methods to quantify the atmospheric GHG budgets can be binned in two categories: top-down
and bottom-up. As the former does not play a role in this study, it will be briefly discussed here
for context and much more emphasis will be placed upon the bottom-up methods discussed in

subsequent sections.

Top-down measurement reflects the approach of calculating concentrations of gases in the
atmosphere using remote sensing techniques and parsing the various sources to reflect the
amount per source. The latter effort, parsing the sources via methods such as inversion modeling,
is exceptionally difficult and is discussed in various publications (Allen, 2014; Kirschke et al.,

2013).

Remote sensing measurements over large areas (i.e., >1 km?) require satellites. There are
numerous satellites suited for measuring GHGs at different spatial and temporal scales

(Chevallier et al., 2019; Turner et al., 2016; Yang et al., 2021).

Additionally, recent advancements in gas sensors have permitted increased usage of manned
aircrafts (Li et al., 2020) and unmanned aircraft vehicles (UAV) (Liu et al., 2018; Refaat et al.,
2013; Shaw et al., 2021) for observations of GHGs at smaller spatial scales within the top-down

class of methods.

Finally, eddy covariance methods use towers equipped with sensors to quantify emissions, both
fluxes and concentrations, within small (1E-01 — 1E02 km?) footprints (Chu et al., 2021a). In
addition to eddy covariance methods, commercial enterprises are leveraging stationary towers
and frequency comb lasers, a Nobel Prize winning technology (Udem et al., 2002), to measure
gas concentrations in the lower atmosphere as far as a kilometer away, making it especially

useful in leak detection at natural gas sites (Alden et al., 2019).



1.3.2 Bottom-up measurements

Initial methods of measuring atmospheric gas concentrations were limited to flask and vial
collections, which were later processed via gas chromatography (GC) (J. R. Christiansen,
Outhwaite, et al., 2015; Fredericks, 1956). GC measurement of CO2 and hydrocarbons, such as
CHa, can be completed with a flame ionization detector (FID), where, in some measurement
procedures, the COz is catalytically converted to CHa before passing through the FID (Van Der
Laan et al., 2009). The GC has been reported to provide precision for CO2 of approximately +
0.04 ppm and + 0.08 ppb for CH4 (Van Der Laan et al., 2009). Soil gas samples are collected by
placing a closed cylinder (i.e., chamber) on the soil surface, allowing soil gases to accumulate in
the chamber, and extracting a gas sample with a syringe and storing it in an evacuated vial. Upon

arrival at the laboratory, the gas is injected into the GC for analysis.

In addition to the measurement of concentrations of these GHGs, GCs can be connected to an
isotope ratio mass spectrometer (GC-IRMS) to measure their carbon and hydrogen isotope
compositions. The GC-IRMS instrument has been used to measure GHG concentrations and

isotopic compositions in an automated fashion (Leitner et al., 2020).

Although these measurements are highly precise and repeatable, gas geochemists have
communicated that detection limits of CH4 using GCs may be too high and the possibility of
sample contamination during the collection of gases may decrease data quality (J. R.

Christiansen, Outhwaite, et al., 2015; Parkin et al., 2012).

To mitigate some of the disadvantages of gas sample collection in the field and transporting
gases to a laboratory for GC analysis, researchers sought to bring the laboratory to the field via
portable FID (i.e., micro-GCs) (Chiodini et al., 1998) and the use of optical-based measurements.
There are several types of optical-based techniques to measure gases; these range from tunable
diode lasers (TDL) (Giilliik et al., 1997) to quantum cascade lasers (QCL) (Gmachl et al., 2001).
However, the optical technology of choice used in this study is called cavity ring-down

spectroscopy (CRDS).



1.3.2.1  Cavity Ring-Down Spectroscopy

Similar to the optical methods described at the end of the last subsection, CRDS takes advantage
of a simple concept. A known intensity of infrared (IR) light enters a gas-filled chamber, and the

amount absorbed is proportional to the concentration of the absorbing gas.

At a deeper level, CRDS requires several steps to produce a measurement. First, the gases must
enter a cavity that contains highly reflective mirrors. An IR laser shoots IR light into the cavity.
The IR light, specifically shortwave infrared (SWIR), continuously bounces off the mirrors
elongating the path length of the laser by five orders of magnitude, thus increasing the signal to
noise ratio (Crosson, 2008). The proprietary wavelength monitor ensures that when the laser
emits at 1603 nm CO2 measurements are recorded and the same for CH4 observations, which
occur at 1651 nm (Crosson, 2008). Different isotopologues such as C'?Hs and C'3Hs4 absorb at
slightly different wavelengths, allowing measurement of their relative amounts and the
corresponding value of §'3C-CHa. A photoreceptor measures the SWIR intensity in the cavity.
which is affected by the concentrations of absorbing gases in the cavity. The greater the amount
of the gas species present, the greater the amount of SWIR that can be absorbed at a specific
wavelength. The difference between the initial and final SWIR intensities is converted to a
volumetric concentration such as parts per million by volume ppmv. The exact equations

governing these calculations can be found in peer-reviewed work (Berden et al., 2000).

Furthermore, the CRDS takes advantage of an incredibly stable temperature and pressure
environment within the cavity by ensuring variance on the order of 1E-01 Kelvin and 0.05 Torr,
respectively (Crosson, 2008). The combination of precise wavelength, temperature, and pressure

control allows the CRDS to produce measurements sensitive at ppbv and pptv scales.

1.3.2.2  Using the CRDS in Gas Geochemistry Studies

Another advantage of CRDS in gas geochemistry is its portability (Figure 1). In chapters 2 and 3,
the exact specifications of the CRDS instrument will be detailed, but in general, a CRDS
instrument is capable of being brought into the field via a wagon as the instrument is designed to
operate at factory-level specifications despite minor shocks (Krevor et al., 2010). The ability to

be operated in most field conditions allows the researcher to bring the lab to the field and obtain



near-real time feedback as the data is visible to the instrument operator. Compared to the GC, the

CRDS permits the data collection and analysis to be completed at the same location.
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Figure 1: Photograph of chamber and CRDS in the field during set up. This photo was taken at Valles Caldera Nat. Preserve, New
Mexico in 2017. Photo Credit: John Ayers.

The CRDS is used in combination with a gas chamber to measure diffusive gas fluxes from the
ground surface to the atmosphere (Figure 1). When the chamber is open the CRDS measures the
background concentrations of CO2 and CH4 in the atmosphere. When the chamber closes, gases
escaping from the surface accumulate in the chamber. The time rate of increase of gas

concentration is proportional to the gas flux.

Another advantage to using the CRDS with a chamber for gas flux measurement is the high
temporal resolution compared to timed collection of individual gas samples. Instead of obtaining
a single datum per vial when using the GC for analysis, the CRDS can collect hundreds of usable
gas concentration measurements over a half-hour period as the instrument can record an

observation every four seconds.

The resulting high-resolution concentration-time curve can be used to accurately quantify the
flux by examining the time rate of change in the concentration (Figure 2). In this study, the

approach used relied on a linear model, but other models use an exponential function to estimate
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the flux (Pedersen et al., 2010). However, it is important to note that these exponential models
can rely on parameters that do not necessarily have a representation in the physical model and

are an artifact of the mathematics required to build the model.
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Figure 2: a) Schematic of CH, diffusion from the source to the surface, where it accumulates in the chamber and is measured by
CRDS. b) Concentration-time plot for CH4 illustrating the background (atmospheric) concentration, the saturation concentration
equal to the concentration of CH4 in the subsurface gas, the measured concentrations shown by the solid black line, and the
tangent to the curve in the limit of time approaching zero shown as the dashed red line. The limiting slope of the dashed red line
is proportional to the flux.

1.4 Land-Atmosphere Exchange of GHGs

As mentioned earlier, there are a variety of sources that contribute GHGs to the atmosphere.
Between 2000 and 2009, the combination of all sources of CH4 in the global budget produced
678 Tg yr'! and the sinks consumed 632 Tg yr'!, creating an imbalance of 46 Tg yr'! CHs (Cias et
al., 2013; Kirschke et al., 2013). Other authors have proposed that this imbalance is a little
smaller at 20 Tg yr'! (Turner et al., 2019). This imbalance between sources and sinks leads to

increasing RF of CHs and thus increasing global temperatures over time.

For CO2, the budget includes global sources of about 225 Pg C yr'! and roughly 220 Pg yr'! is
consumed by sinks (Canadell et al., 2021). These data, averaged from observations that have
occurred between 2010 and 2019, demonstrate the imbalance or approximately net positive
addition of 5 Pg C yr'! from CO2 into atmosphere across all source types. Again, this imbalance
increases the amount of COz in the atmosphere that causes warming through the greenhouse gas

effect.

When the natural sources are separated, they contribute about 167 Pg C year™! with about 0.1 Pg
C year! being sourced explicitly from volcanism (Canadell et al., 2021). Although the

production of CO2 from volcanism is much smaller than anthropogenic emissions from fossil
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fuels (9 Pg C yr'!), it remains important to reduce levels of uncertainty by continued monitoring
and study, which also provides insight into geologic processes. Furthermore, monitoring of CO2
emissions can be used as an early warning system for volcanic eruptions, since CO2 emissions

usually increase prior to an eruption (Chiodini, 2009).

Broadly speaking there are two interfaces where GHG are exchanged with the atmosphere,
ocean-atmosphere and land-atmosphere. For more on ocean-atmosphere exchange, see (Liss &
Johnson, 2014; Rogers, 1995; Wajih et al., 2005 and references therein). This dissertation focuses

on the land-atmosphere category.

The land-atmosphere boundary contains some of the most pertinent reservoirs to humankind.
Anthropogenic inputs from fossil fuel combustion, agriculture, biomass burning, and other
related activities contributed 49% of CH4 emissions between 1980 and 2009 (Kirschke et al.,
2013). Much research has been dedicated to quantifying the contributions of fossil fuels
(Howarth et al., 2011; Schwietzke et al., 2016; Sherwood et al., 2017), agriculture (Lassey, 2007;
Mosier et al., 1998), and biomass burning (Delmas et al., 1991; Huang et al., 2004). However,
this dissertation focuses on the exchange of CH4 and CO2 between the atmosphere and volcanic

calderas.

1.4.1 Volcanic Calderas — Methane

Volcanic calderas fall under the subgroup of geologic sources of CHa4. Estimates of geologic
sources of CHs emissions range between 45 and 54 Tg yr! (Kirschke et al., 2013; Kvenvolden &
Rogers, 2005). Few measurements of CH4 emissions from volcanic calderas have been made.
Estimates from the Italian calderas Solfatara and Poggio dell’Olivo were 9.29 (8.18 —12.7, 95%
CI) kg CHa day! and 43 (29 — 76) kg CH4 day!, respectively (Cardellini et al., 2003).

There are several pathways for CHa to migrate from the subsurface of a caldera and enter the
atmosphere. These pathways fall into two categories, macroseepage and microseepage.
Macroseepage encompasses gas advection-driven emissions from mud volcanoes as well as
fumaroles and vents in geothermal/hydrothermal areas. Mud volcanoes release the greatest
amount of CH4 by any individual macroseepage source, with the mean global rate of emission

estimated at 5 Tg yr'! (Kvenvolden & Rogers, 2005). CHs emissions from individual mud

12



volcanoes span values of 1E02 to 1E03 mg m day™!. Mud volcanoes may form when a
permeable faulted area allows argillaceous material to be fluidized by gas and water that passes
through a cone-like opening from widths of millimeters to tens of meters (Dimitrov, 2002; Etiope

& Klusman, 2002).

On the other hand, microseepage transports gas largely through diffusive processes.
Microseepage is driven by the separation of CH4 from water in the subsurface (Etiope &
Klusman, 2002) followed by diffusion. The fluxes of gases from microseepage are often lower
than those from macroseepage sources; measurements range between negative values (CH4 flux
into the ground, exemplified by dry soils where methanotrophic activity is high) to positive
values on the order of 1E02 mg m™ day! (Etiope & Klusman, 2002). In volcanic and geothermal
areas, microseepage fluxes are generally positive and can range from 1E00 to 1E01 mg m day!.
In rarer instances, such as the Teide Volcano in the Canary Islands CH4 fluxes are steady at 1E03
mg m2 day"!' (Etiope & Klusman, 2002). Though macroseepage sources such as fumaroles
produce greater instantaneous fluxes than microseepage, the latter can be difficult to measure due
to access and safety reasons. Moreover, conclusions on which pathway produces a greater
contribution to the atmosphere is unclear due to the larger areas over which microseepage
operates. Finally, research studying CH4 microseepage are lacking in comparison to CO2 and

emissions from macroseepage.

1.4.2 Volcanic Calderas — Carbon Dioxide

The story for CO2 emissions from the geosphere can be explained through the gases released
from the mantle, volcanism, and thermal degradation through metamorphic processes. Globally,
0.1 Pg C year™! has been released from geologic sources (Canadell et al., 2021).

The primary pathway for the geologic contribution of COz is volcanism. Volcanic COz enters the
atmosphere as a gas plume in the troposphere that may contain approximately 10 mol% of CO2
(Burton et al., 2013). These measurements are difficult to make but strides forward have been
made in recent years to directly measure these plumes using drones and unmanned aerial

vehicles (Liu et al., 2019).
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CO2 emissions from diffuse sources are more difficult to measure than point sources due to vast
extent of area to cover and in many cases difficulty or safety in collecting observations.
However, researchers have been measuring diffuse CO: in several volcanic systems across the
globe over the last several decades (Chiodini et al., 2015; Gresse et al., 2016; Rahilly & Fischer,
2021; Tassi et al., 2013; Werner & Brantley, 2003). Although estimates for diffuse CO2 emissions
vary, some authors have quantified emission rates as high as 6-7 E12 mol yr'or 0.28 Pg CO2 yr!

at systems like Yellowstone.

1.5 Overview

The global climate is heavily influenced by the concentration of GHGs in the atmosphere. This
dissertation focuses on natural sources of CH4 and COz. Specifically, measurements of these
gases focused on emissions from two volcanic calderas, Valles Caldera, NM and Yellowstone

Caldera, WY.

In Chapter 2, a site-by-site analysis of the Valles and Yellowstone calderas is presented to
highlight the diffuse fluxes of CH4 and COx into the atmosphere. In addition to the detailed
geologic description, the fluxes are described with coarse spatial trends in the calderas, between
sites within each caldera, and between points of measurement within each site. In addition to
fluxes, carbon isotopic data is presented to elucidate the possible sources and to identify mixing
between near-surface and subsurface gases. Together, this chapter provides a comprehensive
analysis of diffuse emissions of CH4 and CO2 and offers the first diffuse measurements of CH4 in

North American calderas.

Chapter 3 investigates diffuse emissions from Steamboat geyser in Yellowstone Nat. Park.
Multiple measurements took place creating time series that captured CH4 and CO2 emissions
before and after geyser eruptions. These results shed light on the connection between the

subsurface gases and the plumbing that guides the fluids from the reservoir to the conduit.

Concluding remarks are presented in the final chapter.
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2 Chapter 2: Survey of Diffuse CO2 and CH4 Emissions at two
Quaternary Calderas in the Western United States

2.1 Introduction

2.1.1 Background & Motivation for Study

Natural sources contribute roughly 35% of CH4 and 80% of COz2 global emissions (Cias et al.,
2013) but there are large uncertainties on total emissions of these greenhouse gases.
Anthropogenic emissions are causing the atmospheric concentrations of both gases to increase,
with global average levels in December 2022 of 1.9 ppm CHa4 (Lan et al., 2022) and 419 ppm
COz2 (Thoning et al., 2022). Volcanically active regions are important sources of natural CO2

emissions, but less is known about CH4 emissions.

In the western United States, Yellowstone National Park (YNP) and Valles Caldera National
Preserve (VCNP) contain calderas that are significant natural sources of CO2. These two
calderas are products of two of the three largest super eruptions of volcanoes in North America
by volume and formed during the Quaternary period (Goff, 2009; Smith & Siegel, 2000). Within
these calderas, diffuse sources over faulted reservoirs and point sources such as mud volcanoes,

fumarolic vents, hot springs, and geysers continuously release CH4 and COz2 into the atmosphere.

Previous research has examined the composition of gases from point sources and thermal waters
at VCNP (Goff & Janik, 2002; Vuataz & Goff, 1986) and YNP (Bergfeld et al., 2011; Chiodini et
al., 2012; Lowenstern et al., 2012). Diffuse CO:2 fluxes have been measured at YNP (Werner and

Brantley, etc.) but not VCNP, and diffuse CH4 fluxes have not been measured at either caldera.
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Table 1: A comparison of Valles Caldera and Yellowstone Caldera. Sources: “°Lowenstern and Hurwitz (2008); ®Zimmerer et al.

(2016); “Goff and Janik (2002); 9Sass & Morgan (1988); ¢Trainer et al. (2000).

Yellowstone Valles
Most recent eruption (kyr) 70? 70°
Annual number of earthquakes > 12,000? Low
Heat flux 4.5-6 GW?

Heat flux density

1550-2100 mW m=22

> 400 mW m? above
outflow plume in SW

caldera ¢

Temperature gradient 700-1000°C/km? 455°C/km®
Area 80 x 50 km or 2900 22 X 22 km*®

km2 1

Geothermal features

in area of ~70 km?
Source T of hydrothermal fluids | ~340°C? <300°C°
CO; Flux > 45,000 tons CO;

day? or 3.7E11 mol

yrt

Heat and magma source

Hotspot generating
basalt

Magma at ~5km depth

2.1.2 Soil and Hydrothermal Fluid Chemistry Classes

The soil chemistries across the calderas are manifestations of the geochemistry and temperature

of the fluids in the subsurface and predictors of gas fluxes (Werner and Brantley, 2003). Soil

classes have visually distinct surface characteristics that assist in categorizing the type of

environment and the expected range of gas emissions in the area.

Previous studies at YNP established that the magnitude of diffuse CO2 emissions depended on
soil type (Ajayi & Ayers, 2021; Lin et al., 2019; Rahilly & Fischer, 2021; Werner et al., 2008;

Werner & Brantley, 2003). YNP is host to three thermally altered soil chemistry classes in

decreasing order of CO2 emissions: acid-sulphate, neutral-chloride, and travertine. A fourth class
of little to no thermal alteration can be considered (e.g., vegetated landscape) and will be referred
to as nonthermal. The thermal regions are the product of several geochemical processes. At great
depths below the surface of the caldera, chloride waters circulate through fractures carrying
dissolved volatiles such as CO2 and H2S (Morgan et al., 2017). As these liquids approach the
surface, they depressurize and come to a boil. This allows H20 and non-condensable gases such

as CO2 and CH4 to separate from the chloride-rich water to form a vapor phase.
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The acid-sulphate regions are vapor-dominated (steam-heated), meaning they are unsaturated in
chloride-rich water (Werner & Brantley, 2003). The vapor phase reacts with rock as it migrates to
the surface and is released from point sources such as fumaroles and mud pots. Thermophilic
organisms oxidize elemental sulfur or H2S to sulfuric acid H2SOu4, a strong acid that increases
acidity (0.7 < pH < 3.0) (Morgan et al., 2017). Though many acid-sulfate regions are lacking
liquid, there are some, namely Mud Volcano and the Mirror Plateau that sit atop shallow boiling
sources of liquid water (Fournier, 1989). Norris Geyser Basin is also home to acid-sulfate
thermal chemistry, but it is unique in that neutral-chloride areas can be found in very close
proximity. This is because the highly fractured area just north of the caldera boundary permits
the mixing of acid-sulfate liquids with neutral-chloride, which is seldom observed across YNP
(Morgan et al., 2017). Overall, acid-sulfate regimes are prominent toward the north and eastern
portions of YNP, often near resurgent areas like the Sour Creek Dome, set within the

northeastern portion of the caldera or just outside of the caldera and east of Yellowstone Lake.

Neutral-chloride (also called alkaline-chloride) regions are found near topographic depressions
as well as at boundaries of post-caldera flows (e.g., Upper Basin member) where waters have a
pH between 6.7 and 9.6 (Christiansen, 2001; Morgan et al., 2017). These are liquid-dominated
regimes meaning liquid is often expressed at the surface through bubbling vents or ejected from
a geyser. The liquids emanating from these regions are near the boiling point of water and are
silica-rich, and at the surface, the silica precipitates out of the liquid to create a sinter cap that is
generally impermeable to gases except at fracture points. Moreover, these neutral chloride waters
often mix with local meteoric water. Oxygen isotopes, trace elements (e.g., As, Hg, W), and

noble gases help to delineate these two water types (Morgan et al., 2017).

Travertine altered sections of YNP are less prevalent in area (9 km?) than acid-sulfate (180 km?)
or neutral-chloride (77 km?) regimes (Werner & Brantley, 2003). These systems expel warm (<
73°C) neutral-chloride water; however, the waters are rich in aragonite or calcite, which leads to
the precipitation of travertine rather than silica sinter (Morgan et al., 2017). Mammoth Hot
Springs is the most illustrative example of a travertine-depositing environment with step like
terraces of travertine deposits. Waters at this location have a pH near 6 when they first reach the

surface but increase to 8 as COz2 is degassed and contain more than 120 times the amount of
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calcium (> 320 ppm), magnesium (67 ppm), and bicarbonate (755 ppm) than waters in Norris

Geyser Basin (Bargar, 1978; Morgan et al., 2017).

At VCNP, these thermal regimes are not well mapped nor defined. However, using the
information from YNP research, it is clear that at least two of the regimes reside in the region,
acid-sulphate and travertine. The reason for the lack of neutral-chloride is due to the lower
thermal gradient at VCNP (Table 1). Neutral-chloride regimes require hot reservoirs (~215 °C)
where water boils and then cools during ascent or simply mixes with local meteoric waters,
causing supersaturation in silica and precipitation of the sinter that is a hallmark of this regime
(Morgan et al., 2017). Sinter and other signs of neutral-chloride systems are not readily

observable within VCNP.

Sulphur Springs (Figure 1B) is an example of an acid-sulphate location at VCNP (Goff et al.,
1985). Just like at several sites across YNP, the pH is low and bubbling of gases in the form of
mud pots and fumaroles is present. Acidic waters (pH as low as 2.55) are created by mixing of
meteoric water, condensed steam, and H2SO4 that originated from H2S (Szynkiewicz et al.,

2012).

Soda Dam, located about 10 km south of the caldera rim, represents a travertine system created
25 k.y. after the collapse of the caldera about 1 + 0.1 Ma (Goff & Gardner, 1994). Waters tested
from this area are similar to deep waters found within the caldera indicating that the outflow
plume carries fluids toward Soda Dam (Goff et al., 1988). These deep waters of 220 to 300°C
mix with 32-48°C meteoric water and precipitate deposits rich with CaCO3 (= 98 wt%) (Goff &
Shevenell, 1987; Vuataz & Goff, 1986).

2.1.3 Transport of Subsurface Gases to the Surface

Gas may arrive at the surface through a variety of transport pathways and processes in terrestrial
volcanic and geothermal settings. Knowledge of the spatial distribution of soil chemistry classes
and gas fluxes can assist in understanding the movement of gases from deep sources to the

atmosphere.
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Gases can travel directly to the surface through fault networks that extend to the surface. This
type of slow but constant loss of gas to the atmosphere is called microseepage and is a common
pathway for CH4 (Etiope & Klusman, 2002). The CHa is driven towards the surface because of its
buoyancy and low solubility in aqueous fluids in the subsurface. CO2 is also buoyant, but it is
more soluble in thermal waters at high pressure (Hemmati-Sarapardeh et al., 2020) and may

exsolve from these waters as they approach the surface.

The two main transport processes are diffusion and advection. The former is governed by Fick’s
Law (Eqn. 1) and describes the movement or flux (F; M L2 T-!) of the gas from a place of high
concentration to an area of lower concentration in a concentration (C; M L) gradient. When

equilibrium is reached the gradient is eliminated.

dc
F =-D e (Eqn. 1),
where D is the diffusion coefficient (L?> T-") and z represents the vertical axis (i.e., belowground

(negative) to aboveground (positive)).

On the other hand, advection describes the transport of the gas through pressure gradients as
opposed to concentration gradients (Eqn. 2). When gas migrates through advection, its velocity
(v; LT-1) (Eqn. 2) is proportional to the change in pressure (AP) over a specified length (L), and
the intrinsic property of permeability (k; L?) of the medium (Etiope & Martinelli, 2002):

A
v = —ku—LP,(Eqn.2)

where p represents the dynamic viscosity (M L' T-!). Eqn. 3 is more commonly known as

Darcy’s Law. The advective flux equals the product of velocity and concentration:
F = Cv (Eqn.3)

The more permeable the medium (e.g., a conduit created by faulting), the greater the upper

bound for the velocity of the gas, which produces a greater flux.
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In addition to buoyancy, other properties such as temperature, pressure, mechanical stress on the
host rock, chemical reactions, and mineral precipitation can affect the transport of CH4 and CO2
to the surface (Etiope & Martinelli, 2002). Considering gases advecting through a fault,
researchers have approximated this transport through the principles of Poiseuille’s flow, which
relates the rate of flow through an idealized cylindrical fault channel as proportional to the fourth
power of the radius (Etiope & Martinelli, 2002). With a doubling of the radius of the fault
channel, the rate of flow for the gas in that channel would theoretically be increased by a factor
of 16; however, other research shows that sorption on to the walls of permeable or faulted media

can slow the rate of transport (Cvetkovic et al., 1999).

In Yellowstone Caldera gases originating in the magma diffuse and advect to the surface where
they exit through a variety of openings. Frying pans, mud pots, and pools represent openings
where gas bubbles rise through condensed liquids. In steam-heated environments, such as the
aptly named Frying Pan Spring, the heated earth splatters and bubbles as the gas escapes,
creating a scene that looks like grease popping on a frying pan. In a similar process, the release
of gas in mud pots can be found in highly acidic areas (e.g., Mud Volcano). This acidity is a
product of the gas rising from depth and oxidizing elemental sulfur (S°) and hydrogen sulfide
(H2S) above the water table (Morgan et al., 2017). Thermophilic archea (e.g., Sulfolobus)
catalyze the oxidation and produce sulfuric acid, which releases more protons into the

environment (Meyer-Dombard et al., 2005).

Clear pools often have steam emanating from the liquid surface. Convection within the pool
facilitates the transfer of gas to the atmosphere. As thermal waters leave the pools as steam,
sinter (S102) may also precipitate as the pool cools and condenses at the surface, creating terraces
or vents. Over time, this process can lead to the creation of mature conical vents that further
assist in transporting gas and steam from the subsurface into the atmosphere. Mud pots difter

from clear pools in that gas bubbles travel vertically through cool viscous mud.
Finally, at YNP hydrothermal systems emit gases through geysers. In hydrothermal settings,

gases are dissolved in aqueous solutions deep in the subsurface. During ascent decompression

causes the gases to exsolve, creating multiphase fluids that can control the behavior of geyser
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eruptions. Specifically, previous research has demonstrated that gases, such as CO2, can be the
impetus of a geyser eruption when these gases exsolve from fluids in shallow subterranean
reservoirs (Hurwitz et al., 2016). Through this pathway, gases are also released from the caldera

into the atmosphere.

The array of thermal features at VCNP is much more limited than at YNP. Here, gases migrate to
the surface through large faulted systems such as the Rio Grande Rift and the Jemez Lineament.
The latter is most significant because it bisects the caldera (Goff et al., 2011). Additionally, the
ring fracture zone around the caldera, particularly along the western edge, facilitates the transport

of gases from the subsurface into the atmosphere.

The advection of gas in volcanic calderas is manifested at the surface in the form of point
sources such as fumaroles and vents. Generally, advective fluxes produce a high magnitude of
transport but are far more localized within space. Diffusion, on the other hand, produces low
magnitude fluxes but occurs over a much greater area. This study focuses on the latter of these

two modes of transport; however, the possibility of advection is not excluded from these results.

2.1.4 Previous Diffuse Gas Research

2.1.4.1 Diffuse Gases at Italian Volcanic Sites

Early research in diffuse gas measurements near volcanoes have largely taken place in Italy.
Chiodini et al. (1998) provide one of the first accounts of measuring diffuse gas fluxes using an
accumulation chamber and a portable analyzer (infrared spectrophotometer) in a volcanic
environment. Prior to this study, gases were collected in the field through static chambers and
transported back to a laboratory for analysis. The new methodology, previously conducted in
agricultural and forest settings to measure soil respiration (Kanemasu, 1974; Parkinson, 1981;
Raich et al., n.d.), removed the time-consuming process of transporting the gases back to a
laboratory for analysis. Chiodini et al. demonstrated that the in-situ measurement of COz fluxes
can be conducted from a safe distance and produce reliable measurements in real-time to create

rich datasets with large numbers of measurements per field site visit.
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More research by Chiodini advanced the methodology through long-term continuous
measurement of diffuse gas emissions (Granieri et al., 2003). In this study, the authors expanded
from survey style of data collection to stationary placement of equipment and long-term time
series measurements (approx. 48 months). With this sampling scheme, the authors demonstrated
that the accumulation chamber method, in addition to multi-linear regression and time series
(i.e., ARIMA) analyses, spotted a signal in the record of CO: fluxes correlated to ground

deformation, especially when the fluxes were lagged by 3 months.

This type of research has been followed by attempts to measure diffuse gases in relation to
geyser eruptions. Specifically, Ajayi and Ayers (2021) found an anomalous change in diffuse
fluxes of CO2 and CH4 roughly 20 minutes prior to eruption of the tallest active geyser in the

world, Steamboat Geyser.

Other research leveraged accumulation chamber methods to quantify diffuse CO2 emissions near
the Copahue-Caviahe Volcanic Complex (CCVC) in eastern Argentina (Chiodini et al., 2015).
This study not only found the region released a daily amount of 165 tons of CO2 derived from
depth, but also found that the spatial distributions of temperature and CO2 flux are positively
correlated. Other research leveraged accumulation chamber methods to quantify diffuse CO2
emissions near the Copahue-Caviahe Volcanic Complex (CCVC) in eastern Argentina (Chiodini
et al., 2015). This study not only found the region released a daily amount of 165 tons of CO2
derived from depth, but also found that the spatial distributions of temperature and CO: flux are
positively correlated. Additionally, the authors found negligible amounts of acidic gases (e.g.,
SOz, HCI) and high amounts of CH4 and concluded that the gases were sourced from a
subsurface hydrothermal system. The latent heat released through the exothermic process of
condensation increases soil temperature and follows the spatial arrangement of diffuse CO2
release. Through the calculation of the heat released through steam (> 97% by volume) while in
the subsurface, the heat of the reservoir (energy released by the mixture of H20 and COz as it
ascends to the condensation zone), and the heat of the condensate as it equilibrates with ambient
temperature near the surface, the authors were able to estimate the thermal contribution from the

region to be over 100 MW.
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Although a large amount of energy is ultimately released by condensation (?), the condensation
of gases at shallow depth should not confused with the source of these gases. Chiodini et al.
(2015) discuss that the volatiles released, specifically COz, originates in the mantle region of
earth’s interior. This point is reinforced by observations of high, mantle-like 3He/*He ratios in
fumarolic fluids (as opposed to diffuse gases) conducted in a previous study (Agusto et al.,
2013). Altogether, the work conducted at the CCVC shows that other calderas that release high
amounts of heat may show a link between soil temperature and COz2 fluxes and incondensable
volatiles can highlight a deep source (e.g., mantle) even when mixed with shallower components

in an extensive hydrothermal system.

2.1.4.2 Diffuse CO; at Yellowstone

Although peer-reviewed diffuse gas measurements at VCNP are lacking, much work has been
done to document the amount of diffuse CO2 escaping from YNP (Lewicki et al., 2017; Werner &
Brantley, 2003). Werner and Brantley (2003) showed that diffuse gases contribute 45,000 tons
CO2 km™ yr'! to the atmosphere. Furthermore, only a minor amount of diffuse CO2 was detected
from neutral-chloride and travertine regimes, with 96% of the estimated total flux from YNP

originating in acid-sulfate areas.

In their paper, Werner and Brantley (2003) suggest that the source of the diffuse emissions at
YNP is tied to mantle derived gas. However, these authors state four other possible sources of
CO2 gas measured at the surface, including decomposition of limestone, gas-water-rock reaction
in the subterranean hydrothermal systems, carbon precipitated as calcite in the subsurface or
travertine at the surface, and episodic releases of CO2 produced by the precipitation of calcite in

the subsurface: Ca™ + 2HCO3™ = CaCO3 + CO2 + H20.

The authors conclude that most of the CO2 produced at Yellowstone can be sourced from mantle
or sedimentary (e.g., limestone) origins. Specifically, Werner and Brantley demonstrate through
the measurements of diffuse fluxes that 96% of gas is contributed from acid-sulphate regions and
via carbon and helium isotopes, about half of CO2 emissions can be tied to sedimentary sources
outside of the caldera, almost a third is attributed to sedimentary sources within the caldera, and

the remaining portion likely has a strong magmatic connection.
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Other research sought to understand the nature of the magma from which the CO2 likely
originates. Hildreth et al. (1991) demonstrated that the magma under YNP is likely not primitive,
as the magmas generally contain as much as 30% rhyolite material. This blended magma

exsolves magmatic gas during differentiation.

Diffuse CO2 emissions in YNP were also measured through the method of eddy covariance by
Lewicki and colleagues (2017). Using the principles of turbulent flow in the lower atmosphere
and the simultaneous sampling of wind speed and gas concentration at frequencies as low as 0.1
Hz (Rinne & Ammann, 2012), eddy covariance can make continuous flux measurements over an
area of 1000 square meters or greater, when properly installed and maintained (Chu et al., 2021b;
Lee et al., 2004). However, it may be difficult to untangle the inputs from multiple diffuse and
point sources (e.g., hydrothermal features) with eddy covariance; this discrepancy has been
explicitly discussed in the forest land-atmosphere community (Barba et al., 2018). Nonetheless,
Lewicki and colleagues conducted both eddy covariance and chamber measurements in a vapor-
dominated region just north of the YNP boundary in Norris Geyser Basin. The authors reported
eddy covariance and diffuse CO2 fluxes as 8.6 t day™! and 9.8 t day! measured over a 0.04 km?
area, respectively. However, it must be noted that Lewicki et al. (2017) did not provide a
definitive description of the areas within the footprint that sourced the fluxes measured,
suggesting there is more room for source attribution characterization of spatial variation of gas

fluxes at hydrothermal sites in YNP.

2.1.4.3 Diffuse CO; at Valles Caldera

Diffuse gases at Valles Caldera have only been lightly documented. In his thesis, Smith (2016)
targeted several faults within the caldera including Sulphur Springs and Alamo Canyon, and
other locations following the outflow southwards and beyond: Soda Dam, Penacaso Springs
(Nacimiento fault), Zia Pueblo (Santa Ana fault), San Yisdro (Nacimiento fault), and the Sand
Hill fault.

Using cumulative probability plots (Chambers et al., 1983), fluxes were categorized into
different populations. These populations were described as background, diffuse, and high point

surface fluxes (HPSF). Overall, CO: fluxes were greater within the caldera than in areas to the
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south in the Albuquerque basin. Alamo Canyon and Sulphur Springs provided the greatest fluxes.
Smith (2016) explained this observation at Alamo Canyon by stating that two east-west and
north-south trending faults act as conduits for the gases, and at Sulphur Springs by positing an
intersection of east-west and northeast-southwest trending normal faults that provided a pathway
for gases to escape to the atmosphere. At both locations, the conclusions were based on

observing the highest average HPSF measurements in comparison to other sites.

2.1.4.4  Diffuse CHy

Much less research has been documented on diffuse CHj4 at either YNP or VCNP and across the globe.

However, some of what has been presented is summarized below.

A survey of measurements of CH4 have yet to be documented at either caldera at the time of
writing this document. However, a study conducted at Campi Flegrei in Italy examined diffuse
CHa4 emissions to better understand the distribution of soil gas at the hydrothermal site (Tassi et
al., 2013). Tassi et al. (2013) reported a mean value for the CHa flux to be 2.8E-03 g m day;
this value is an order of magnitude or more less than what was recorded in another previous
survey of an Italian hydrothermal site (Cardellini et al., 2003). It is important to mention that
Tassi et al. (2013) conducted measurements using the static chamber method and Cardellini et al.
(2003) used the combination of an accumulation chamber and portable gas chromatograph. Tassi
et al. (2013) suggested that diffuse CH4 emissions from the site (Solfatara Crater) decreased
during the ten years that elapsed between publications. However, the authors do not discuss the
possibility of leakage when transferring gas to laboratory with the static chamber method, which
could be the cause of the difference. This is especially relevant because the CO2 measurements
across both publications were similar. Although a diminished output of CH4, as Tassi et al. (2013)
describes could explain the discrepancy, ten years may not be enough time for an order of

magnitude decline in CH4 output.

In addition to measuring the mass flux of both greenhouse gases, the carbon isotopic signatures

are also of interest as they can shed light on the source of the gas (Breeker & Sharp, 2008; Etiope
& Sherwood Lollar, 2013; Schoell, 1983, 1988). Werner and colleagues (2000) provided about a

dozen measurements of diffuse gas §'3C-CO: with results ranging from -25 to 0%o at different
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locations within the Mud Volcano area; however, measurements for other parts of YNP have not

been published.

When it comes to measuring the isotopic composition of CH4, documented work has emphasized
fumarolic fluids (Bergfeld et al., 2011; Moran et al., 2017). Moran et al. (2017) studied CH4
concentrations and carbon and hydrogen isotopic compositions in fumarolic fluids at several sites
across YNP. The authors found that emitted CH4 was distinct from microbial sources but could
not prove that the gas was either thermogenic (produced at depth from the breakdown of long
hydrocarbon chains, see Section 1.2) or abiotic (generated from reactions at high temperatures in
the mantle, see Section 1.2). Although Moran et al. (2017) could not distinguish between
thermogenic or abiotic origins for CHa, their results showed deuterium compositions that were
largely within error of predicted hydrogen isotope compositions for subsurface H20. Although
the authors believe this could be explained by the isotopic equilibration of abiotic CH4 and
hydrogen gas, the ultimate conclusion is that the comparison of the mass ratio of methane and
larger hydrocarbons (C1/Caz+) indicate the CH4 in at several locations within YNP was most likely

formed from the mantle derived CO2 via abiotic or thermogenic processes.

2.2 Research Objectives

Although diffuse CO2 emissions have been reported at YNP through previous work, less has
been documented at VCNP. Furthermore, documented diffuse CH4 emissions at both calderas is
lacking. Additionally, the use of cavity ring-down spectroscopy (see Section 2.3), a portable
method of measuring gas concentrations and carbon isotopic compositions in near-real time has
also yet to be documented at these volcanic sites. Therefore, the work presented in this study has
been organized with a suite of objectives to build on previous knowledge and illuminate these

two new topics.

On the subject of diffuse gas emissions at Quaternary N. American calderas, there remains
several regions of interest and further exploration: a) the quantification of diffuse flux
measurements of both CO2 and CH4 gases as they relate to soil chemistry, b) analysis of the

diffuse 8'3C-COz2, '3C-CHa4, and 8°H-CH4 compositions at both calderas to better understand the
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source of the measured gases and c) the connection of diffuse gases to hydrothermal features and

other point sources presented in previous publications (specifically at YNP).

In this study, all the above topics are tackled through the assessment of hundreds of diffuse gas
measurements, several static chamber samples, and comparisons to previously measured point
source and thermal waters. Although c) is not discussed in detail in this document, more on the

subject can be found in Ajayi and Ayers (2021), where it was deliberated extensively.

2.3  Materials and Methods

2.3.1 Geological Overview

Figure 3

: Maps of measurement locations for YNP (A) and VCNP (B). The locations in (A) are presented as orange circular bursts and blue
diamonds, where the distinction indicates data collected in 2018 and 2019, respectively. A close look at (A) will reveal red dots
that are classified as geysers by the National Park Service. Additionally, the caldera boundary formed by the most recent
eruption is displayed as a thick blue line and other faults and older caldera boundaries are presented as transparent dotted lines.
Finally, the green dashed-dot line shows two resurgent domes presented in the southeastern (Mallard Creek) and northwestern
(Sour Creek) parts of the park (National Park Service, n.d.). For VCNP, the ring fracture is a complete circle surrounding
the caldera and the remaining green lines illustrate the fault network in the area. Both maps show roads with gray
and black lines, respectively. Descriptions of the acronyms to depict the measurements sites can be found in Tables
2 and 3.

2.3.2 Yellowstone Caldera

Yellowstone National Park (YNP) covers portions of northwestern Wyoming, southeastern

Idaho, and southwestern Montana. The park is roughly 426 and 75 km east of Boise, ID and

27



south of Bozeman, MT, respectively. The Madison Range borders the park to the west, the
Gallatin to the north, the Absaroka Range to the east and the Tetons to the south. Yellowstone
Caldera (Figure 1B) lies within YNP and is a product of a hotspot beneath the N. American Plate
that has left a track across the western United States. The earliest expression of the Yellowstone
hotspot likely occurred approximately 40 Ma off the modern-day western coast of Oregon with
oceanic crust overlaying the magmatic anomaly (Camp & Wells, 2021). At 40 Ma, the
continental N. American plate began to override the edge of the hotspot near the subducting
trench in that region. Between 30 and 20 Ma, the hotspot track produced adakite volcanism in the
back-arc region of present-day central and eastern Oregon (Camp & Wells, 2021). As the hotspot
track approached the eastern border of Oregon, volcanism ceased for a 3 m.y. period; however,
ca. 17 Ma, volcanism returned to produce the Columbia River Basalt Group and high-volume
eruptions of rhyolite in southeastern Oregon and northwestern Nevada (Camp & Wells, 2021).
Between 17 and 15 Ma, much of the volcanic output could be explained by a plume model.
Camp and Wells (2021) argue that the eruptions were a result of the release of extreme pressure
from magma as opposed to tectonic activity (i.e., the extension of the Basin-and-Range

province).

The system transitioned to the familiar hotspot track between 14 Ma and 10 Ma, when the plume
was overridden by the continental plate (Camp & Wells, 2021). Since 10.4 Ma, the hotspot has
moved at a rate of 2.27 £ 0.21 cm yr! (Anders et al., 2019). As the N. American Plate moved
southwest over the stationary hotspot, it created a curvilinear string of volcanic features from
northwestern Nevada, across Idaho along the Snake River Plain, before arriving at its present-

day location in the northwestern part of Wyoming (Anders et al., 2019; Smith & Siegel, 2000).

The present-day location of the hotspot underlies a trio of calderas. These calderas are a product
of three eruptions. For the purposes of this document, YNP refers to the caldera associated with

the most recent eruption.

Smith and Siegel (2000) report that the creation of the Yellowstone caldera is likely explained by
the plume model described later by Camp and Wells (2021). Camp and Wells (2021) provided

more detail regarding the hotspot as it exists near and at present day. With the plume head sitting
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approximately 80 km below the surface, topographic swells, the result of buoyant magma and
flexible crust rising upward in the Yellowstone region, increased the elevation of the region by
1830 to 2400 m (Smith & Siegel, 2000). These topographic swells were subsequently followed by

the caldera forming eruptions.

The first eruption occurred about 2 Ma. This was a highly explosive eruption (the largest, 2500
km?) that began as the increase of pressure from rhyolitic magma triggered seismic activity to the
point where faults intersected the magma chamber (Smith & Siegel, 2000). As the magma was
emptied from the magma chamber, the topographic swell collapsed, and the caldera was formed.
This process was repeated twice to produce three calderas, with the most recent eruption, the
caldera that overlaps with most of YNP, taking place between 0.631 Ma (Matthews et al., 2015)
and 0.602 Ma (Gansecki et al., 1998). The most recent eruption produced the Lava Creek tuff,
which is elaborated upon below (Fritz & Thomas, 2011). Also, it is important to note that
resurgent domes (e.g., Sour Creek and Mallard Dome) were created later in the northeast and

southwest of YNP. These domes are still active at present day.

The series of eruptions that created the composite caldera produced rhyolitic lavas that are
classified into three members: (a) Huckleberry Ridge (2.003 + 0.014 Ma), (b) Mesa Falls Tuff
(1.293 + 0.012 Ma), and (c) Lava Creek (0.602 + 0.004 Ma) (Gansecki et al., 1998). The eruption
that formed the Huckleberry Ridge member produced a pyroclastic flow of 2450 km? covering
an area of 15500 km? and was the largest eruption of the three (Christiansen, 2001). After the
flow cooled, the roof of the magma chamber collapsed forming the first caldera that extended
from the current Yellowstone plateau westward 75 km toward Island Park, ID (Christiansen,
2001). The caldera was hundreds of meters deep, which was deep enough to consume the

southern portion the Gallatin range (Fritz & Thomas, 2011).

The second cycle of volcanic activity produced the Mesa Falls Tuff within the Henry Fork
caldera located near Island Park, ID. This eruption was small compared to the other three, and it
generated 280 km? of pyroclastic flow that is roughly 150 m thick (Fritz & Thomas, 2011). The
caldera-forming collapse created a topographic depression that spanned an area of roughly 201

km? (Christiansen, 2001).
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Finally, the third and most recent eruption yielded 1000 km? of the Lava Creek Tuff that is
located centrally within the park (Fritz & Thomas, 2011). The modern caldera spans 73 km in
length and 47 km in width and overlaps the northeastern portion of the first eruption. Combined,

the three eruptions expelled enough material to fill the Grand Canyon (Fritz & Thomas, 2011).

2.3.3 Valles Caldera

Valles Caldera National Preserve (VCNP), home to the Valles Caldera, is in north central New
Mexico, approximately 56 km northwest of the state’s capital, Santa Fe. Unlike YNP, VCNP is a
product of tectonic activity rather than the mechanics associated with a hotspot. The New
Mexican caldera lies within the Jemez Mountains volcanic field (JMVF) (Figure 1B). The IMVF
is bordered by the north-south trending Rio Grande Rift to the east and the northwest-southeast
trending Nacimiento Fault to the west (Goff & Shevenell, 1987). VCNP is located in between
these two structural features with the northeast-southwest trending Jemez Lineament bifurcating
the caldera (Self et al., 1986). The Jemez Lineament is defined by a series of Miocene and
Quaternary volcanoes stretching from Colorado, across New Mexico, and into Arizona (Heiken
et al., 1990). Volcanism in the JMVF began at ~16.5 Ma with mantle-derived basalts (Self et al.,
1986). Several basalt and rhyolite eruptions occurred in the JMVF between 13 and 10 Ma,
evidenced by interbedded conglomerates and laharic breccias that are classified as the Cochiti
Formation (Heiken et al., 1990). A lull in tectonic activity is believed to have occurred from 7 to

4 Ma as magma formed dacites of the Polvadera Group (Heiken et al., 1990).

The commonly observed Bandelier Tuff of the Tewa Group was deposited at c.a. 4 Ma after
eruption from a shallow magma body that resided underneath the lineament-rift intersection (Self
et al., 1986). The Bandelier Tuff can be divided into three groups: the La Cueva, Otowi, and
Tshirege Members. The La Cueva Member formed as a leak of the initial Bandelier magmatic
system. Erupted at 1.78 Ma, this pumice-like rhyolitic poorly welded tuff is high in silica (75-78
wt. % S102) (Kennedy et al., 2012; Spell et al., 1990; Wilcock et al., 2013). This member can be
found from San Diego Canyon north to the southwestern portion of the caldera. The Otowi
Member is estimated to have been created c.a. 1.61 + 0.01 Ma and emplaced a volume of 350

km?. This high-silica member (76-77 wt. % SiOz2) is also pumiceous (Phillips et al., 2007). Most
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important, the Otowi Member was created contemporaneously with the collapse of the 9-km
diameter Toledo caldera located in the northeastern portion of VCNP (Heiken et al., 1990;
Kennedy et al., 2012). The collapse of this caldera formed the Toledo embayment. The third
member, Tshirege, is ubiquitous in its exposure around VCNP. This member was created during
an eruption that took place 1.26 + 0.01 Ma, which created the current caldera structure (Phillips
et al., 2007). The Tshirege Member has three subcomponents: (a) early erupted (76-78 wt. %
Si02) and late-erupted (approx. 73 wt. %) rhyolite; (b) late-erupted ignimbrite containing syenite
pieces; and (c) hornblende-bearing dacite pumices that are rarely observed (Kennedy et al.,

2012).

This second caldera-forming eruption near 1.26 Ma of 400 km? ignimbrite created a 22-km-
diameter ring-fracture as the underlying magma chamber emptied (Goff et al., 2011; Goff &
Grigsby, 1982). The depression is almost a perfect circle when viewed from satellite images and
it overlaps with a portion of the Toledo caldera created about 400 k.y. prior (Wilcock et al.,
2013). Valles Caldera encircles Redondo Peak, the highest point within VCNP, one of several
post-eruption elliptical domes creating a perimeter for the caldera. These resurgent domes are a
product of uplift caused by new magma entering the previously empty chamber (Goff, 2009;
Goffetal., 2011).

Post-collapse eruptions continued between ~1.26 and 1.22 Ma; this material is known as the
Valles Rhyolite (Wilcock et al., 2013). The Valles Rhyolite erupted as lava domes, flows and
pyroclastic units, and contained two important members, Deer Canyon and Redondo Creek. The
Deer Canyon Member (1.23 to 1.28 Ma) includes rhyolites with high amounts of silica, and the
Redondo Creek Member (1.21 to 1.24 Ma) comprises the mid- to late-resurgence period and is
composed of rhyodacite lavas (Wilcock et al., 2013). In between the resurgent domes from the
Valles and Toledo calderas is a moat, where pyroclastic flows and small-volume tuffs aged

between 0.10 and 1.00 Ma filled in the space (Goff & Grigsby, 1982; Heiken et al., 1990).

More resurgent domes associated with small eruptions formed after the caldera-forming eruption.
The oldest of these post-collapse resurgent domes is Cerro del Medio (1.30 + 0.02 Ma) located
on the eastern edge of the caldera and northeast of the intra-caldera lake region of Valle Grande

(Goff et al., 2011; Phillips et al., 2007). Cerro del Medio is significant because it provides
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evidence that resurgence began about 54 k.y. after the caldera eruption occurred, and researchers
have been able to estimate the minimum rate of resurgence to be 1.9 cm yr-1 (Phillips et al.,
2007). The most recent eruption produced Banco Bonito (0.040 Ma) demonstrating the lasting
activity in the region (Goff et al., 2011). Research into Valles as a hazard has revealed that
magma may lay at depths as shallow as 5 km beneath the surface, and the magma that created
domes like Banco Bonito represent a fresh pulse of magma into the chamber (Steck et al., 1998).

Overall, VCNP is a textbook example of a resurgent caldera (Goff, 2009).

Finally, the hydrothermal system at VCNP is present, though not as visually apparent as seen at
YNP. The hydrothermal system, which began around 1 Ma, is a product of the following: a)
dilute groundwater, concentrated near the southwestern dome and western boundary of VCNP
(Figure 1B), is heated at shallow depths; b) the heated water encourages circulation that follows
the hydrothermal gradient (a southwestern direction) out of the caldera towards Soda Dam and
beyond; c¢) the heated fluids (~200 °C) boil and create a vapor cap; d) from the vapor cap, some
gas ascends and the condensable gases (mostly H20) condense near the surface; e) incondensable
species such as CH4 and H>S react with oxygen and near-surface rock and can create sulfuric
acid in acid-sulphate regions, while COz escapes from fumaroles or bubbling pools; and f)

meteoric water helps to recharge the system (Goff & Gardner, 1988; Hulen & Nielson, 1986).

2.3.4 Sample Collection Summary

For the purposes of this paper, a sample indicates the gas measured and/or collected during a
single chamber enclosure period, specifically, the time when a chamber is sealed to the surface to
when it is opened (dynamic chamber) or gas is extracted using a syringe (static chamber).
Additionally, multiple types of samples were collected throughout this study. These types of
samples include the samples collected via a dynamic method, a static method, and a portable
method (CO: flux only). The static method involves obtaining a physical gas sample from a
static chamber that is later analyzed in the laboratory. The dynamic and portable chamber
methods involve making in-situ measurements of gas concentrations using CRDS and infrared
spectroscopy respectively. The former is the primary method and should be considered the

default when discussed. The latter two methods will be mentioned explicitly throughout this
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paper when discussed. The specific methods on how the various types of samples are collected is

explained below (Section 2.3).

In this study, there were two types of measurement styles applied, survey and time series. The
former can be considered as the default style throughout this document. Survey style
measurements imply that gases were measured or collected at multiple locations per site. The
equipment (described in Section 2.3) is set down to collect a sample and subsequently moved
from one location to the next within a site. The result is an assemblage of several samples for
each site that are spaced throughout the site in transects or as a perimeter around a feature. The
spatial arrangement is determined by the access to the feature and concerns for safety for the

geoscientists.

In contrast, time series style measurements were stationary and involved sequential collection of
more than two samples. Details of the time series methods are documented in Ajayi and Ayers

(2021).

This study took place over four sampling campaigns. Measurements at YNP were between late-
June through mid-July 2018 and mid-June 2019 (permit # YELL-08060), and the observations at
VCNP occurred during July 2017 and May 2019. Diffuse gases were sampled at 15 and 5 sites in
YNP and VCNP, respectively. Within each site, four or more measurements were made per visit,
and repeat visits were conducted when time and permit logistics allowed. Sites in YNP were
categorized into ten groups according to the parameters set by Bergfeld et al. (2011). It should be
stated that in a small number of groups at YNP, there are multiple soil classifications and for the
Eastern Yellowstone group, multiple locations separated by > 5 km. For VCNP, the five site
names match the names used Goff and Janik (2002). Figures 1 and 2 provide the locations of

sites at each caldera. Additional maps of the sites at larger map scales are in the Appendix.
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Both calderas were divided into halves to provide a coarse geological and geographic distinction.
At Yellowstone, all sites west of West Thumb Geyser Basin (inclusively) were designated as
“western” sites, whereas the remaining sites are “eastern”. West Thumb was used as the line of
division because it and the other western sites were almost exclusively neutral-chloride and
travertine, whereas the eastern sites were primarily acid-sulphate. Valles Caldera was divided
into northern sites within the caldera and southern sites in the outflow plume. Rather than using
soil chemistry, Valles Caldera was split by the location of the ring fracture that creates a physical
border between the northern and southern sites. This division of the caldera parted the three sites
north of Redondo Peak (inclusively) within the caldera from the two remaining sites in the

outflow plume.

Table 2: Summary of locations measured across YNP and its respective groupings. The sites are listed from west to east to make
interpretations easier.

Site Name  Caldera Site Group Soil Num. of
Side Code Chemis Samples
try

Castle Geyser West CSTL Upper GB Neutral- 2
Chloride

Grand Geyser West GRND  Upper GB Neutral- 3
Chloride

Daisy Geyser* West DISY Upper GB Neutral- 22
Chloride

Great Fountain = West GFTN Lower GB Neutral- 3
Chloride

Clepsydra Geyser West CLPD Lower GB Neutral- 6
Chloride

Terrace Springs = West GBSN Terrace Travertine 6

(Gibson River) Springs

Misc. Norris Geyser West MNGB  Norris GB Neutral- 4
Basin Chloride

Steamboat Geyser* West STMB Norris GB Neutral 17
Chloride

Porcelain Springs = West PRCN North of Neutral- 8

Norris GB Chloride &
Acid-Sulphate

Mammoth Hot = West MMTH  Mammoth Travertine 17
Springs HS
West Thumb Geyser = West WTHB  West Thumb  Neutral- 11
Basin GB Chloride
Gas Vents = East GVNT  Gas Vents Acid-Sulphate 22
(Solfatara Springs) (Solfatara
Springs)
Mud Volcano East MDVC  Mud Volcano Acid-Sulphate 10
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Northeast Entrance East NEER Eastern Unclassified 8

Road Yellowstone

Yellowstone Lake East YSLK Eastern Acid-Sulphate 6
Yellowstone

East Entrance Road = East EETR Eastern Acid-Sulphate 9
Yellowstone

*Indicates measurements collected using the time series style (Section 2.2).

Table 3: Summary of measurements across the Valles Caldera region.

Site Name Caldera Site Code Group Soil Num. of
Side Chemistry ~ Samples
Alamo Canyon North  VCNPAC Alamo Acid- 8
Canyon Sulphate
Sulphur Springs North  VCNPSS Sulphur Acid- 14
Springs Sulphate
Redondo Peak North  VCNPRP Redondo  Unclassified 7
Peak
Hummingbird South VCNPHB Hummingbird Unclassified 9
Music Camp Music Camp
Soda Dam South  VCNPSD Soda Dam Travertine 6

2.3.5 Diffuse Gas Sampling

2.3.5.1  Dynamic Sample Collection

The dynamic method requires an accumulation chamber (AC) connected to a PVC collar and
sealed to the ground by pressing it firmly into the earth > 2 cm. The AC was connected in a
closed loop to a cavity ring-down spectrometer (CRDS) and operated with previously
documented methods (Christiansen et al., 2015; Petrakis et al., 2018). Coupling the AC and
CRDS (CRDS-AC) permitted measurement of the concentrations of CHs ([CH4]) and CO2
([CO2]) and their carbon isotope compositions, '3 C-CH4 and '3C-COz, approximately every

four seconds.

For this project, the CRDS used is a Picarro G2201-i (Picarro Inc., Santa Clara, CA). This
instrument (L=44.58 cm x W=43.18 cm x H=17.78 cm and 25 kg) was transported as a mobile
laboratory by placing it in a utility wagon (GorrillaCarts® GORMP-12). Also, in the cart, two 12
V DC deep cycle marine batteries (34 kg each, X2Power Premium 31M) connected in parallel
powered the CRDS via a DC-AC power invertor. A vacuum pump (2 kg) was attached to the

CRDS. This vacuum was an essential piece in maintaining a closed loop measurement system.
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Specifically, the vacuum pump moderated the pressure in the cavity of the CRDS, which ensures
that trace gases can be circulated between the chamber and the CRDS cavity with zero to

minimal leakage.

The AC used in this project was an Eosense autochamber (Eosense Inc., Dartmouth, Nova
Scotia). The average interior height of this chamber was calculated from the quotient of the

volume (1725 c¢cm?) to the area (138 cm?).

Calibration for the CRDS instrument was conducted at the factory as well as in our laboratory.
We assessed the factory calibration by connecting the Picarro to standard gas cylinders and
detecting deviations between measurement and standard values. This project used the CH4 (Tiso-
1, 813C-CH4= -38.3 £ 0.2%o, Isometric Instruments) and the CO2 (Custom Order, 3'*C-CO2= -4 £+
0.2%o, Air Liquide) standards before and after the execution of the field work and made
necessary bias corrections (one-point calibrations) to the measurements based on any deviation

between measured and standard values. For more details, please see Appendix A.

The AC was programmed to close for fifteen to twenty minutes for measurement of gases
escaping from the subsurface and accumulating in the chamber, open for a five-minute flushing
period, and then close again to restart the cycle. Fluxes were estimated by using the first three to
four minutes, after a ~1 to 2-minute stabilization period of the concentration-time curve and
multiplying the slope by the quotient of the volume and cross-sectional area of the chamber
(Pederson et al., 2010). Measurements continued for ~10 minutes to estimate saturation

concentrations.

The high measurement frequency (~0.25 Hz) provided fine-temporal resolution for the
concentration-time curves. The CRDS reported the concentrations as a ratio (ppmw, 1E-06 mg
kg!), which was converted into mass flux through the following steps. First, the meteorological
data, pressure (P , atm) and temperature (T , °K) were either recorded at the time of the
measurement or were retrieved from meteorologic archives (e.g., Western Regional Climate,

NOAA). The second step was to calculate the density of air (p;,., kg m™)
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PM
Pair = E (Eqn- 1)’

where the product of molar mass of dry air (M, kg mol'!) and pressure is divided by the ideal gas

constant (R, kg m? s K-! mol') and temperature.

Third, the observed ppmw concentrations were multiplied by the air density (Eqn. 2) to produce

a concentration (C ) of mg m

C [mgm™] = gas [mgkg™'] * pu (Eqn.2).

With these converted gas measurements, a linear regression is applied to the initial portion of the
data producing slope and intercept parameters. Using the slope parameter (S [mg m- sec!]) of
the linear regression, the flux (Fcns [mg m day'] and Fcoz [g m™ day']) of the gas
measurements was calculated using the height of the chamber (V/A = H [m]) and the early
portion (i.e., approximately the first four minutes) of the data (Eqn. 3). This method of
quantifying fluxes is well documented and explained further in other publications (Christiansen

etal., 2015; Forde et al., 2018; Pirk et al., 2016).

Fmgm 2day '] = S[mgm™3sec™] x H[m] x 86400 [sec day '] (Eqn 3).

Carbon isotopic composition data were collected simultaneously with concentration
observations. To find the composition of the source of the gas, the mean value (and the standard
deviation) of the last ten individual observations within a chamber enclosure was calculated
(Ajayi and Ayers, 2021). This “last ten” (L10) method is simple but effective. Unlike the Keeling
plot (Pataki et al., 2003), the L10 method reduces the uncertainty. Using only the last ten
observations of carbon isotopic composition reduces the variance as the observations near the
end of the enclosure are most representative of the source, i.¢e., the proportion of source gases in

the chamber mixture was highest.

In contrast, the observations near the beginning of the enclosure display the greatest variance as
air from the atmosphere mixes with subsurface gas, and the mixture is dominated by atmospheric
gas. Furthermore, the Keeling plot method (Krevor et al., 2010) requires a linear regression to be

applied to the entire record (n ~ 120) of measurements. Thus, for noisy datasets, often associated
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with low flux measurements, the level of uncertainty in the y-intercept renders the estimate

useless in determining the carbon isotopic composition of the source.

The tradeoff for less uncertainty (greater precision) when estimating the isotopic composition
when using the L10 method is the possibility that an inaccurate estimate can be made due to
inclusion of atmospheric gas (during the last ten measurements not all atmospheric gas in the
chamber has been displaced by subsurface gas). When there is a greater proportion of
atmospheric gas in the headspace of the chamber, the probability of an inaccurate estimate of the
source concentration and isotopic composition increases. Similarly stated, the gas measured at
the end of the enclosure period can have a composition different from the true source located in
the subsurface. Therefore, the L10 measurements from 15-to-20-minute enclosure periods are

compared to results from static chamber measurements and values reported in the literature.

Finally, soil temperature measurements were collected for many of the dynamic measurements.
Using a long (30-45 cm) probe, soil temperature measurements were at the surface and at a depth
of ~15 cm. Note that many of the ~15 cm temperatures were limited by hard-crusted sinter that
was difficult to penetrate. The purpose of the collecting these measurements was to determine if
a relationship could be found between gas measurements and temperature; this analysis was also

conducted in previous work (Chiodini et al., 2004; Frondini et al., 2004).

2.3.5.2  Portable Sample Collection

Due to the long measurement time and lack of mobility of the CRDS-AC, we also used a faster
and more portable instrument in this study. An EGM-5 Portable CO2 Gas Analyzer (PP Systems,
Amesbury, MA) chamber was deployed to measure CO: fluxes in more locations to characterize
fine-scale spatial variation. The chamber (SRC-2) had a diameter of 100 mm and a height of 150
mm. This chamber was connected to a small (height <30 cm) infrared gas analyzer (IRGA),
which together provided frequent measurements (one measurement every 10 seconds) of CO2
concentration. A linear model was used to calculate the CO: flux (Systems, 2018). The low
weight (1.5 kg) and fast measurement time of five minutes (including flushing in between
measurements) for the EGM system facilitated several measurements to be made for a single

CRDS-AC measurement.
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Placing these measurements in a square around the CRDS-AC increased the spatial footprint of
the measurements made during this study. The perimeter of EGM measurements around the
CRDS-AC measurements consisted of four to eight measurements, where factors such as permit
limitations, unsuitable ground (i.e., obstruction by thermal feature), and time to complete all
measurements contributed to the variation in the number of EGM measurements conducted
(Supplementary Table 2). The distance from the CRDS-AC measurement to each of the EGM

measurements was 48 inches. Figure 2 shows the arrangement from a bird’s eye view.

{ EGM | {EGM | { EGM |
(-48,48) [0.48) [48,48)
CRDS-
|EaM kot =
(48,0 (0.0 (48,0)

EGM | { EGM | EGM |
(-48 -48) (0,48) (48,-48)

Figure 4: Overhead (bird's eye) view of the placement of the CRDS-eosAC with respect to the EGM perimeter measurements.
Each "EGM" circle indicates the location where a measurement was made. In several cases, not all eight EGM measurements
were made because of standing liquids, presence of a feature (e.g., fry or pool), or safety considerations. The units for the values
within the parentheses are inches.

2.3.5.3  Static Chamber Sample Collection

In addition to measuring carbon isotope compositions of CO2 and CH4 simultaneously with their
fluxes, an estimate of the §'3C of the source was conducted by collecting samples with a static
PVC chamber. The term “static” refers to a chamber that remains closed throughout the
collection period, unlike the AC, which circulated gas in a loop containing the CRDS. The
motivation to use the static chambers was rooted in the principle that the carbon isotope
composition §'3C of the source could be captured through a more sustained chamber enclosure
period. CO2 and CH4 gases sampled at the end of this longer enclosure period increases the

likelihood that the concentrations of diffuse gases in the chamber headspace will be nearly equal
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to their concentrations in the subsurface. The increased enclosure period will also strengthen the
opportunity for isotopic exchange to allow the isotopic compositions of the gases in the chamber

headspace and the subsurface source to equilibrate.

The PVC static chambers consisted of two parts: an open cylinder that was chamfered on the
bottom end was approximately 20 cm in diameter and 25 c¢m in height, and a cap which was also
made of PVC and fit tightly over the open cylinder side. The cap was fabricated to include an
injection port and a ventilation port (Wang et al., 2013). In the field, these chambers were placed
chamfered side down into the earth about 2-3 cm deep. The cap was then secured to the open
cylinder component. After 30-45 minutes, the amount of time that was estimated for
concentration saturation, gas samples were withdrawn from the chamber headspace with a
syringe inserted through a butyl stopper. From the syringe, the gas sample was injected into a
vacuumed and airtight vial in a similar fashion as described in other publications (Hutchinson &
Mosier, 1981; Pihlatie et al., 2013). CH4 concentration, 8'3C-CHa, and §*H-CH4 measurements

were made at UC Davis Stable Isotopes Lab using a GC-IRMS for analysis.

2.3.6 Other Data Sources

In addition to the data collected in this study several other data sources were included for context

and to provide a direct comparison.

Cited throughout this document is the work conducted by Werner and Brantley (2003). Due to
their original and extensive research, the authors documented some of the foundational
observations for diffuse CO2 emissions at YNP. The data collected by Werner and Brantley was

shared and referenced in the Results section.

Additionally, publicly available data sets collected by authors affiliated with the United States
Geological Survey (USGS) were examined for reference (Bergfeld et al., 2011; Lewicki et al.,

2017) and, in some cases, plotted in the Results section as well.

The diffuse CO2 and CH4 measurements collected at both calderas highlight spatial trends at the

caldera scale and provide an avenue of insight that differs from the previously published point
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source emission studies. These data are compared with previous diffuse CO2 flux and carbon

isotope measurements.

At Valles Caldera National Preserve, measurements were made within and outside of the ring
fracture that define the caldera margins. No distinction between locations inside and outside of
the Preserve is made because the hydrothermal system extends to outside the caldera margin in

the SW where the outflow plume exits the caldera (Figure 1B).

2.4 Results

The diffuse CO2 and CH4 measurements collected at both calderas highlight spatial trends at the
caldera scale and provide an avenue of insight that differs from the previously published point
source emission studies. These data are compared with previous diffuse CO2 flux and carbon

isotope measurements.

At Valles Caldera National Preserve, measurements were made within and outside of the ring
fracture that define the caldera margins. No distinction between locations inside and outside of
the Preserve is made because the hydrothermal system extends to outside the caldera margin in

the SW where the outflow plume exits the caldera (Figure 1).

2.4.1 Gas Fluxes

Aggregated fluxes in this document are expressed as median values because the distribution of
the fluxes is often skewed right, where smaller measurements are greater in abundance than the

larger measurements found in the tail.

24.1.1 CO;

CO: fluxes measured in YNP ranged from negative values to a maximum 233 g CO2 m™ day’!
across all measured locations (Table 4, Figure 4A). Heterogeneity in CO2 fluxes was present
between the eastern and western portions of the caldera, where fluxes showed a median value of
1.78 g CO2 m? day! west of WTHB (inclusively) with an interquartile range (IQR) of 0.56—
18.89 ¢ CO2 m™ day! (Figure 4A). A median value of 48.70 g CO2 m? day! (IQR = 13.28-90.67
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g CO2 m™ day!) was recorded east of the same location (see Table 2 for explicit west-east

designations).

Table 4: Descriptive statistics for fluxes by caldera side. Note: Fluxes for CO, and CH, are in g m2 day! and mg m2 day,
respectively. 99 and 55 measurements were collected from the western and eastern portion of YNP, and 32 and 15 samples were
collected from the north and southern portions of VCNP.

Caldera Side Gas Median Flux IQR

Yellowstone-West CO2 1.78 0.56 — 18.89
Yellowstone-East CO2 48.70 | 13.27 —90.67
Yellowstone-West CHg4 -0.70 -1.17 -0.15
Yellowstone-East CHa4 10.61 -0.85-63.71
Valles-North CO2 131.18 | 14.29 —195.45
Valles-South CO: 151.17 5.96 — 30.04
Valles-North CHg4 1994 | 0.58-175.35
Valles-South CHg4 151.17 | 5.96 — 266.28

Viewing the distributions of all COz2 fluxes at the group level (Figure 3A) on the logged scale
reveals that several sites at YNP have a slightly bimodal shape. For instance, Lower GB and
North of Norris GB show distributions with peaks near the zeroth and first order magnitudes
indicating a dense concentration of low (~ 1 g CO2 m day™") and moderate (~10 g CO2 m? day
1 fluxes for these groups. The wide range of measured fluxes underscores the spatial
heterogeneity that is present. Groups with the largest fluxes occur on the eastern side of YNP.
Gas Vents and Mud Volcano have wide peaks that span the zeroth and first orders of magnitude,

but the densest portion of both distributions occur at high fluxes (> 100 g m day™!).
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Figure 5: Ridgeline plot of CRDS-AC measured CO; (A) and CH, (B) fluxes at Yellowstone (dark shade) and Valles (light shade)
calderas. The groups and caldera designations follow the description in (Tables 2 and 3). Only fluxes greater than zero are
shown. Sites where a ridgeline plot is absent indicates all measurements were below zero. The sample sizes present on each line
indicate the number of fluxes greater than zero recorded for CO, and CH,, respectively. Furthermore, the samples are fed into a
lognormal probability density function, where the sum of the area under each curve is equal to unity. Finally, the sites are
arranged according to the following spatial trend: at YNP, sites are arranged from west to east and at VCNP, from north to
south, both in descending order. Note: the logscale of the x-axis for both plots.

Measured fluxes can vary greatly even within an individual site. North of Norris GB (also called
Porcelain Springs) produced a median flux of 14.37 g CO2 m2 day™! across the eight
measurements. This group includes a pair of measurements made near a small acid-sulphate pool
~800 m north from the other six measurements belonging to the group. Near the pool, one of the
two fluxes was an order of magnitude greater than the rest of the fluxes in this group. Fluxes near
the PRCN pool were much higher (124.11 g CO2m day') than away from the pool (13.88 g
CO2m? day™).
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Additionally, the fluxes in this study present some degree of agreement with previous studies. In
Table 5A, the fluxes in this study are suppressed regarding the caldera-wide measurements to the
single Norris Geyser location measured for Lewicki et al. (2017). Fluxes are smaller in this study
in comparison to Werner and Brantley (2003) as well. Additionally, the maximum values are far
greater in the latter two studies than in this one. However, in the appendix (Appendix B, Figure
B-1) the data has been logged and visualized in distribution plots. These distribution plots show
overlap between several of the different sites, especially at Norris Geyser Basin, Mammoth Hot

Springs, and Mud Volcano.

Table 5: (A) Summarizes the CO; fluxes collected across three different studies including this one. Be advised that this table does
not discriminate between the different subsamples within the caldera. “IQR” represents the interquartile range, where the value
on the left side of the hyphen is the 25%-percentile and on the right, the 75-quartile. (B) Shows a similar comparison across all
three studies but with distinctions by soil chemistry class. Each value represents the median CO; flux for the soil chemistry class.
The flux measurements in both tables are all in units of g CO; m2 day™. In table (B), the values within the parentheses are the

number of samples per that individual collection.

Samples
150 14.3 20-77.5 1359.5

A Authors No.

This Study

Werner & Brantley (2003)

799 74.0 31.6-237.7 4606.0

Lewiicki et al. (2017)

174 57.5 11.0-2389 42819.0
B Authors Acid-Sulphate Neutral-Chloride Travertine Unclassified

This Sty 117.7 (48) 2.8(72) 4.7 (22) 15.1(8)
Werner & Brantley (2003) 79.0 (?55} 25.8 {18} 57.1 (26) -
Lewicki et al. (2017) o 98 5 {174) — o

2.4.1.2 CHq

CHs fluxes measured in YNP ranged from slightly negative to hundreds of mg CHs m day!,
with the maximum value of 604 mg CHs4 m day™! occurring in the eastern portion (i.e., east of
West Thumb) of the park (Figure 4B). More specifically, the western sites had a median flux of -
0.52 mg CH4 m? day! and the eastern sites 7.43 mg CHs m day! (Table 4).
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Acid-sulphate patches at EETR, which is located east of the caldera boundary, displayed a very
high median flux (16.51 mg CH4 m day"') and wide variability (IQR = 1.67-38.62 mg CH4 m™
day™!) across the fifteen measurements (Figure 3B). Similarly, the 22 fluxes observed at GVNT
varied greatly (IQR = 3.32-94.58 mg CH4 m day™!) and produced a high median as well (30.09
mg m2 day'). However, the other primary western site, MDVC, presented a median flux near

zero and a smaller IQR (-0.49-5.85 mg CHs4 m™ day™').

Apart from the high fluxes that were observed in the eastern portion of Yellowstone, most CHs
fluxes were relatively low (< 6 mg? m day'!'), and many of the sites in the sinter capped region

of the western part of Yellowstone yielded CH4 fluxes that were slightly below zero.

At VCNP, CH4 fluxes proved to be far greater at many sites than at YNP (Figure 3B). Across the
Valles region, the fluxes ranged from negative values up to a maximum value of 1213 mg CHa4
m2 day! (Figure 5B). Measured fluxes were lowest near the northern and southern edges of the
caldera. Alamo Canyon (VCAC) located inside the northern rim of the caldera had a low flux of
0.16 mg CH4 m? day!, while Soda Dam (VCSD) located outside the southern caldera rim and on
top of the outflow plume yielded a slightly higher flux of 3.94 mg CHs m> day'. Within the
caldera, Sulphur-Springs (VCSS) and Redondo Peak (VCRP) both produced large fluxes of 122
and 20 mg CH4 m™ day"!, respectively. However, on the outflow plume just south of the caldera
rim, Hummingbird (VCHB) produced the largest fluxes at Valles and Yellowstone with a median
of 138 mg CH4 m day"' (IQR = 112-248 CHs m™? day™!).
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Figure 4: Histograms of gas fluxes at YNP illustrating the distribution of CO; fluxes on a logarithmic scale (A) and CH, fluxes on a
linear scale with an inset diagram plotted on a logarithmic scale (B). Fluxes are grouped into western (dark green) and eastern
(teal) locations. Line plots (solid and dotted denote the western and eastern sides, respectively) overlaying the histograms are
kernel density estimates (KDE) of the data, where the area under the curve is equivalent to unity.

CHa fluxes vary over several orders of magnitude at several of the sites in each caldera (Fig. 4B).
Contrasting with this generalization are sites near the western portion of YNP. Upper GB and
Mammoth HS both show narrow distributions of low magnitude fluxes. Lower GB, Terrace
Springs, and North of Norris fluxes had very few measurements greater than zero and so are not
plotted in Figure 3. However, starting at West Thumb (WTHB) and moving east through YNP,
the logarithmic distributions of CH4 fluxes are wider and peak at higher values than the other
western YNP locations (Figure 3B). The wide distribution at WTHB differs from GVNT,
MDVC, and the Eastern Yellowstone group because it skews right indicating the densest portion
of the distribution lies near lower fluxes (< 1 mg m day™!) but some larger fluxes can be found
in the tail. The mirror image of WTHB can be found at GVNT, where the left skew shows a high
number of measurements to the right of the center of the distribution. MDVC and Eastern

Yellowstone show low skewness and many high measured CH4 fluxes.

Also, the two distinct CH4 flux peaks at Norris GB (Fig. 3B) represent two types of

measurements that were combined in this group. Ajayi and Ayers (2021) performed a 6-hour time
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series analysis of CH4 and CO: fluxes at the tallest active erupting geyser in the world,
Steamboat. The authors used a similar methodology as presented here to measure Steamboat,
which resides on the southeastern border of the basin, through seventeen cycles of gas
measurements. These seventeen measurements are added to four other fluxes collected in central
part of the basin. However, the median CH4 fluxes at Steamboat (51 mg m day™!) were greater
than those measured in the central part of the basin (0.93 mg m day™!). and this difference is

reflected in the ridgeline plot for CO2 as well (Figure 3A).

At Valles, the distribution of CH4 fluxes became narrower from the north end at Alamo Canyon
(VCAC) southward toward Soda Dam (VCSD) (Figure 5B). The narrowest distribution of fluxes
occurred at Hummingbird (VCHB), which also had the highest median CH4 flux measurement
(138 mg CH4 m? day™') obtained at both calderas (Figure 3B). The narrowness of the distribution
is what makes VCHB unique among VCNP measurements because VCRP (Mdn = 20 mg m™

day!) and VCSS (Mdn = 122 mg m day™!) have similar median values but more variance.
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Figure 5: Histogram of fluxes for the Valles region. Refer to Figure 4 for more details on interpreting this chart.
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2.4.1.3  Comparison of Fluxes Across Sites and Soil Chemistry Classes

The purpose of this section is to compare emissions from the different sites and soil chemistry
classes within and between calderas. For clarity, the language in this section will refer to a
collection of samples that occur at a site (e.g., GVNT, VCSD) as a group. The definition for a

sample was provided in Section 2.2.

To compare the differences in observations between the groups, several statistical tests were
conducted in a precise order. Normality and equal variance were examined by the Kologorov-
Smirnov (KS) (Massey, 1951) and Fligner-Killeen (FK) tests (Fligner & Killeen, 1976),
respectively. The KS test was applied to each group individually as it assessed the null that each
group was normally distributed. Due to rejections of the null indicating the presence of non-
normal distributions across the various groups (described below), the subsequently performed
FK test investigated the null that there was equal variance across the various soil chemistry
classes for each gas measured at each caldera. Both the rejection of normality and equal variance
prompted the conduction of non-parametric tests to inspect relationships between the groups and

soil chemistry classes.

The Kruskal-Wallis (KW) test (Kruskal & Wallis, 1952), the non-parametric version of the one-
way ANOVA, was leveraged as a global test to determine if at least one of the groups of data by
soil chemistry class were of the same type of distribution. Where the KW test showed a
significant result, the post-hoc test, Conover-Imam (Conover & Iman, 1979), was applied to

examine the specific groups that were from different distributions.

After the gas fluxes were organized by soil chemistry classification, gas type, and caldera, the
KS test was applied to assess normality of the groups of gas fluxes (Hanusz & Tarasinska, 2015).
For YNP, the null hypothesis was rejected indicating that the CO2 fluxes across all the groups did
not originate from normal distributions (p < 0.001). The only exception was the unclassified

group, which failed to reject the null (p > 0.8).
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Results for the KS test showed that CH4 fluxes were not normally distributed (p < 0.005),
thereby rejecting the null hypothesis. Similar to the CO2 measurements, the CH4 measurements
for the unclassified soil chemistry class failed to reject the null hypothesis (p > 0.5). The
unclassified group represents measurements collected at the NEER site, where gas collections
were made on altered soil with no visible thermal activity. It is expected that data collected at
NEER serves as a background measurement for data collected in Yellowstone on soil that may

have been altered but without visible active or recent thermal input.

The results from the FK test reject the null hypothesis that when organized by soil chemistry

class, the Yellowstone CH4 (p <0.0001) and COz2 (p <0.0001) fluxes are from populations with
equal variance. Thus, the FK test demonstrates that for both gases, the variance in fluxes of soil
chemistry classes is not equal. This means the data has heterogenous variance, underscoring the

need to use non-parametric analysis to further distinguish significant relationships.

The KW test rejected the null hypothesis that the median COz2 flux of each chemistry class and
the median CH4 of each chemistry class were equal (p < 0.0001). The post-hoc test, Conover-
Imam, was applied to highlight the pairwise differences between soil chemistry classes.
Specifically, the Conover-Iman test rejected the null that values chosen from one chemistry class
would have an equal probability of being greater than values chosen from another chemistry

class in most comparisons (Figure 6).

The results for the CO:z fluxes showed that the acid-sulphate class was significantly different
from each of the other three classes (p < 0.004). However, there were no other significantly

different pairings across the other groups.
The acid-sulphate and neutral-chloride CH4 fluxes proved to be significantly different from every

other soil chemistry class across the Yellowstone region (p <0.021). However, travertine and

unclassified are not significantly different.
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Figure 6: Heatmap presenting results for post-hoc analysis (Conover-Imam) of CO, (A) and CH4 (B) fluxes at Yellowstone. Each
group represents the sites that fall under the respective soil chemistry classification. The values within each square indicate the
p-value when the post-hoc analysis was conducted between the paired groups. Along the diagonal, the value within the dashed
rectangle indicates the median flux for that group in CO, g m2 day? and CH,; mg m=2 day™ for A and B respectively. Only the tests
that showed significant results (p < 0.05) have been included as black squares.

At Valles, only three soil chemistry classes were assessed, acid-sulphate, travertine, and
unclassified. The KS test reveals that the CH4 fluxes are all nonnormal (p < 0.005) except for the
unclassified group (p = 0.08). The unclassified group at VCNP consists of measurements
collected at VCNP-RP. Due to the rejection of the null for two of the three groups, non-

parametric tests were used.

The FK test rejected the null hypothesis for CO2 (p < 0.0001) and CH4 (p <0.0001) indicating

that the samples collected across each group were not from populations with equal variance.

When the KW test was applied to the data, the results showed a failure to reject the null
hypothesis for CO2 (p = 0.09) and CHa4 (p = 0.23). This means that there was no significant
difference between the rank sums of each of the soil classes when both gases were measured at

Valles.
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As a result of the failure to reject the null for the KW, there was no post-hoc analysis conducted

for the fluxes collected at Valles.

2.4.1.4  Soil Temperatures

There was no strong relationship between fluxes and soil temperature. For both gases, and across
differing soil chemistries, the range of fluxes did not follow a discernable trend with temperature
(Appendix C). The lower end of surface temperatures was similar for both calderas at ~15°C but

the higher end of the observed temperatures was greater at YNP (~80°C) than VCNP (~50°C).

Though the shapes of the distributions of measured surface temperatures varied across groups,
the centers of these distributions were generally between 25 and 35°C across both calderas
(Supplementary Figure 5). However, the median of the GVNT measurements were about 42°C,

much higher than the rest of the sites across YNP and VCNP.

2.4.1.5 EGM Measurements of CO, Fluxes

All groups across both calderas have some (n > 10) EGM CO2 measurements accompanying the
CRDS-AC observations, except for North of Norris GB, Redondo Peak, and Soda Dam (Figure
7). The data were analyzed for best distribution and then compared, pairwise where applicable, to
the measurements collected with the CRDS-AC. A general comparison between the observations

made by the two instruments is shown below (Figure 8).

Narrowing the scope to the soil chemistry classification level, a univariate KS test rejected the
null hypothesis that the log transformed EGM observations originate from a normal distribution

for the Travertine (p = 0.01) and Neutral-Chloride (p = 0.001) soil chemistry classes.

However, the one-sample KS test failed to reject the null for Acid-Sulphate (p = 0.05) and
Unclassified (p = 0.1) indicating that a normal distribution may adequately describe the
observations from these two classes. Note, the Acid-Sulphate class is near the pre-determined

alpha value of 0.05.
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The two sample KS test fails to reject the null hypothesis that the EGM observations are from a
distribution that is differs from the CRDS in each respective soil chemistry class. Only the Acid-
Sulphate class violates this statement; the KS test rejected the null (p < 0.001), suggesting the
EGM data originates from a different distribution than that of the CRDS.

The FK test rejects the null (p <0.0001) and shows that the variance between the EGM and
CRDS is unequal. However, the unclassified soil chemistry class failed to reject the null

hypothesis and is the lone exception for these tests.

The KW test fails to reject the hypothesis that the median values from the EGM data come from
the same populations than the median values observed by the CRDS across the soil chemistry

classes. The exception is the acid-sulphate group, which rejects the null (p <0.01).
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Figure 7: Boxplot of CO; fluxes collected by the EGM chamber across both calderas.
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The EGM locations at Valles were limited to only Acid-Sulphate regions because the equipment
was not available to the research group except for the second campaign, where Alamo Canyon,

Sulphur Springs, and Hummingbird were the only locations measured.

As there are only EGM measurements from three acid-sulphate sites at Valles, the two sample
KS test was only applied for one soil chemistry classification. The results show the null
hypothesis could not be rejected (p~0.22). This means that the EGM measurements across the
several acid-sulphate sites at Valles could not be determined as statistically different than the

CRDS measurements across the same soil chemistry regime.

The KW test demonstrated that the EGM and CRDS come from populations of the same
distribution (p~0.55). These results further support the similarity between EGM and CRDS

measurements.
Finally, a visual representation of the relationship between EGM and CRDS measurements is

shown below (Figure 8). The data show overlapping IQR ranges for all the soil chemistry classes

at Yellowstone (Figure 8A) and Valles (Figure 8B) and often very similar median values.
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Figure 8: Comparison of EGM and CRDS-AC measurements collected across the soil regimes. The data have been aggregated by
soil chemistry class and log transformed prior to plotting. The data have also been split by caldera, where Yellowstone (A) is on
top and Valles on bottom (B).

2.4.2 Carbon Isotopes Summary

2.4.2.1 Carbon Isotopes and Fluxes at Caldera Scale

In addition to the flux measurements, stable carbon isotopic (8'°C) observations were
simultaneously collected. These measurements shed light upon the possible sources and

pathways for each gas.

Fluxes and isotope compositions were not always correlated. There is a slight positive linear
relationship between 8'3C-CHa and CH4 flux at YNP, whereas there is a slight inverse
relationship between the same two variables at VCNP (Appendix D). No relationships at all
between 3'3C-CO2 and the magnitude of CO2 fluxes could be detected.
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The carbon isotope composition of CHa 8'3C-CHa is significantly different when comparing
unclassified soil classes between the two calderas (Figure 9 and Section 3.3.2). At YNP, 73% of
813C-CHas were > -47%o, the approximate atmospheric composition (Dlugokencky et al., 2011;
Nisbet et al., 2016; Quay et al., 1999) and 18% of the §'3C-CH4 are > -35%o. On the other hand,
8!3C-CH4 are much lighter at VCNP, where 76% of 8'3C-CH4 are < -47%o and 24% of

measurements are < -55%o.

In contrast, the carbon isotope composition of CO2 8'3C-COz shows little difference at the
caldera level. 47% and 43% of 3!3C-CO: observations were < -8%o, the approximate composition
in the atmosphere (Graven et al., 2020; Keeling et al., 1989; Mook, 1986) for Yellowstone and
Valles, respectively. With heavier isotopic compositions closer to the MORB mantle (i.e.,
magmatic) endmember 3'3C -6.5%o (Defourny et al., 2022; Javoy et al., 1986; Sano & Marty,
1995), 25% and 18% of §'*C-CO2 observations were > -8%o for Yellowstone and Valles,
respectively. Mean CO2 fluxes at Yellowstone and Valles for observations of $'*C-COz > -5%o

were 125 + 110 and 101 £ 58 g m™ day!, respectively.

Where 8'3C-CHy are > -35%o at YNP, the mean CHg flux is 66 = 57 mg m day"! (1o), and the
remaining fluxes are 5 = 24 mg m day™!. For VCNP, observations of 8'3C-CHas < -55%o had an
average flux of 138 + 75 mg m day™! and the remaining measurements have a mean CHg flux of

66 £ 111 mg m? day.
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2.4.2.2  Carbon Isotope Compositions by Soil Type

The KDE plots for 8'3C compositions demonstrate overlap between the soil chemistry classes,
except for the unclassified group for the §'3C-CO2 measurements at YNP (Figure 9). §'3C-

CHa4 compositions at YNP are bimodal for neutral-chloride and acid-sulphate. Both soil
chemistry classes exhibit a peak near atmospheric composition (~ -47%o) and another peak near
the heavier ratio of -35%o.. It should be noted that the location of the neutral-chloride heavy
1sotope composition is from 17 measurements at Steamboat Geyser, whereas the measurements
from the acid-sulphate class are a variety of locations east of WTHB (e.g., GVNT and Eastern

Yellowstone).

The '3C-CO:2 compositions were marginally heavier at YNP relative to VCNP. The exception to
the overlap, the unclassified soil chemistry class at YNP, is centered near -22%o. These values
represent an altered patch in an open meadow outside of the caldera rim with no signs of thermal

activity.
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Figure 9: Kernel Density Estimate (KDE) plots estimate the distribution of 613C compositions across both calderas. Each
distribution has been separated by soil classification. On the 613C-CH, plots, the vertical reference lines indicate the composition
of the gas collected with the static chamber (see section 3.2.5). The four-letter acronyms indicate the site (Table 1) where the
static measurement took place.

2.4.2.3 Identification of Carbon Sources

The carbon isotope compositions of CO2 and CHa plotted in Figure 10 can be used to identify the
source of these gases. The carbon isotope compositions of most samples in this study sit between
two endmembers, microbial and magmatic. Microbial gases, found closer to the surface, plot
along the left side of the plot, and represent the lighter composition of 8'3C-CHa. Few samples

plotted in this region as most measurements were collected in high-temperature environments.
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On the other side, the magmatic endmember is constrained to a tighter region and emphasizes
heavier isotopes for both gases. A small portion of samples populate this region, including a

visible cluster of gases from Yellowstone, specifically, Steamboat Geyser.

The thermogenic region contains mostly heavier compositions of 8'3C-CHa. Between these
endmembers lies a large mixed zone in carbon isotope space that includes the majority of the
samples collected at both calderas (Figure 10). This mixed zone overlaps the lightest portion of
the thermogenic region and extends onwards towards the microbial portion. The atmosphere
reference point serves as a signal post in the middle of the mixed zone. Many of the samples in
this study hover near the atmospheric reference point and within the mixed zone, suggesting that
they represent mixtures of one or more subsurface endmembers plus varying amounts of
atmospheric gas. That most of our gas samples plot in the mixed zone underscores the difficulty

in resolving the exact origin of each gas sample.

2.4.2.4  Carbon and Hydrogen Isotopes from Static Chambers

Unlike the CRDS-AC and EGM measurements that collected the gases for a short amount of
time to capture the initial flux, the static chamber was deployed for a minimum of 45 minutes to
capture the saturation concentration of gases emitted from the subsurface. The §'3C-CH4 were
measured within a narrow range of -46 and -40%o for many measurements, save for one
unclassified and one neutral-chloride measurement (Figure 11). These two exceptions, the former
in Hummingbird and the latter at Norris Geyser Basin, show large deviations from the remaining
measurements. Data for the samples that were below the limit of quantification were enriched in
deuterium. This generally indicates the oxidation of CH4 by microbial organisms that
preferentially consume the lighter isotope leaving the heavier isotope behind in the residual soil

gas (Moran et al., 2017b; Whiticar, 1999), or a contribution from atmospheric gas.

The data collected in this study is compared to the data averaged from previous work by Moran
et al. (2017). In their publication, the authors present CH4 collected from point sources primarily
in NGBN with a few exceptions. These values are plotted as diamonds in Figure 11 and are in

the lower right-hand corner of the chart indicating enrichment of the 3'3C isotope and depletion
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in the 8°H isotope relative to measurements that were below LOQ measurements. The neutral-
chloride measurement from this study that was above the LOQ because diffusive fluxes
measured at that site (Steamboat Geyser in YNP) were large, is within 3%o for the §'*C and 35%o
for the 8°H isotopes recorded by Moran et al. (2017).

Furthermore, using the zones outlined in research conducted by Etiope and Sherwood Lollar
(2013), the measurements from this study range from abiotic to thermogenic and mixed to
microbial via the acetate fermentation metabolic pathway (Figure 11). This is dissimilar to the
averaged data collected by Moran et al. (2017) that remained within the abiotic zone. Note that
8!3C-CHa values reported by Moran are less negative than nearly all our CRDS measurements

(Fig. 11).
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Figure 10: 6°H-CH, plotted against 5§13C-CH, measurements from samples collected using the static chamber method at YNP
(circles) and VCNP (crosses). The errors for these measurements fit within the sizes of the symbols. The diamond symbols
represent averaged data collected by Moran et al. (2017) at YNP (n-Acid-Sulphate = 6, n-Travertine = 6, n-Unclassified = 6, n-
Neutral-Chloride = 57). The zones provided in this chart were adapted from Sherwood et al. (2017). The zones are as follows:
within the microbial lobe, microbial (MCR) and microbial living in an evaporitic environment (ME), the mixed zone is presented in
yellow, the thermogenic zone presented in purple, and the abiotic zone contains a small geothermal-volcanic region within the
dashed portion of the red outlined zone. The light blue colored symbols, smaller in size, are pulled from the 2021 version of the
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CH4 Global Inventory (Sherwood et al., 2017). Note: 75% of the 62H-CH, measurements collected in this study (i.e., circles and
crosses) had concentrations of CH4 below the 3 ppm level of quantification as per the methods described by UC Davis Stable
Isotope Laboratory (Yarnes, 2013) where the samples were measured.
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Figure 11: The 613C-CO, vs 613C-CH,4 observations at all locations across both calderas. The various soil chemistry classes are
represented by different symbols, detailed in the legend. The coloring scheme of the symbols differentiates the two calderas,
where the lighter shade shows observations made at Yellowstone, and the darker shade depicts measurements collected at
Valles. The KDE plots along the outer edges are represent the distribution of measurements per caldera for each isotope.
Furthermore, the green colored zone on the left side of the chart represents the microbial endmember, and the blue rectangle in
the upper right portion of the chart represents the magmatic endmember. The red region outlined with the dashed line
represents the thermogenic region. The boundaries for these regions were adapted from previous publications (Etiope &
Sherwood Lollar, 2013; Sherwood et al., 2017; Whiticar, 1999).

2.4.3 Intra- and Inter-caldera Relationships

2.4.3.1 Comparison of Fluxes across Groups

Using a similar workflow as the differentiation of fluxes across soil chemistry classes, the

differences in fluxes between groups within the respective calderas were analyzed.
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The p-values for the KS test demonstrate there are multiple groups (YNP = 5/15; VCNP = 3/5)
that reject the null hypothesis at the 95% confidence level that their CH4 fluxes are distributed
normally. These groups at both calderas primarily belong to the acid-sulphate group, but there

are exceptions.

Similarly, COz2 fluxes from most measurement groups (YNP = 7/10; VCNP = 2/5) across both
calderas were shown to not come from a normally distributed population (Supplementary Table
2). The results from the FK test for CH4 (p <0.0001) and CO2 (p <0.0001) fluxes at YNP
rejected the null hypothesis that the variances across all the groups were equal. Likewise, at

VCNP, the fluxes for CH4 (p <0.03) and CO2 (p < 0.05) also rejected the null hypothesis.

The KW test rejected the null hypothesis of equal distributions for CH4 fluxes for both calderas
(p-value < 0.003), and the null for CO2 was also rejected (p-value < 0.0008). The rejection of the
null indicates that at least two groups have significantly different median fluxes for both gases

and for both calderas.

The Conover-Imam test highlighted the specific relationships between the median fluxes. At
YNP, the relationship between the CH4 fluxes showed significantly different medians between
Gas Vents (Solfatara Springs) and all other groups except Mud Volcano, Eastern Yellowstone,
and Norris GB (Figure 12). This appears appropriate because Mud Volcano and Eastern
Yellowstone are also classified as acid-sulphate groups. Norris GB was significantly different
from every group except West Thumb GB, Mud Volcano, and Gas Vents (Solfatara Springs). It is
expected that as a neutral-chloride group, Norris GB would be significantly different from the
other soil chemistry classes (e.g., acid-sulphate) and similar to other neutral-chloride groups.
However, as the post-hoc analysis shows, Norris GB is significantly different than almost all
neutral-chloride groups, and similar to at least two of the three acid-sulphate groups (Gas Vents

and Mud Volcano).

2.5 Discussion

2.5.1 Fluxes
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Surface gas flux measurements provide a useful method to survey changes in the exchange of
gases between the subsurface and the atmosphere. Across both calderas, CH4 and CO: fluxes
expressed large variances within and between sites indicating a heterogenous spatial distribution

of volcanic gas emissions.

2.5.1.1 Intra-Caldera Comparisons: Yellowstone

Both CO2 and CHa4 fluxes at YNP demonstrated a distinct trend from west to east across the park.
This observation has been noted in CO2 observations in previous publications from point sources
(e.g., Bergfeld et al., 2011; Chiodini et al., 2012; Lowenstern et al., 2015) and from diffuse

measurements (Werner & Brantley, 2003).

However, this study provides the first measurements of diffuse CH4 fluxes within this caldera.
These results highlight that diffuse CH4 fluxes largely follow the spatial patterns set by point
measurements. The detail provided by the diffuse measurements underscores the heterogeneity
of the fluxes at many of the locations. In particular, the locations on the eastern portion of YNP
exhibited wide ranges of fluxes. For example, COz2 fluxes in the Eastern Yellowstone area had an
IQR from 22.53 to 58.85 g m? day! and CH4 fluxes between 2.10 to 50.04 mg m day™!. On the
western side of the park in Upper GB, ranges and magnitudes were much smaller for CO2 (0.27 —
0.82 gm? day!) and CH4 (-1.19 — -0.52 mg m™ day"'). The large difference between fluxes
measured in the western and eastern portions of the park mirror similar observations made by
Werner and Brantley (2003). We concur with their explanation that the large presence of sinter in
the western part of the park may inhibit the diffusion of gas to the surface, resulting in lower

fluxes.

A significant exception to this trend is Norris GB. The median CH4 fluxes for the sites east of
West Thumb (inclusively) are all near zero; however, the median flux at Norris GB was 41 mg
m day!. Although four measurements that were near zero were collected in the north-central
portion of the basin, this deviation from the other sinter capped locations can be attributed to
measurements collected at Steamboat Geyser. Mentioned above, Steamboat is the tallest active
erupting geyser in the world (Reed et al., 2021). Through seventeen measurements measured

over a six-hour period, the fluxes were not only much higher at ~40 mg m day™!, but they were
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also remarkably consistent (¢ = 4 mg m™ day!) save for a measurement ~25 minutes prior to the
eruption (Ajayi & Ayers, 2021). In most sinter capped areas, CH4 is low for several reasons.
Chloride rich waters that are present underneath neutral-chloride regions contain relatively small
amounts of volatiles such as CH4 (Morgan et al., 2017). Moreover, as silica precipitates out of
the hot fluids (215°C) during and after the ascent to the surface, the sinter deposit left behind

creates a capped layer that is highly impermeable to both CH4 and CO2 (Morgan et al., 2017).

Previous measurements on the bulk composition of gases coming from point sources in the
Norris GB region show conflicting results. In earlier work, the ratio of CH4/100*He is between
40 and 80 (Sheppard et al., 1992); however, more recently published data reports the same ratio
at lower values of 10 to 50 (Lowenstern et al., 2015). The difference between the two ranges is
owed to the fact that Sheppard et al. (1992) collected gases from pools as opposed to fumaroles,
which makes them less representative of the steam emanating from the subsurface because of the
greater amount of meteoric water in pools relative to fumaroles. Lowenstern et al. (2015)
reported measurements from fumaroles and therefore the values are more indicative of the
subsurface gas compositions. Neither publication reports measurements from Steamboat Geyser.
The fluxes measured near Steamboat are atypically high for the Norris GB region. The
combination of these high fluxes combined with distinctly heavy §'3C-CH4 measurements
(Figure 10) suggest that CH4 at Steamboat has a distinct source that is likely deeper than for the

other sites/groups.

The relationship between the fluxes and the soil chemistry describes the environments from
which the gases originate and are transferred from the subsurface to the atmosphere. Across
YNP, varying types of water chemistries are linked to soil chemistry, and these soil chemistries

are classified into four groups: acid-sulfate, neutral-chloride, travertine, and unclassified.

The CO2 flux data collected at the site level YNP align with previous work conducted by Werner
and Brantley (2003), who found that neutral-chloride sites had low CO: fluxes and acid-sulphate
regions had higher fluxes. Results from this study at Mud Volcano show a median value of 89 g
CO2 m? day’!, which is within the same order of magnitude (Mdn = 70 g CO2 m day') of
fluxes presented by Werner and Brantley (2003). However, measurements in the acid-

sulphate region at GVNT (Mdn = 147.9 g m day™!) eclipsed those values. Although most fluxes

63



reported by Werner and Brantley (2003) were measured in acid-sulphate regions, the authors also
collected a smaller subset of measurements from a travertine site (Mammoth Hot Springs)
neutral-chloride site (Upper Geyser Basin), and a forest or background site. Compared to CO2
fluxes (Mdn = 57 g CO2 m?2 day'") measured at MMTH by Werner and Brantley (2003), the
fluxes measured in this study were within the same order of magnitude (Mdn =32 g CO2 m
day™), but the fluxes measured at the other travertine site, Terrace Springs (GBSN), were an

order of magnitude smaller (Mdn = 2.0 g CO2 m2 day™).

The larger fluxes in acid-sulphate regions measured in this study relative to Werner and Brantley
(2003) may be explained by the locations measured in this study. In addition to Mud Volcano,
this study made measurements at GVNT and along EETR. Werner and Brantley did not measure
at these locations, which produced some of the largest fluxes measured in this study. In
comparison to MVDC, GVNT and EETR produced median CO2 fluxes of 147.9 g m day' and
106.6 g m? day™!, respectively. The addition of these two regions to MDVC are responsible for
the increased fluxes observed in this study compared to Werner and Brantley (2003). Like
MDVC, GVNT represents a highly faulted area near the resurgent Sour Creek dome. Similarly,
the majority of the EETR samples were collected near the caldera rim boundary. Both faulted
areas did not possess large features but small to medium features (e.g., vents and fumaroles)
dotted throughout the non-sintered landscape suggesting gas exiting the subsurface is occurring
throughout the soil matrix instead of through a small number of large openings. Overall, this
comparison helps to explain some of the heterogeneity in survey measurements even with the

same soil-chemistry class.

Lewicki and colleagues (2017) collected accumulation chamber CO: fluxes in addition to eddy
covariance and multi-gas measurements in between Norris GB and North of Norris GB
informally known as Bison Flat. They measured a wide range of CO: fluxes that spanned from
0.5 to 4606.0 g CO2 m day!. The median flux was 57.9 g CO2 m* day!, which is closer to the
Norris GB than the North of Norris GB fluxes presented in this study. Table 5 shows that the
median fluxes in this study were generally lower than what was measured by Lewicki et al.

(2017).
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One reason to explain the differences likes in methodology and location. The measurements
conducted by this study, specifically at Norris GB, were near well-travelled features and made
just off the boardwalk. In contrast, Lewicki et al. (2017) made measurements in an open area,
Bison Flat, that is not typically visited by park patrons nor has mature features. Thus, the sinter
cap for where this study took place was likely less perforated as there only medium to large
features present that were generally at a distance too far from the boardwalk. Whereas the
description of Bison Flat by Lewicki and colleagues, illustrated an area where small to medium
vents and fumaroles were present suggesting more openings in the sinter cap. In this area, their
research team was free to measure over an area of 0.04 km?, which is much larger than
approximately 10 m? for each transect measured in this study at Norris GB. This style of
sampling supports the wider distribution of COz2 fluxes collected by Lewicki and colleagues

compared to this study (Figure B-1).

Furthermore, Bison Flat is home to several faults that likely act as conduits for degassing in the
region. Finally, Lewicki et al. (2017) report that, through the direct measurements of fumarole
gases, the fraction of gas to steam is higher at Bison Flats than at Norris GB. The greater fraction
for gases from point sources may be another reason for the greater fluxes measured by Lewicki

and colleagues in comparison to this study.

2.5.1.2 Intra-Caldera Comparisons: Valles

At VCNP, the general spatial relationship between the fluxes showed the largest producing areas
were along the western margin of the caldera (VCSS and VCRP) and one location along the
outflow plume (VCHB). There has not been a large amount of documented diffuse chamber
measurements conducted at Valles, instead the focus has remained mostly on measurements from
point sources. Those measurements highlighted the large CO2/H2Osteam ratio of gases emitted
from the fumaroles (Goff & Janik, 2002). VCSS, located almost directly on the western margin
of the caldera, VCRP, near the fault of the resurgent dome, and VCHB located in a faulted area
over the outflow plume had the greatest fluxes. The measurements in this study provided insight
to the fact that CO: is escaping in large quantities outside of the caldera boundary and escaping

through the soil matrix. Previous research has used Soda Dam as evidence that an outflow plume
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south of the caldera must be transporting gas, but the large measurements observed at VCHB
show that gas is escaping prior to the travertine generating feature at similar or greater rates
when compared to measurements within the caldera. This should spur more research into the

effect the faulted area has on the transport of gases from the outflow plume.

2.5.1.3  Fluxes by Soil Chemistry Classification

CO2 fluxes on acid-sulphate zones were significantly greater than all other classes. One
explanation for the exceptionally high fluxes at the acid-sulphate sites lies in the geologic
conditions. Expressed earlier, acid-sulphate regions sit on top of vapor-dominated regions. These
gaseous regions generate emissions that present at the surface through a variety of features (e.g.,
vents, fumaroles) but most importantly, the lack of a sinter cap, which is found in neutral-
chloride and travertine areas. The sinter cap, a product of silica precipitating out of hot fluids that
cannot condense into the gas, serves as a near impermeable layer at these two regions, more so in
the neutral-chloride areas than the travertine locations. The cap reduces the ability of gases to
exit the soil matrix and thus the lowest measurements, sometimes near zero, were made
throughout the campaign were conducted over neutral-chloride and travertine regions. The
unclassified location sat atop a bleached grassy meadow outside the caldera rim, which met

expectations of being a light contributor of gases.

In addition to sinter cap, acid-sulphate regions were primarily found near faulted areas on the
eastern portion of the park. The significance of the eastern half of the park is that it follows the
expected direction of the hotspot that sits under the crust. As detailed in the geological overview,
the western moving N. American plate means that the hotspot will expose the eastern part of the
park to heat and gases that may be less prominent in the western portion of the park. Judging the
size of the hotspot is not within the scope of this project, but the much higher fluxes on the
eastern part of the park versus the west (Table 4) supports the supposition of the hotspot’s
location affecting the greater fluxes observed in acid-sulphate regions compared to the other
regions. This estimate of the location of the hotspot, is supported by the CH4 fluxes. CH4 fluxes
were also greater in the eastern portion of the park. Greater fluxes of CH4 suggest a more recent
exposure to the subsurface heat source as CHa is expected to be “baked out” of the subsurface

and converted to CO2 among other biproducts with longer exposure to heat.
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It is also important to note here that for almost all the comparisons discussed above, the
significance tests applied generated p-values that were orders of magnitude smaller than the
threshold of significance (0.05). Numerous authors in the statistical space have discussed the
utility of p-values in scientific work and how it should be linked to inferences and conclusions
(Colquhoun, 2017). This paper does not attempt to state that these statistically significant
findings suffice as irrefutable evidence of the difference between the fluxes between groups, but

the magnitude of the p-values is highly supportive of those differences.

Increasing the spatial scale to the caldera level, this study leveraged its high-quality flux
measurements to estimate first-order emission analysis. Using GIS data provided by the
Wyoming Geological Survey, the total area of mapped as acid-sulphate is about 36 km? and 22
km? for neutral-chloride (i.e., non-acidic thermal areas that include travertine) (Wyoming State
Geological Survey, 2023). After multiplying the median COz2 fluxes by the areas, a total emission
of 4.18E00 + 1.18E00 kt CO2 day™! and 6.58E-02 + 7.21E-01 kt CO2 day! for acid-sulphate and
neutral chloride, respectively (uncertainty is represented by standard error throughout this
section). For methane, the values were 4.96E-01 + 6.50E-01 t CH4 m™ day!' and -1.14E-02 +
3.96E-01 t CH4 m day"' for the same pair of soil chemistry classes.

This result highlights similar conclusions that were made in the site-by-site analysis. The acid-
sulphate fluxes were significantly different than the other three soil chemistry classes. In this
exercise, there is a difference of two orders of magnitude between the daily CO2 emissions of the
acid-sulphate group and the rest of the soil chemistry classes. Using surface fluxes provided to
the author by Werner and Brantley (2003), emission rates were 2.64E00 + 3.70E00 and 5.63E-01
+ 1.28E-01 kt CO2 day!. In comparison to values collected in this study, the acid-sulphate
neutral-chloride emission rates were within an order of magnitude and within 15% and 45% of
each other, respectively. The relatively lower quality agreement in the neutral-chloride
measurements may highlight the proximity to the detection limits that can be observed at low
magnitudes of gas emissions. Furthermore, Werner and Brantley provided emission estimates
using a magmatic emplacement model to assess the amount of gas released via magmatic
degassing. These values, 43 and 0.91 kt CO2 day"! for acid-sulphate and neutral-chloride are

larger than what was measured at the surface for both studies. For acid-sulphate, the emission
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rate is an order of magnitude greater, which indicates the small proportion of areas measured
versus the total area. Additionally, the discrepancy is a product of gas released through point
sources rather than through diffuse pathways or reactions with the various hydrothermal systems.
For the neutral-chloride region, both studies provide surface estimates that were within the same
order of magnitude as the magmatic degassing model. The ability to match the degassing model
more closely should underscore the likelihood that the diffuse emission pathway releases the
much of the gas on these soils. Without the vapor-dominance presented in acid-sulphate regions,
the cooler neutral-chloride soils emit a higher fraction of the gas from depth according to these
results. Overall, the gap between magmatic degassing and scaled surface fluxes opens an area for
further research to understand the various pathways more completely for COz to the surface.

More details on the caldera-wide calculations are provided in Appendix F.

At Valles, there were no significant differences between the soil chemistry classes. This is likely
attributed to the lack of the two factors that were present at Yellowstone, a sinter cap, and a
hotspot. The measurements collected by this study at Valles were primarily collected in acid-
sulphate regions, which did not allow for much differentiation. However, the lack of
differentiation between the acid-sulphate and travertine groups was possibly due to the faulted

regions measured at both locations facilitated a great amount of gaseous transport to the surface.

2.5.1.4 CHg4 Fluxes

The CH4 fluxes at Yellowstone were greatest in the eastern portion of the park and on top of
acid-sulphate regions. The high flux areas at Yellowstone highlight the point vapor dominated
mechanics that underlay acid-sulphate areas described above. Fumarole data collected in
previous work (Bergfeld et al., 2011) showed a greater fraction of CH4 in samples collected from
the eastern part of the park than out west. Specifically, Bergfeld and colleagues collected a
median concentration from a location near the Sour Creak resurgent dome boundary of 0.9 CH4
mol % and from a location near Bison Flat (just north of Norris GB), the median amount was 0.2
CHa. These two individual locations support the notion that eastern locations emit a greater
amount of CH4 through point sources than western locations. Since the emission of CH4 through
point sources is less prohibited by sinter, these point source findings align with the diffuse values

collected in this study. The alignment helps to support the claim that hydrocarbons in the crust

68



have likely already been emitted from the western portion of the park as the hotspot will have
migrated to the east, where the heat would aid in liberating the hydrocarbons from the

subsurface.

Further alignment between measurements in this study with external studies can also be found by
comparing with other systems. Etiope and Klusman (2002) provide an average of 4.42 mg m™
day™! at locations where microbial creatures that consume methane, methanotrophs, are not
present. The median CH4 measured in the eastern part of YNP in this study was 7.43 mg m day-
I, The similarity in these values will suggest the lack of presence of significant methanotrophic
activity at the eastern sites in Yellowstone. Furthermore, the median fluxes at western sites was
less than 1 mg m2 day"!, similar to values recorded in sedimentary basins (Klusman et al., 2000).
The dynamics in the western side are not reflective of sedimentary basins, but this similarity

values highlight the variability of CH4 fluxes within geologic sites.

At Valles, records of diffuse CH4 measurements are not present in the literature at the time of
writing this document. Similarly, very few accounts of CH4 data has been collected from point
sources. In one study conducted by Goff and Janik (2002), bulk gas analysis from point sources
near Sulphur Springs (0.084 CH4 mol%) similar to what was measured across Yellowstone.
However, this study found that the median fluxes at VCNP to be quite large from 10?> g m day!
in the north to 10° g m2 day!' toward the southern rim and outflow plume. The largest of these
fluxes were observed south of Sulphur Springs where the point source data was provided for
comparison, but the likely reason for these high fluxes may be due to the faulted landscape and
possibly a shallow contribution from organic decomposition. This is discussed further in section

2.5.2.

Negative fluxes were observed for both gases but were far more prevalent in the measurements
of CHu4 fluxes. The presence of negative fluxes has been observed in other studies of CHa. In one
of these studies, Etiope and Klusman (2002) review the transport of CH4 fluxes. In their paper,
the authors specifically discuss how diffuse CH4 fluxes tend to be negative in semi-arid solid due
to methanotrophic activity. In this project, two sites highlight the dynamics of the transport

inside of the AC for methane at the soil-atmosphere interface. At CLPD, six measurements were
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made at four different locations (one location had two replicates). At CLPD, every single CH4
flux was negative, and this is representative of many measurements made on heavily sintered
(and predominately neutral-chloride) landcover. Since carbon isotopic (see section 2.5.2)
information does not support a shallow biologic contributor, the negative fluxes described in

Etiope and Klusman (2002) are caused by something else.

One explanation for the negative CH4 fluxes is by the process of dilution of other gas species
into the chamber. To dilute the gases in the headspace of the chamber, other gas species would be
required to enter the headspace thereby reducing the partial pressure of CH4. Advection would
assist the addition of other gas species into the headspace by rapidly transporting the gas into the
chamber at a rate much faster than CHa4. However, advection is not likely to have a significant
effect for several reasons. First, advection is generally driven by a pressure gradient. The internal
pressure inside the CRDS was recorded simultaneously with the gas measurements and remained
at a constant pressure due to the closed loop connection with the vacuum. The pressure inside of
the AC was not measured, where a similar measurement would provide more assurance of a
constant pressure system. The authors suggest measuring this in future campaigns. Nonetheless,
a pressure gradient accompanying advection would present a linear dependence of concentration
on time. However, the concentration time curves measured at various locations at both calderas
began to asymptote near the end of the enclosure period, where the concentration of both gases
remained below the maximum range (2500 CO2 ppm and 10 CH4 ppm). An example of the
negative CHa4 time curve is presented in the Appendix (Figure H-1) that shows a curvilinear
relationship of [CHa4] to time, with [CH4] decreasing from 1.86 to 1.81, a decrease of 2.7%. This

nonlinear curve supports the idea that diffusion is the dominate mode of transport.

Furthermore, previous laboratory research demonstrates that diffusive processes are governing
the fluxes measured in this study. Specifically, the majority species in the chamber, N2 and O2
limit the ability for trace gases to enter (Evans et al., 2001); therefore, it is only through diffusion
that CO2 and CHa4 can enter the chamber as the downward transport of the majority species has to
occur as well. Evans and colleagues (2001) make the claim that fluxes originating from depth

into ACs are likely suppressing the net flux due to the reduction in the ability for the gas to enter
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the chamber due to the partial pressures in the headspace. Their work suggests that this is likely

the same in this study. Finally, a simple numerical exercise using the Fick’s second law:

C(x,t) = %{1 —erf (#ﬁ)}’

where C(x,t) represents the concentration at position x for time t, Co represents the initial
concentration, and D represents the diffusion coefficient. In the numerical exercise (Figure H-2),
the authors demonstrate that Fickian transport is applicable in the spatial (150 mm) and temporal
(1200 seconds) scales that were used in this study given standard diffusivity of CO2 in air as 16
mm? sec and 0.221 cm? sec™! for CHa (temperature at 298 K) (Haynes, 2010; Tang et al., 2015).
That is, diffusive transport of CO2 and CH4 in the chamber is fast enough to account for the

concentration changes we observe over a 20 minute experiment.

With advection likely not a significant factor for gas transport, a mass balance can further
explain the negative flux being observed at sites like CLPD. Assuming a maximum concentration
of 2500 ppm of CO2 (the highest that can be measured accurately by the CRDS) and a
conservative estimate of 400 ppm for the COz2 present in the headspace of the chamber when it
closes, the maximum increase of COz in the closed chamber is 2100 ppm or 0.21% by weight,
which would decrease the concentrations of gases such as CH4 in the chamber by only 0.21%,
while the data in Appendix H show a decrease of 2.7%. Thus, measured negative fluxes of CH4
are better explained by downward transport than by dilution in the chamber on addition of CO2.
This downward transport of CH4 is a result of the concentration in the headspace of the chamber

being much greater than in the subsurface.

The measurements at CLPD mentioned above are emblematic of downward CH4 transport as
they decrease by ~3% from the first until the final measurement (Appendix H). This decrease of
greater than 0.21% means that the increase of COz2 alone cannot be responsible for the decrease
in measured CHa. It is important to note that water vapor has not been discussed here. As the
dominant species at Yellowstone, it can play a role on the partial pressures of gases in the
chamber. The CRDS H20 alarm did alert the team that the vapor level increased to a level that

would interfere with the infrared spectroscopy. This was a rare occurrence in the dataset as the
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team would restart a measurement when this occurred and move the chamber if need be if the

problem was persistent.

2.5.1.5 CO;Against CH, Fluxes

Overall, comparison of median of positive fluxes highlighted CO2 as 190 and 896 times greater
than CH4 at YNP and VCNP, respectively. Previous reports are limited to analyses of gases from
point sources. Still, Italian (Panarea), American (Mammoth Mtn.), and Greek (Nisyros) show a

similar ratio but often rise to larger ratios during periods of higher activity (Chiodini, 2009).

This comparison highlights, a broader understanding of the two gases. Previous studies have
highlighted that incondensable mantle gas is primarily composed of CO2 (Goff & Janik, 2002;
Lowenstern et al., 2015). It is difficult to know how much available CH4 is in the subsurface at
either location, but similar ratios of CO2/CHa4 fluxes measured in this study compared to
concentrations reported from points sources around the globe supports the claim that mantle gas
is being measured even through a diffuse pathway. However, the lower maximum diffuse
CO2/CHa ratio compared to the point sources indicates that CH4 from shallower sources may be
contributing at greater quantities to the overall emission from either caldera. More visualizations

of the relationship of CO2/CH4 fluxes are presented in Appendix F.

2.5.2 Isotopic Composition

While the fluxes communicate the quantity of gases emitted by the calderas, the isotopic
compositions provide commentary on the origins of the gases and their transport to the surface.
Previous research has laid the groundwork for a conceptual model for the Yellowstone system.
The models may differ between publications (Christiansen, 2001; Fournier, 1989; Hurwitz &
Lowenstern, 2014; Lowenstern et al., 2015; White et al., 1975) but generally describe a system
where a parental magmatic fluid boils and its steam migrates to the surface, mixing and reacting
with components in the subsurface during its ascent (Bergfeld et al., 2011; Fournier, 1989). The
lateral migration of fluids and the diverse mixing and boiling pathways contribute to the wide

range of isotopic compositions observed in this study.
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At Valles, the model for the system was aided by drilling conducted through geothermal
exploration during mid to late 20" century (Goff & Gardner, 1988). The general model for Valles
consists of a small neutral-chloride and liquid dominated system that resides more than 500 m
below the surface (Goff & Gardner, 1994; Goff & Janik, 2002). Furthermore, the ring fractured
caldera transports the liquid laterally towards the southwestern section (outflow plume) of the
caldera before the vapor - containing steam and other incondensable components ascend toward
the surface, mixing with meteoric waters and crustal components along the way (Goff & Gardner,

1994). The isotopic compositions of the gases assist in defining these conceptual models.

The carbon isotopic composition data measured at both calderas in this study can be organized as
falling in between a magmatic endmember, representing the heaviest isotopes, and microbial,
representing the lightest isotopes. In between, the atmospheric endmember provides another
reference point that sits between the magmatic and microbial zones. In the high temperature
caldera environments, the expectation is that most measurements of subsurface gases will be
representative of the magmatic endmember, but mixing during ascent may dilute the magmatic

component.

2.5.2.1 Carbon Isotopes at Yellowstone

At Yellowstone, there was a distinct difference between the gas sampled over acid-sulphate
regions versus the remaining three region types. First, many of the acid-sulphate samples
collected at Yellowstone were on the heavier, more positive, side for both §'*C-CO2 and '*C-
CHa4 with respect to the atmospheric reference point. Heavier carbon isotopes indicate a deeper
source for the gases (Etiope & Klusman, 2002; Etiope & Sherwood Lollar, 2013; Schwietzke et al.,
2016). Specifically, Figure 9 shows that almost all acid-sulphate samples plot between the
atmospheric and magmatic endmember. This observation suggests that there is mixing between
those two endmembers. As the heavier isotopes indicates an origin deep within the subsurface,
the almost linear spread of the samples suggests a dilution of magmatic gas with atmospheric gas

upon entering the chamber.

Additionally, the data clearly show a cluster of samples from the neutral-chloride region that are

within the zone representing the magmatic endmember. All seventeen points in that cluster were
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collected at Steamboat Geyser. Steamboat, located in Norris Geyser Basin, is the tallest active
geyser in the world (Reed et al., 2021). Erupting at heights over 100 m, Steamboat also has one
of the warmest reservoir temperatures with estimates near 250°C, and the depth to the water
source > 100 m below the surface, again a deeper source than at hydrothermal features (Bryan,
2008; Reed et al., 2021). Ajayi and Ayers (2021) obtained source temperature estimates of 250-
270°C from compositions of thermal waters and 324°C from a CO2-CHa4 carbon isotope

thermometer, corresponding to a minimum source depth of 470 m.

Measurements collected just prior to and during an eruption of Steamboat Geyser in 2019
showed that smaller diffusive fluxes of CH4 and COz2 occurred adjacent to the geyser within 20
minutes of the eruption (Ajayi & Ayers, 2021). This observation may signal a connection between
the geyser plumbing and the diffuse gases that were measured. Unlike in almost all other
measured locations where advection plays a minor if any role at all, the advection needed to
transport the fluids to the surface at Steamboat is great. The dominance of advection over
diffusion at Steamboat suggests that the rapid transport of gases to the surface provides less
opportunity for mixing and dilution from other sources during ascent. Therefore, the Steamboat
cluster represents a mostly undiluted composition of magmatic gas that other neutral-chloride
locations do not show. The small number (n=4) of measurements that were collected in the
Norris Geyser Basin but away from Steamboat and on a day preceding the eruption plot near the
atmospheric reference point (Figure 9), indicating that the lower measured fluxes at these
locations led to lower mass fractions of magmatic gas and proportionally greater contributions of

atmospheric gas in the chamber.

When examining the lighter carbon isotope compositions at Yellowstone, Figure 9 highlights
each of the three remaining soil chemistry classes at Yellowstone appearing in different zones
within the 8'3C-CO2 and '*C-CHs space. First, the majority of measurements for the travertine,
neutral-chloride, and unclassified classes show little variation across the §'3C-CHas axis. The

separation across these groups is found in the §!*C-COa.

The largest values of §'*C-COz are observable in the samples collected from travertine regions.

These 6'3C-CO2 values range from near atmosphere (-9%o) to -5%o for §!3C-COz. Previous
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studies have referenced the Madison limestone as one of the most extensive sedimentary
formations in Yellowstone and the western United States (Peterson, 1984). Furthermore, 3'3C-
CO2 of the Madison limestone ranges from -2.3%o to +3.3%o (Friedman, 1970). Thus, the data
collected in this study at travertine sites suggests mixing between the limestone endmember and

the atmosphere, with little to no contribution of deep sourced methane.

The lighter carbon isotopes sampled from neutral-chloride regions fails to illustrate a pattern that
distinguishes it from the atmospheric endmember. In Figure 9, the majority of the samples in this
group vary little across the '*C-CH4 axis and, although there is more variation across the §!*C-
CO2, the smattering of observations resides near the atmospheric reference point. This proximity
to the atmospheric endmember highlights two things. First, the majority atmospheric signals that
the gases do not originate from a deep source or, if a deep source exists, it has mixed to a point of
almost complete dilution with atmospheric gas. Second, the sinter capped landscape is the
dominant cover across the neutral-chloride regimes, which greatly reduces permeability for
diffuse gases (Fournier, 1989). This sinter cap impedes diffuse gas loss, resulting in the majority
of measured gas fluxes being near zero or negative (Figure 8). When the chamber closes it
initially contains only atmospheric gas. If subsurface gases diffuse into the chamber the
proportion of atmospheric gas decreases, but if gases from the subsurface do not enter at a rate
great enough to replace the initial volume of atmospheric gases during the measurement period,
then fluxes will be near zero and the gas in the chamber will remain predominantly atmospheric
in composition. The reduced permeability caused by the sinter cap may increase the residence
time of any deep source gases in these neutral-chloride sites and allow them to mix with shallow
sourced and possibly atmospheric gases. Alternatively, the inability of gases to escape from the
subsurface by diffusion may cause them to migrate laterally to point discharge features such as

fumaroles or geysers.

Notably, the measurements made at Steamboat Geysers are an exception to low fluxes collected
from neutral-chloride regions. In this instance, Steamboat differs from other neutral-chloride
regions, and even other sites within NGBN, because this locality experienced greater pressures
and a much greater advection to diffusion ratio prior to and during the eruption. Combined, these

two phenomena were responsible for transporting the gases through microfractures in the sinter
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in a manner unseen at other sites of the same soil chemistry class. Thus, the distinctly higher
fluxes and heavier 8'*C-CHs at Steamboat (Figure 8) likely resulted from the higher gas

pressures fracturing the sinter cap and increasing gas permeability.

Finally, the data collected over the unclassified regime followed the pattern of little variation
across the 8'*C-CHa4 axis, but most of the samples are located towards the lightest end of the
813C-COz axis. The average 6'°C of C3 grasses is approximately -27%o, of C4 grasses -12.1%o
(Cerling & Quade, 1993), and of soil §'3C-CO2 is -20%o (Parada et al., 1983). The median value
of 3'3C-CO2 observed for unclassified sites in this study was -19.2%o. As mentioned in section
2.2, the data at Yellowstone collected in the unclassified region were collected northeast of the
caldera rim, where there was largely no visual or olfactory evidence of significant thermal
alteration. The exception were the bleached patches of earth located sporadically in a grass
meadow. Therefore, the unclassified samples collected in the grassy area appear to overlap with

the grass-like endmembers.

2.5.2.2  Carbon Isotopes at Valles

The observations of carbon isotopes conducted at Valles overlapped with measurements collected
in a previous publication conducted by Goff and Janick (2002). The authors of the previous study
found that gases collected from primarily the western margin of the caldera ranged between -2
and -7%o 8'3C-COz. These measurements were collected from point sources such as fumaroles
and even exploratory geothermal wells. In this study, the range of carbon isotopes was a bit
lighter, where most measurements were between -5 and -15%o 8'3C-CO2 and a small number of
measurements as light as -20%o 6'3C-COz. The difference may be attributed to less fractionation

from measurements collected from point sources, whereas this study measured diffuse gases.

313C-CO2 measurements that over limestone regions can be difficult to interpret. Similar to
Yellowstone, the range 3'3C of isotopes overlaps with two zones of origin, magmatic and
limestone. At Valles, the Pennsylvanian aged Madera limestone has a documented average -4.4 +
1.2%o0 8'3C, a value of -5.6%o &'3C near Soda Dam, and -3.1%o 8'°C near the Hummingbird
measurements (Battleship Rock) (Goff et al., 1985). In this study, the diffuse '*C-CO:
measurements presented IQRs of -7.4 — -6.9%o and -10.9 — -6.8%0 at Soda Dam and
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Hummingbird, respectively. Because these ranges are nearly overlapping with magmatic
(MORB) 8'3C at approximately -6.5%o, resolving the origin of gases collected at Valles in this

study with 8!°C alone is not possible.

The carbon isotopes do show that if magmatic, limestone, or possibly both sources are
contributing to the diffuse COz, their contribution is likely diluted with nearest endmember,
atmospheric COz. Atmospheric §'3C-COz at the time of these measurements was approximately
8.6%o (Thoning et al., 2022). Hence the most likely reason for slightly lighter range of
observations over the limestone regions and near range point sources that are within magmatic
values, is due to the addition of near-surface mixing of atmospheric CO2. Another possibility
may be mixing with surface waters, although the composition of the oxygen atom was not

measured in this study.

However, helium isotopes from may provide insight into differentiating magmatic from
limestone. *He/*He (R/Ra) observations, collected in a previous study (Goff & Janik, 2002) were
between 4 to 6 R/Ra within Sulphur Springs and the caldera rim compared with a mantle
(MORB) average of 8 = 1 R/Ra (Gautheron & Moreira, 2002). Thus, a deep magmatic CO2
source cannot be ruled out as a potential contributor and is likely at Sulphur Springs. The
heaviest isotope compositions measured in this study are possibly a blend of the deep magmatic

source and the shallower Madera limestone.

Previous diffuse measurements of 8'3C-CHjy at Valles have not been publicly documented at the
time of writing this manuscript. This study showed that the CH4 gases are unlikely to be
connected to a magmatic source as their 8'3C-CHa signatures often lay in between microbial and
atmospheric endmembers (Figure 10). Unfortunately, observations of carbon isotopic
composition of CHs have not been widely documented. Thus, the results presented in this

document may be some of the first recorded diffuse §'3C-CH4 measurements at Valles Caldera.
This suggests, that if the CO2 originates from the mantle, the production of CH4 is decoupled

from COz. More likely, the CH4 has a much shallower origin, possibly the product of the

decomposition of organic material from a subsurface sedimentary complex.
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2.5.2.3 Stable Isotopes Collected from Static Chambers

In addition to the dynamic CRDS-AC measurements, diffuse gas samples were also collected
using static chambers (see section 2.3.3). These static chamber measurements provided more
context to the carbon isotopic composition of methane §'*C-CHy at a subset of the measured

sites, specifically by adding information about the hydrogen isotope composition of methane

8*H-CHa.

Our static chamber measurements (Figure 11) show a trend from the atmospheric endmember
through the thermogenic zone and into the abiotic zone (Sherwood et al., 2017). Most samples
collected at neutral-chloride and travertine sites at both calderas plot near the atmospheric
endmember. Data collected from acid-sulphate regimes plot in between the atmospheric
endmember and the abiotic zone, inside of the thermogenic region. This indicates a deep source
for the methane at several of the Yellowstone sites. The singular acid-sulphate static chamber site
collected at Valles plotted within the thermogenic region. In the examination of carbon isotopes
alone (Figure 10), the majority of acid-sulphate observations plot near the atmospheric member
but in this §!3C-CO: and 8'3C-CHs space, there is an overlap with the thermogenic zone. Thus,
the addition of the 3°H -CHy axis helps to underline a possible contribution of deeper sourced

thermogenic gas that was not clear by examining the carbon isotopic composition alone.

Also at Valles, there was a single sample that was collected over the outflow plume at the
Hummingbird site with an unclassified soil type. This sample uniquely plotted within the
microbial zone (Figure 11), specifically methane acetate fermentation (MAF). Another unique
finding is a singular neutral-chloride measurement that plots outside of the thermogenic zone at
the boundary of the geothermal-volcanic and abiotic zones (Figure 11). This observation is again
Steamboat Geyser. Unlike other measurements in the Norris Geyser Basin, the carbon and
hydrogen isotopic composition of CH4 at Steamboat is consistent with a source of greater depth
than any of the other sites where static chamber measurements were made. Even though the data
was collected in the same manner at each site, diffuse Steamboat Geyser emissions appear to
have shown the greatest contribution of gases from depth due to the increased transport activity

prior and during the eruption of the geyser.
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Furthermore, Steamboat and Hummingbird displayed some of the largest fluxes across both
calderas. Across both calderas, fluxes in the bottom 50" percentile ranged widely across the
carbon isotope compositions without a trend. However, fluxes in the top 25 percentile at YNP
(e.g., Steamboat) tended to be heavier, while fluxes in the same percentile at VCNP tended to be
lighter (Appendix D). In Yellowstone, these large fluxes appeared to be driven by the strong
emissions from the vapor caps under the acid-sulphate regions. However, at VCNP, the
interaction with a microbe at Sulphur Springs may be the cause of the lighter composition for
§13C-CHa. For §'3C-COz, resolving atmospheric and a deeper source remains an issue when

using carbon isotopes alone.

In addition to the data collected in this study, Figure 11 also displays data collected from
previous publications. Sherwood et al. (2017) and an updated revision (Sherwood et al., 2020) of
fossil fuel and non-fossil-fuel sources were included. These results help to contextualize the wide
range of anthropogenic sources with reference to what was measured in this study. The majority
of methane measurements from oil and gas development land within the thermogenic and

microbial zones. A small subset of observations plot in the abiotic zone.

Also, measurements collected by Moran et al. (2017) have been included in Figure 11. The data
from this study clearly plots in the abiotic zone of the §°H-CHa and 8'3C-CHj figure regardless of
soil chemistry class regime. This is expected since all these measurements were collected from
point sources (e.g., fumaroles) as opposed to the diffuse sources of this study. The differences
between the diffuse measurements and the point source measurements marks the dilution of
subsurface gas with atmospheric gas that is most prominent in low flux non-acid-sulphate areas.
This highlights how the original subsurface signal can be altered during ascent of the gas from
depth. Although the exact effects are not within the scope of this paper to describe, Figure 11
clearly highlights that the isotopic composition of primarily vapor dominated areas, such as the
acid-sulphate regions, contain an original contribution of gas from thermogenic or magmatic
processes compared to gases collected from travertine and neutral-chloride regions that show

much shallower origins. The exception is gases collected from powerful geysers such as
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Steamboat, where it appears the soil chemistry class does not play as significant a role due to the

speed and amount of gas that is required to stimulate an eruption of that magnitude.

2.6 Conclusions

This study sought to increase the documented accounts of diffuse greenhouse gases at two of the
three major Quaternary volcanoes in North America. Previous work measuring diffuse gases
focused exclusively on diffuse CO2 emissions at both calderas and no work, at the time that this
manuscript was drafted, was conducted on diffuse CHa4. Furthermore, stable carbon isotopes have
only been publicly documented for CO2 and not CHa, whereas this study provided some of the

first, if not the first, observations of carbon isotope measurements of diffuse CHa.

In this study, not only were important measurements of diffuse CH4 documented in each caldera,
but the application of cavity ring-down spectroscopy demonstrated that greenhouse gases can be
measured at high temporal frequency to aid flux calculations and simultaneously record carbon

isotope compositions.

Additionally, the magnitude of CO2 fluxes measured at YNP followed similar relationships to the
soil chemistry as presented in previous publications. Fluxes measured on top of acid-sulphate
areas tended to be greater in magnitude than elsewhere. Less documentation and less variety in
soil chemistry classes is available for VCNP, but this study demonstrated that the magnitude of

CO: fluxes was difficult to attribute to a specific soil chemistry class.

The CH4 fluxes measured at YNP followed the same trend as CO2 fluxes, where the greatest
fluxes were observed on top of acid-sulphate regions. Of course, the primary exception was
witnessed at Steamboat Geyser. For both gases, the anomalously high fluxes on neutral-chloride

soil result from the connection to the deep gas source of Steamboat Geyser.
Through the examination of primarily carbon isotopes of both CO2 and CHya, this study

demonstrated that a variety of sources contribute to the emissions at both calderas. At YNP,

carbon isotopes for CO2 showed a tendency toward the magmatic endmember primarily for
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measurements collected on the eastern portion of the park and on acid-sulphate soil. The main
exception was Steamboat, a neutral-chloride site where high gas pressures likely caused
enhanced permeability and transport. CHs fluxes showed similar trends and 8'*C-CHy
measurements showed that most CH4 was sourced within the thermogenic zone. The 8'*C-CH4
measurements in acid-sulphate soils demonstrated a clear trend between the atmospheric and
magmatic members, highlighting a decreasing proportion of atmospheric gas as the isotopes got
heavier. The neutral-chloride measurements in the heavily sintered western part of the park
varied little from atmospheric 8'3C-CHa, underscoring that atmospheric gases were heavily

mixing with gases from depth.

Carbon isotopes at VCNP demonstrated a greater contribution of gas from a microbial source, as
the carbon isotopes for CH4 tended to vary from a microbial endmember toward atmospheric.
CHa gas from depth is not a significant contributor to diffuse fluxes and the contribution of CH4
was likely due to shallow processes. It was difficult to discern the source of CO2 gas from carbon
isotopes due to isotope compositions overlapping with the atmospheric endmember and that of
limestone at the travertine site. Although there were only three samples examined at VCNP, they
supported the trend from atmospheric/limestone endmember at the travertine site toward a

microbial endmember with the acid-sulphate site presenting in between.

Overall, we found that CO2 fluxes were ~200 and ~1000 times greater than CH4 fluxes at YNP
and VCNP. This is consistent with previous research of point source measurements, albeit this
study was on the lower side, which was likely due to mixing of CH4 from shallow (non-mantle)

sources.

Finally, the results in this document demonstrate the utility of CRDS measurements of CO2 and

CHa4 concentrations and carbon isotope compositions in volcanic gas studies.
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3 Chapter 3: CH4 and CO;, Diffuse Gas Emissions Before, During, and
After a Steamboat Geyser Eruption

3.1 Introduction

The release of gases in hydrothermal environments such as Yellowstone National Park has been a
subject of diligent study for decades. Previous research conducted in Yellowstone sampled
diffuse gas emissions with the purpose of quantifying the amount of CO2 exchanged between the
caldera and the atmosphere (Lewicki et al., 2017; Werner & Brantley, 2003). These earlier studies
highlight how Yellowstone emits ~4.4 E07 kg CO2 annually across the caldera; however, no

previous studies have interrogated diffuse emissions from an active geyser.

About 31 km northeast from Old Faithful, located in the northwestern region of the park, Norris
Geyser Basin (NGB) is home to Steamboat Geyser. Steamboat stands out among the hundreds of
geysers in the park because it projects a fluid-gas mixture into the air that can eclipse heights of
115 meters, making it the tallest erupting active geyser in the world (Hurwitz & Manga, 2017;
National Park Service, 2020). The gas primarily consists of condensable steam and non-
condensable COz, with minor non-condensable gases such as CH4 (Rojstaczer et al., 2003).
Though Steamboat does not erupt periodically, the geyser has recently become highly active.
Between 2000 and 2017, 11 eruptions occurred; however, between March 2018 and 24 Feb 2021,
Steamboat erupted 129 times with an average of 8 + 4 (15) days between each event (Appendix
I, Supplementary Figure 1). The long amount of time between eruptions, more formally known
as a recurrence interval, is related to the long duration of eruptions at Steamboat (tens of minutes
to hours) (Steinberg, 1999), and the great height of the eruptions suggest a deep (thermal) source
within the Lava Creek Tuff (Fritz & Thomas, 2011; Hurwitz & Manga, 2017).

Geophysical research has inferred a recent magma intrusion underneath NGB leading to uplift in
the region, and the fluids and heat released may have caused the recent increase in Steamboat
activity (Wicks al., 2020). However, more recent work at Steamboat suggests that uplift is not

related to the increase in geyser activity (Reed et al., 2021).
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Other studies have investigated the processes that govern the eruptions of geysers across the park
through geophysical methods (e.g. tilt, acoustic, etc.) (Hurwitz et al., 2016; Ladd & Ryan, 2016;
Nayak et al., 2020; Vandemeulebrouck et al., 2014). The present paper seeks to explore a
geochemical connection between diffuse gas emissions near the geyser and the plumbing that
produces geyser eruptions. We hypothesize that the source and magnitude of diffuse gas
emissions might change immediately preceding or during an eruption due to changes in the
subsurface movement of gases and the thermal waters that transport them. On 12 June 2019,
continuous measurements of diffuse emissions of CO2 and CH4 were conducted before and after

an eruption at Steamboat Geyser.

3.2 Methods & Materials

3.2.1 Research Site

Located 7.5 km north of the 0.63 Ma Yellowstone Caldera boundary, NGB is a very active
hydrothermal and geophysical site (Lewicki et al., 2017; Wicks et al., 2020). The geophysical
research describes a dynamic area, where multiple periods of uplift have occurred. These recent
periods of uplift have been attributed to fluids that have been released from a magma intrusion at
a depth of ~3 km. As the depths at which this accumulation occurred has shallowed between
2014 and 2016, Wicks et al. (2020) contend that this uplift may be connected to the recent

increase in eruptions at Steamboat.

3.2.2 Data Collection Overview

Three pieces of instrumentation were used to collect the data in this study. An automatic
accumulation chamber (AC) was sealed to the ground approximately 30 meters from the geyser
(Figure 1) and approximately midway between the geyser and Cistern Spring. The AC was
programmed to close for fifteen minutes to allow gases escaping from the subsurface to
accumulate, open for a five-minute flushing period, and then close again to restart the cycle for a
total of seventeen repetitions, where seven measurements were completed before the eruption
(including the precursor measurement), and ten measurements were made after the eruption. The
AC was connected in a closed loop to a cavity ring-down spectrometer (CRDS) and operated

with previously documented methods (Christiansen et al., 2015; Petrakis et al., 2018). Coupling
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the AC and CRDS (CRDS-AC) permitted measurement of the concentrations of CH4 ([CH4]) and
CO2 ([CO2]) and their carbon isotope compositions, 8'3C-CHs and §'*C-CO; approximately
every four seconds. Fluxes were estimated by using the first three to four minutes, after a ~1 to
2-minute stabilization period of the concentration-time curve and multiplying the slope by the

quotient of the volume and cross-sectional area of the chamber.

A single portable accumulation chamber (PAC) that measured only COz fluxes was also used.
With the PAC, three locations near (< 2 meters) the CRDS-AC were measured repeatedly
throughout the campaign. That is, we moved the PAC every 10 minutes between these three
locations. These data provided small-scale spatial coverage that augmented the stationary CRDS-

AC measurements.
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Figure 1: Map of the southeastern portion of Norris Geyser Basin. Note Steamboat Geyser (hexagon) in the acidic to neutral
geothermal area. Three wells that were drilled in the early 20t century are also featured in this map. The measurements (CRDS-
AC) took place close to Steamboat (~30 m) and can be seen in greater detail in Appendix |, Supplementary Figures 2 and 3.
Furthermore, Steamboat relative to Cistern Spring can be viewed in greater detail in the supplemental figures as well. The data
used for the creation of this map is available on the Wyoming Geological Survey website < https://www.wsgs.wyo.gov/pubs-
maps/gis.aspx>.

3.2.3 Selecting Measurement Location at Steamboat Geyser

The exact position of the CRDS-AC was located off the side of the lower geyser observation
platform (44.723408, -110.703405). In the research permit accompanying this project (YELL-
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2019-SCI-8060), the equipment was not allowed to be more than 2 m from the boardwalk, and
measurements could only be conducted during the day when the park was open during the day.
To accommodate these obligations and to collect measurements safely, the CRDS was left on the
boardwalk and the AC was sealed to the ground just off the boardwalk. The location of the PAC
measurements had to meet the same guidelines in the permit; therefore, three locations near the
CRDS-AC were chosen. These three locations (A: 44.723404, -110.703377; B: 44.723415, -
110.703386; C: 44.723408, -110.703380) were within 1 meter of each other and 2 meters of the
CRDS-AC. We did our best to place the chambers on the surface of what we believed to be
representative of the system. Recall that much of the Steamboat area is covered with sinter,
though some fractures exist. Therefore, we avoided any significant fractures and measured on top
of the sinter layer. We sealed the chambers to the ground by using the body weight of the
researcher to press the bottom of the collar (for the CRDS-AC) ~2 cm deep and then placing the
chamber on top snugly; we also used the body weight of the researcher to push the base of the
collarless PAC into the sinter cap ~2 cm for each measurement. Together, the CRDS-AC and

PAC measurements were about 30 m from the opening of the geyser.

3.2.4 Autochamber, Spectrometer, and Procedure

For this project, the CRDS that was used is a Picarro G2201-i (Picarro Inc., Santa Barbra, CA).
This instrument (L= 44.58 cm x W=43.18 cm x H=17.78 cm and 25 kg) was transported as a
mobile laboratory by placing it in a utility wagon (GorrillaCarts® GORMP-12). Also, in the cart,
two 12 V DC deep cycle marine batteries (34 kg each, X2Power Premium 31M) connected in
parallel powered the CRDS via a DC-AC power invertor. A vacuum pump (2 kg) was attached to
the CRDS, which evacuated the cavity inside the instrument. The low pressure within the cavity
created a gradient to allow gases that accumulated in the AC to move into the cavity to be
measured and then returned to the AC, completing the loop. The AC used in this project was an
Eosense autochamber (Eosense Inc., Dartmouth, Nova Scotia). This chamber had a height,
calculated from the quotient of the volume to the area, of 1270 mm and a diameter of 1524 mm.
Calibration for the instrument was conducted at the factory as well as in our laboratory. We
assessed the factory calibration by connecting the Picarro to standard gas cylinders and detecting
deviations between measurement and standard values. This project used the CHa (Tiso-1, 8'3C-

CH4= -38.3 £ 0.2%o, Isometric Instruments) and the CO2 (Custom Order, §'*C-CO2= -4 £ 0.2%o,
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Air Liquide) standards before and after the execution of the field work and made necessary

adjustments to the measurements based on any deviation between measured and standard values.

The system was capable of measuring at a frequency of 4 Hz thus providing fine temporal
resolution. It is important to note that the CRDS reports the gases in ppm. To convert the gas
from a ratio to a mass concentration, the ambient temperature (T [K]), pressure (P [atm]), ideal
gas constant (R [L atm K-! mol"']) were used to calculate the molar volume (Vm [m? mol']), and

a constant to ensure the units are in terms of m? mol™'.

RXT

Vi = —— X 0.001 (Eqn. 01).

The molecular weight (Mw [g mol']) is then divided by Vm to convert the measurement of gas

from ppm to mass concentration (mg m).

_ (gas [ppm] x My) (Eqn. 02)

gas [mg m™3] .

With these converted gas measurements, a linear regression is applied to the initial portion of the
data producing slope and intercept parameters. Using the slope parameter (S [mg m~ sec!]) of
the linear regression, the flux (F [mg m? day™']) of the gas measurements was calculated using
the height of the chamber (h [m]) and the early portion (i.e., approximately the first four minutes)
of the data. This method of quantifying fluxes is well documented and explained further in other

publications (Christiansen et al., 2015; Forde et al., 2018; Pirk et al., 2016).

3.2.5 Portable Autochamber Measurement Equipment & Procedure

The PAC used in this study was a closed-loop EGM-5 Portable CO2 Gas Analyzer (PP Systems,
Amesbury, MA) and can be described in two parts, the analyzer and the chamber. The chamber
(SRC-2) had a diameter of 100 mm and a height of 150 mm. This chamber was connected to the
analyzer, an infrared gas analyzer (IRGA), and together provided frequent measurements (10 Hz)
of CO2 concentration. A linear model was used to calculate the CO: flux (Systems, 2018). The
low weight (1.5 kg) and fast measurement time of ten minutes for the PAC system allowed us to
make measurements at three additional locations marked with placemarks, which increased the

spatial footprint of the measurements made during this study. Every ten minutes, the PAC was
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placed on the ground and a measurement was made; thus, after thirty minutes, all three locations

were measured before starting the cycle again.

3.2.6 Geothermometry

The source temperature of Steamboat thermal water sample 09WA124 from (McCleskey et al.,
2014) was estimated using the Geochemists Workbench V. 14 React program (Bethkhe, 2007).
The thermal water was assumed to equilibrate with rhyolite assemblage minerals including
quartz, potassium feldspar, muscovite. and the plagioclase feldspar endmembers albite and
anorthite. The composition of the water was assumed to not change between the time it
equilibrated with these minerals in the source and the time it was sampled, i.e., no gas separation,
fluid mixing, or mineral precipitation during ascent in the geyser conduit. A closed system
polythermal reaction path was used to heat the thermal water from the sampling temperature up

to 300°C with the command precip = off to prevent mineral precipitation.

Saturation indices of the minerals were plotted as a function of temperature. The saturation index
SI is defined as Q/K, where Q is the ion activity product and K is the equilibrium constant of the
mineral dissolution reaction and is equal to one at saturation. Ideally the saturation curves
intersect at one temperature point corresponding to SI = 1, indicating that source temperature
estimates obtained from all minerals are consistent. For the Steamboat thermal water sample
muscovite and the plagioclase endmembers albite and anorthite intersect SI =1 at ~250°C, which
may be too low due to COz loss during ascent (Bethke, 2007). Quartz and potassium feldspar
intersect SI = 1 at a temperature of ~270°C. The source temperature is therefore likely to be
between 250°C and 270°C. Similar calculations were performed for samples from Cistern Spring
(Appendix I, Supplementary Figure 4), yielding temperatures of ~250°C. Other geothermometers

that were examined are discussed in the Supplemental Information section.

3.3 Results

Surface fluxes and carbon isotope compositions of CO2 and CH4 emissions were measured for
~3 hours before, during, and ~2 hours after a single Steamboat geyser eruption to see if changes
in diffuse emission activity could be related to specific stages of the eruption, which could give

insight into subsurface gas transport in Norris Geyser Basin.
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3.3.1 Eruption time series

The timeline for the eruption and gas measurements (Figures 2-4) on 12 June 2019 is as follows:
(a) Between 10:00 and 12:30 (all times are Mountain Daylight Time, UTC-6) the geyser, in a
state of quiescence, was gently emitting steam; (b) between 12:30 and 12:43 preplay (splashing
of liquids from the geyser) was expressed as increased height of the steam column and increased
water runoff from the geyser into the Gibbon River; (c) after 12:43 and until 12:51, minor
eruptions were observed as small jets (~3-6 m) of liquid water were ejected from the geyser

conduit; and (d) the major stage of the eruption commenced at 12:52 (notes on geysertimes.org

confirm this eruption time) evidenced by audible large jets of water and gas erupting vertically
from the conduit; and (e) at 13:41, the water in the eruption column appeared to dissipate and the
eruption consisted primarily of steam and gases, which continued through the end of our
measurements just before 16:00. Overall, phase (d) of the eruption was 51 minutes long, while
phase (e) of the eruption lasted for 149 minutes and continued after the measurements were
completed. Part (d) of the eruption is known as the liquid-dominant phase of the eruption, where
liquids are visibly present in the eruption column. Part (e) of the eruption, known as the steam-
dominant phase, lasted last much longer and presents a similar column height that is primarily
steam. The exact delineation between the (d) and (e) is ambiguous and is still under investigation

(Reed et al., 2021).

Prior and throughout the eruption, we used the CRDS to measure diffuse gas emissions, which
we report as surface fluxes (timing of measurements can be found on Figure 2). For CHa, fluxes
were the same within error before and after the eruption with mean values of 42.3 = 1.3 and 42.3
+ 1.6 mg m day’!, respectively. Likewise, CO2 demonstrated similar fluxes before (50.3 1.8 g
m2 day!) and after (52.3 £2.2 g m day!) the eruption.

However, preceding the eruption (less than twenty-five minutes) there was a departure from the
mean of the previous six CRDS measurements. This seventh set of measurements, which
occurred during the transition from the steady steaming phase to preplay, showed CH4 and CO:2

fluxes that decreased by 58% and 50%, respectively. This departure, occurring at the end of the
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quiescent (a) and the beginning of the preplay (b) phases, is starkly illustrated in the plotted time

series and will be referred to as the precursor measurement henceforth (Figure 2).
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Figure 2: Time series for CH4 and CO; fluxes (left y-axis) and smoothed 1-minute averaged continuous concentration ([CH4] and
[CO;]) measurements (right y-axis) during the measuring campaign. Error bars indicate a 95% confidence interval for the flux
measurement. The location of the flux symbol is roughly 3-4 min after the enclosure has started thus capturing the
instantaneous flux. Gas concentrations began to increase when the chamber closed, and then returned to ambient
concentrations when opened at the end of the flux measurements, creating the sawtooth pattern. The lower-case letter labels
for the eruption phases used at the beginning of Section 2.2. are used in between the subplots to highlight visual observations.
The lightly shaded regions illustrate the preplay (b) and minor eruption (c) phases. The darker shaded regions depict the major
eruption, where the penultimate region highlights the liquid-dominated phase (d), and the darkest shaded region features the
steam-dominated phase (e) of the major eruption. Note: the mass units for CH, fluxes are in milligrams, while the CO; fluxes are
represented by grams.

A time series for each location of the PAC showed relatively steady fluxes of CO2 throughout
sampling (Figure 3). Together, the three locations sampled by the PAC lacked a sharp decrease
immediately prior to the eruption as the CRDS-AC displayed. Fluxes at Location B were steady
up to and through the eruption. Location A exhibited a small drop during the eruption followed
by a gradual recovery. Location C showed a gradual decrease in the three measurements made
over one hour prior to the eruption, but fluxes generally increased and plateaued after the
eruption. The non-precursor CO:2 fluxes measured using the CRDS fall within the range defined

by measurements made at the three PAC locations.
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Figure 3: Time series of portable chamber (PAC) CO; fluxes taken at three different locations. All locations were within 2 meters
of the CRDS-AC and within 1 meter of each other. Letter labels (a-e) are the same as in Figure 2. The error bars fit within the size
of the symbols and are thus not displayed.

3.3.2 Stable carbon isotopes

Continuous CRDS-AC 3'*C measurements showed an enrichment of the heavy isotope
throughout each chamber enclosure. The §!°C source estimates were made using the mean of the
last ten 8!°C measurements during each chamber enclosure when the proportion of source gas
was highest., which resulted in source estimates of '*C-CHa4 = -27.5 + 0.3%o and 3'3C-CO2 = -
3.9 + 0.1%o (Figure 4a). These source compositions were isotopically heavier (less negative) than
the respective atmospheric endmembers (CH4 = -47%0 and CO2 = -8%o) (Dlugokencky et al.,
2015). The exception was the set of precursor measurements, where 3'*C-CHs was -35.7 £ 2.1%o
and 8'3C-CO2 was observed to be -6.2 + 0.4%o (Figure 4B). The precursor measurements were
significantly lighter than the non-precursor measurements and were closer to atmospheric

composition.

The anomalous nature of the precursor measurement is highlighted by combining the measured
flux and source gas isotope composition in one plot (Figure 4B). The datum in the lower left
corner of the plot represents the precursor signal that is also observable in the time series shown

in Figure 2.

Finally, during the five-minute periods when the chamber was open, the §'*C-CO2 compositions
exhibited values much lower than atmospheric CO2. The reason behind this is uncertain;
however, some research points toward high concentrations (>1 ppb) of hydrogen sulfide (H2S)

that can interfere with the spectral lines that analyze for §'3C-CO2 (Malowany et al., 2015). We
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believe this did not affect the diffuse gas (closed chamber) measurements because of the
consistency of measurements and the observed similarity of the source gas to the expected

mantle endmember (Figure 4A).
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Figure 4: (a) Carbon isotope values during measurement campaign. The mean (filled symbols for §13C-CH, and: §13C-CO;) and
standard deviation (error bars) are from the mean of the last ten measurements before opening the chamber, when the
proportion of source gas was highest. Error bars are smaller than the symbol size for most measurements. Shaded area
designates the period after the eruption began. The dark horizontal dash-dot lines in both plots indicate the carbon isotopic
composition of the atmosphere, whereas the light gray dashed horizontal line indicates the mantle source (Karlstrom et al.,
2013). The endmembers reported in this chart are well-documented in the literature (Bergfeld et al., & Evans, 2011;
Dlugokencky et al., 2011; Keeling et al., 2005). Labels from Figure 2 for the eruption phases apply. (b) Paired §13C and flux
measurements. The §13C data (left: 513C-CH, and right: 613C-CO;) estimate the stable carbon isotope composition of the source
gas using the mean of the last ten measurements of the chamber enclosure. The error bars are 1 standard deviation from the

mean of the ten values.

3.3.3 Thermal Waters

In addition to the gas data that was collected by the authors of this study, thermal waters from a
USGS database were used to estimate the temperature and pressure of the Steamboat source
(McCleskey et al., 2014). This approach estimates the temperature of equilibration of thermal
waters with rhyolite and assumes the water does not reequilibrate during subsurface transport

and eruption. This dataset included previously collected samples (between 2009 and 2014) from
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Steamboat and Cistern Spring (90 m away). Evidence suggests that the spring is hydraulically
connected to Steamboat due to the fact that it drains 1-2 hours after eruptions (Bryan, 2008; S.-M.
Wu et al., 2020). Using a rhyolite mineral assemblage, mineral saturation curves were generated
(Appendix I, Supplementary Figure 3) and an estimated equilibration temperature range of 250-
270°C was determined from the intersection of the curves at saturation. More details on this
method can be found in the Methods and Materials section, and results are provided in the

Appendix L.

Furthermore, a gas geothermometer developed by Horita (2001) was used to estimate the source
temperature. Using the measured stable carbon isotope compositions of CH4 and COz in the

source (Figure 4), the equilibrium temperature estimate at Steamboat was 324 = 21°C. The high
equilibration temperatures obtained from the water and gas thermometers indicate that there is a

deep, hot source.

The pressure of the source was determined using the boiling curve for water; at 260°C, the
middle of the expected temperature range, the boiling curve defines a pressure of 47 bars.
Combining this pressure with an average hydrostatic gradient of 0.1 kbar km™!' (Belyadi et al.,
2017), the depth of the source is estimated at 470 m. This estimate assumes that the water within
the conduit is pure water, but the thermal waters likely contained dissolved CO2, CHa4, and other
gases that decrease the boiling temperature. Therefore, the source depth, which is based on the

equilibration temperatures, is a minimum estimate.

Thermal waters exsolve the major non-condensable gas CO:2 primarily due to decompression
during eruption. The change in gas solubility between the source and the surface provides an
estimate of the amount of gas exsolved during transport to the surface. CO:2 solubility in thermal
water in the deep source and the surface were estimated using a documented solubility model
(Mao, Zhang, Li, & Liu, 2013), the temperature, pressure, and NaCl molality of the Steamboat
thermal water runoff (McCleskey et al., 2014), and the estimated deep source conditions
mentioned above. Results show that the solubility of CO2 decreased by an order of magnitude
during the ascent from the deep source to the surface, from 1.80 g kg-! H20 at T = 260 °C and P
=47 bars to 0.28 g kg! H2O at T=82 °C and P =1 bar.
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The large difference in CO2 solubility between the deep source and the surface explains the high
measured diffuse fluxes of COz relative to the other locations within Yellowstone (Werner &
Brantley, 2003). Based on an eruptive volume of 300 m? or a mass of 2.9x10° kg H20 (USGS,
2018), the difference between the CO2 dissolved at depth (524 kg) and dissolved at the surface
(82 kg) results in approximately 442 kg of free CO2 gas in the system. Our research detects some
of this free CO2 through the flux measurements; however, it is currently unknown how much of
this free gas makes it to the surface through the geyser vent and through fractures within the
sinter cap. Further studies are needed to estimate the total flux of CO2 from the Steamboat geyser
system. and through fractures within the sinter cap. Further studies are needed to estimate the

mass of COz2 released by diffuse emissions alone.

3.4 Discussion

Between April 2018 and February 2021, 24 of the 13 1eruptions occurred during the optimal
(enough time to measure before and after an eruption) daytime measurements, between 10:00
and 14:00 local time. Therefore, only one eruption cycle was measured in this study due to
limitations imposed by our National Park Service permit, which allowed measurements only in

the daytime when the park was open.

3.4.1 Conceptual Model

Although a specific mechanism for eruption of Steamboat cannot be supported by gas
measurements alone, a conceptual model of the system (Figure 5) is shared here by integrating
collected data and previously published information. This section begins with an explanation of
the Steamboat geyser system, followed by a brief explanation of a possible eruption mechanism,

and concluding with a summary of the conceptual model.

Abundant evidence indicates that thermal waters originate as meteoric water that infiltrates into
and flows through rhyolite to recharge geysers in NGB and elsewhere across the park (Hurwitz
& Manga, 2017; Rojstaczer et al., 2003). From the thermogenic 8**C-CHj signature and the

mantle-like 5*C-CO2 composition, most gas in the system is sourced at a great depth. Between

eruptions, we suggest there is a steady-state transport of mantle gas upwards from the deep
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source (Figure 5a). The gases dissolve in water, exsolve at the top of the aquifer, migrate toward

the surface, mix with shallow gases, and then are emitted from the surface at a constant rate.

Evidence of this subsurface plumbing is supported by the seismic imaging conducted by Wu et
al. (2020). The authors use a series of geophones to construct an image of the plumbing of the
Steamboat system to a depth of at least 120 m. A key finding from Wu et al. (2020) shows that
between 2-4 days prior and through the eruption, tremors are detected near the surface (~25 m).
This consistency of the depth of the subsurface liquids supports the idea that a steady-state

release of gases occurs near the time of the eruption.

Analysis of post-eruption dynamics by Wu et al. (2020) demonstrates that > 9 hours after the
eruption, the source of the tremors caused by fluid transport moves to much greater depths (~120
m). This indicates the drop in the levels of the waters in the subsurface happens outside of the
time frame of this study. In the present study, post-eruption measurements were made only for
~3 hours after the eruption. This may be the reason why the fluxes after the eruption were
consistent with fluxes before the eruption since the water levels had not changed significantly.
With the pre- and post-eruption dynamics explained, this leaves the anomalous precursor
measurements as needing further discussion, which is examined at the end of this section.
Driving the eruption mechanics is the temperature of the liquids in the system. The boiling
temperature at Steamboat’s elevation Steamboat is ~92°C, and the water sample collected from
runoff was 82°C, likely cooled several degrees from the in-conduit temperature. There are no
available in-conduit measurements of waters at Steamboat. Assuming the waters erupting from
Steamboat are several degrees warmer than the measured sample, the temperatures resemble
observations at Old Faithful where boiling occurs at shallow levels and propagates down-conduit
before an eruption (Hurwitz & Manga, 2017). This suggests that a Steamboat eruption is caused
when boiling near the surface releases a critical amount of gas, which results in the density of the
gas-fluid mixture being low enough that buoyancy propels the column of water and steam to the
surface like an airlift pump (Hurwitz & Manga, 2017; Ladd & Cathryn Ryan, 2016). The

resulting pressure drop causes more gas to exsolve, initiating positive feedback.

The conceptual model in this study attempts to explain the departure of the precursor
measurement from the other pre- and post-eruption measurements. During the precursor stage,

the diffuse gas flux (Figure 2) and the proportion of deep sourced gas in the mixture decline
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(Figure 4b). This could be explained by the lateral advection of thermal waters and gas toward
the recharge reservoir in preparation of the eruption (Figure 5b). Previous research has made it
clear that the existence of a bubble trap in the Steamboat system cannot be ruled out (Reed et al.,
2021; S.-M. Wu et al., 2020). A bubble trap is a cavity in the subsurface where fluids accumulate
and is adjacent to the geyser vent (Vandemeulebrouck et al., 2014). In the conceptual model,
fluids are heated by a “deep source” geothermal reservoir. We know from Wu et al. (2020) that
this deep source must be greater than 140 m because it was not observed through seismic
interferometry. The fluids heated may be connected to the bubble trap (labeled as “recharge
reservoir” in Figure 5) that is much closer to the subsurface; again, seismic interferometry
suggests that the depth of this cavity would be approximately 25 m below the surface (Wu et al.,
2020). The cavity allows for liquids, gases, and heat to accumulate, and when conditions are

appropriate, travel laterally toward the geyser vent for an eruption.
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Figure 5: Conceptual model illustrating the subsurface plumbing and pathways for diffuse gases to the surface. Note the
distinction between the deep source and the recharge reservoir. (a) Highlights the geyser in a state between eruptions, and (b)
demonstrates the precursor window (between ~10-25 minutes of an eruption). The chamber was located close to a straight-line
connecting Cistern spring and Steamboat (Supplemental Figure 11).

3.4.2 Time series analysis of diffuse fluxes

The time series of fluxes and concentrations (Figure 2) and gas carbon isotope compositions
(Figure 4) illustrate relatively similar values well-before and after the eruption. The primary
exception is presented by the precursor measurements that take place between ~10-25 minutes

prior to the eruption.

The diffuse gas fluxes measure the rate of degassing from fluids adjacent to the geyser conduit.

The diffuse gases are primarily thermogenic-derived CH4 and mantle-derived CO: that likely
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moved from the magma chamber to the deep source, and then were advected along fractures to
shallow levels. These gases are released in a steady-state fashion prior to the eruption. However,
the precursor is evidenced by a sharp decrease in diffuse flux at the onset of preplay, ~10-25
minutes before the eruption, which suggests that there was a disruption in the flow of diffuse
gases toward the surface (Figure 2). We contend that the decrease in diffuse gas fluxes just prior
to the eruption is caused by rapid movement of thermal waters from the recharge reservoir
towards the geyser vent, perhaps driven by the airlift pump described in Section 4.1 and

illustrated in Figure 5.

The exact geometry of the recharge reservoir has not been identified. The anomalous precursor
measurement suggests the movement of the liquids prior the eruption was detected. This
movement of liquids from the recharge reservoir toward the geyser vent may cause the observed
decrease in gas fluxes in the precursor stage by temporarily removing the liquid source from
which the gases were exsolving. Another possibility is that a slug of liquids containing less deep-
sourced gas passes through the section that was supplying the gas. In both scenarios, this
indicates lateral movement of liquids in the subsurface that could serve to highlight the onset of
an eruption. Current geophysical studies have used seismic, tilt, and other methods to
demonstrate on the scale of hours when an eruption may occur at Steamboat (Reed et al., 2021;
Wu et al., 2020), but our gas measurements may provide an independent method to estimate

eruption time.

Research by Vandemeulebrouck et al. (2014) at Lone Star geyser, a different system within the
Yellowstone caldera, linked a delay between subterranean hydrothermal tremors and discharge
from the geyser vent to the cavitation of bubbles in the recharge reservoir that is necessary to
trigger an eruption. This delay represented “failed eruptions” during the preplay phase; however,
the delay decreased to zero when the eruption finally occurred (Vandemeulebrouck et al., 2014).
In this study, the anomalous precursor measurement at the onset of preplay may be signaling the
movement of liquids in the recharge reservoir (bubble trap) leading up to the eruption that
occurred between 10-25 minutes later. Future studies could confirm this idea by integrating the

methods presented in this study with those used by Vandemeulebrouck et al. (2014).
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A portion of the PAC data is consistent with the changes observed in the CRDS measurements.
Closest to the CRDS-AC measurements, location C, the PAC captured a small decrease in diffuse
CO2 flux prior to the eruption. The minimum measurement at this location also appeared to
capture the transition from steady release of steam to active preplay just like the CRDS-AC
measurements (e.g., Zone (a) to Zone (b) in Figures 2-3). It must also be stated that the lack of
consensus among all three locations (A, B, and C) for the PAC measurements is likely due to
fine-scale spatial heterogeneity in the sinter covering the surface. Sinter, an impermeable
siliceous precipitate from eruptions known as “geyserite”, covers the surface around the geyser.
This covering is cracked in some locations, which may explain the different fluxes at the PAC

locations.

Finally, the anomalous precursor measurements could be caused by the AC not being properly
sealed to the ground to prohibit outside air from entering. This would cause a lower flux and a
greater portion of atmospheric (isotopically lighter) air to affecting the measurement. However,
this is unlikely for several reasons. The AC is an automatic instrument, meaning there was no
manual manipulation required to open and close the chamber between each measurement. Since
the other pre- and post-eruption measurements were similar, it is unlikely that the seal was
broken just for the precursor measurement. Additionally, examining the real-time concentrations
(Figure 2) and isotopic compositions composition (Figure 4a) shows that the profiles over time
were steady except for the precursor. Though precursor measurements showed more variation,
there were not any large departures from a general increasing trend. Figure 6 highlights the
isotopic compositions of CO2 and CH4 composition measured during each chamber enclosure.
The data reinforce the notion that over time, the isotopic composition transitioned from the
lighter atmospheric composition to the heavier composition indicative of deeper sourced gases.
The precursor measurement shows a less pronounced transition from atmospheric toward the
deep sourced signature, but the signal persists. These observations are inconsistent with a broken

seal or damaged equipment.
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Figure 6: Carbon isotope comparison for carbon dioxide (613C-CO;) and methane (83C-CH,) for three select chamber enclosure
periods. Each enclosure is noted by the phase (a-e) of the eruption time series in which the measurements were observed, and
the order in which measurements appeared within the same phase are given consecutive numbers (See Figure 2 for complete
explanation of the phase designations). The “precursor” measurement is noted plainly. The coloring scheme indicates the
relative time at which the datum was recorded during the 15-minute chamber enclosure, where dark colors occur toward the
beginning and light colors occur toward the end. The black diamond in each plot represents the approximate endmember for the
atmospheric isotopic composition. See Appendix I, Supplementary Figure 5 for all chamber enclosures.

This study also examined a time series of fluxes at the much smaller but regularly erupting Daisy
Geyser in the Upper Geyser Basin. These results (Appendix I, Supplemental Information Figure
3) did not show a precursor measurement in the time series. However, the fluxes at this location

were ~2 orders of magnitude lower, making any signal difficult to discern.

3.4.3 Origin of gases through carbon isotopes

Gas carbon isotope compositions also show a strong precursor signal. The sharp decrease in gas
fluxes was coupled with a depletion of the heavier isotope. This lighter carbon isotopic

composition of the precursor, present in both gases, is indicative of a shallower sourced gas.

Previous research in a range of settings has demonstrated that §'*C-CHa values near the surface
tend to be near atmospheric (~-47%o) or biogenic and isotopically lighter (<-50%o), and deeper
sourced gases are thermogenic and generally heavier (>-40%o) (Lowenstern, Bergfeld, Evans, &
Hunt, 2015; Moran et al., 2017; Prinzhofer & Battani, 2003; Schoell, 1988; Whiticar, 1999). The
8!3C-CHa signature of the precursor is measured as -35.7 = 2.1%o; compared to the remaining 16
measurements which had an average of -27.5 £ 0.3%o (Figure 4b). Though the precursor
composition remained in the thermogenic zone, the depletion is indicative of a of colder near
surface gas, which lightened the isotopic signature. Also, the non-precursor measurements were
within 1%o of the reported 8'*C-CHa (-27.3%0) measured at the nearby (< 10 m) fumarole
“Steamboat Mud Volcano” (Bergfeld et al., 2011). Assuming the fumarole is connected to the

98



Steamboat conduit, this overlapping signature underscores the connectivity of the gases escaping

the geyser and those diffusing through to the surface even 30 m from the conduit.

This reasoning is also reinforced by the 6'*C-COz signature. The carbon isotopic composition for
the precursor measurement was -6.2 + 0.4%o0 compared to the mean of the remaining
measurements, which was -3.9 + 0.1%o. Mantle sourced CO: for Yellowstone has an isotopic
composition of -3.4 = 0.5%0 (Bergfeld et al., 2011; Lowenstern et al., 2015; Werner & Brantley,
2003). Thus, the non-precursor measurements measured in this study are similar to previously

established mantle endmember values.

For context for the precursor measurement, the atmospheric 8'3C-CO2 endmember is near -8%o,
and C3 vegetation is near -25%o (Allison et al., 2003; Sharp, 2007). There were no diffuse gases
measured that expressed the atmospheric endmember purely; only the measurements during the
S-minute flushing periods were representative of the atmospheric endmember. However, if
atmospheric gas entered the shallow subsurface, shallow gases would be isotopically lighter. The
precursor measurements showed this lighter isotopic composition (Figure 4b) suggesting that a
smaller amount of the deeper sourced gases was detectable during this period just prior to the
eruption. Finally, the diffuse non-precursor 8'*C-COz from this study was within 1%o of the
adjacent fumarole (-3.1%0) measured by Bergfeld et al. (2011); this result shows that diffuse

measurements for both gases are connected to the same source releasing gases from the geyser.

3.4.4 Thermal Waters, Fumarolic Gas, and Reservoir Conditions

Earlier studies have established a relationship between geyser eruptions and dissolved gas. At the
smaller erupting Spouter Geyser in Black Sand Basin, Ladd and Ryan (2016) found elevated
concentration levels of dissolved CO2 in thermal waters ([CO2]aq) within 25 minutes of several
eruptions that took place at the geyser (Ladd & Ryan, 2016). Higher [CO2]aq in thermal waters
suggests that the Spouter is colder than Steamboat. Steamboat Geothermometer temperature
estimates (~165°C) from Spouter further reinforce a colder recharge reservoir temperature and
thus increased solubility (~60 mmol L") (Ladd & Ryan, 2016). Instead of boiling triggering the
eruption, Ladd & Ryan (2016) advocate that CO2 gas also assists in the eruption. It is less likely
that CO: triggers the eruption at Steamboat. Rather, due to the high temperatures and lower CO2
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solubility (47 mmol L-! at 255°C), the eruption is likely to be triggered by the transfer of energy
of boiling water downward into the conduit creating bubbles and increasing buoyancy leading to

an eruption.

Geothermometry of Steamboat thermal waters provide insight to the conditions in the deep
source. Temperature estimates for the Steamboat deep source (Appendix I, Supplementary Figure
3, 250-270°C) are similar to independent estimates for Steamboat (Reed et al., 2021) and are
much hotter than previously published sources in the Upper Geyser Basin (~160-180°C)
(Hurwitz et al., 2016; Ladd & Cathryn Ryan, 2016). In comparison, direct borehole measurements
(Y-9; Figure 1) within 400 m of Steamboat (44.72771, -110.7005) recorded 205°C at depths of
75-90 meters (Fenner, 1936). More recent research claims that the study by Fenner et al. (1936)
may have disrupted the natural setting through their drilling; therefore, a more accurate
temperature at the same depth is estimated to be 215°C (White et al., 1975). White et al. (1975)
continued to integrate data and unpublished notes from two other boreholes in NGB and
presented results that showed temperatures could exceed 240°C at depths of 365 m (see Figure
32 in White et al. (1975)).

Explained in Section 2.4, the temperatures of thermal waters have produced a minimum estimate
of depth of the deep source to be 470 m. This deep source is responsible for providing the heat to
the system and the liquids that end up in the recharge reservoir and erupt at the surface (Figure
5). This estimate relied on the assumption that the temperature of water fell on the hydrostatic
boiling curve. However, previous research at geysers throughout Yellowstone show that the
temperature of liquids in the recharge reservoir or source is usually below boiling (Hurwitz et al.,
2016). Assuming this to be the case at Steamboat, this justifies the estimate of 470 m being the

lower bound for the location of the deep source.

With the data collected in this study, we cannot confirm the existence or the depth of a recharge
reservoir, but seismic interferometry and other work supports an estimate of ~25 m (Reed et al.,
2021; Wu et al., 2020). Research conducted at Old Faithful identified a recharge reservoir at a
depth of at least 22 m (Wu et al., 2019). More specifically, Reed et al. (2021) suggest that the
mechanical work resulting from the expansion of the fluids in the subsurface prior to an eruption

is correlated with water-saturation pressure. Therefore, it would follow that the depth of the

100



recharge reservoir at Steamboat would be greater than that of Old Faithful. Future work will
require continuous measurements that examine multiple eruption cycles at several locations
sampled around the geyser to reduce uncertainties in the temporal evolution of diffuse gas fluxes

and confirm whether they provide unambiguous eruption precursor signals.

3.5 Conclusions

Cavity ring-down spectroscopic measurements made 30 m from the opening of Steamboat
Geyser showed decreases in the fluxes and 8'3C of CO2 and CHa approximately 10-25 minutes
before the commencement of the one observed eruption on 12 Jun 2020. This evidence suggests
the movement of gas-charged water toward the geyser conduit just before this eruption. Gas
fluxes and 8'3C returned to their steady-state values immediately after the start of the eruption.
High estimated equilibration temperatures of thermal waters and gas suggest a deep source at a
minimum of 470 m depth. CO2 fluxes measured with a secondary portable chamber at three
different nearby locations during the same time frame were inconsistent and did not capture a
clear precursor signal. Previous research has called for monitoring of gas emission rate of
geysers in Yellowstone (Hurwitz & Manga, 2017), and this study provides a model for how

diffuse gas measurements and research can be conducted effectively.
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4 Chapter 4: Concluding Remarks

This chapter, the final section in this document, summarizes the research questions proposed and
reviews how the research questions were answered in the body of this document. Additionally,
this chapter submits an overview of the contributions that this work offers to the field of gas
geochemistry. The chapter closes with a discussion on the limitations of this study and

recommendations for future research.

4.1 Contributions to the Field of Gas Geochemistry

The work presented in this document was motivated by two desires. First, the researcher sought
to augment previous work where they collected diffuse gas samples at hydraulic fracture sites.
Through the work at Yellowstone and Valles, the author attempted to underscore how it may be
possible to dynamically collect concentrations and carbon isotopes of diffuse gases at volcanic

sites.

Many previous volcanic gas studies focused on collecting gas samples from point sources with
static methods and analyzing them at a laboratory. The subset of volcanic gas studies that
attempted to measure diffuse gases with dynamic methods emphasized rapid and highly portable
equipment that focused exclusively on carbon dioxide fluxes. However, this study traded
quickness and mobility for high temporal resolution and simultaneous observations of carbon
dioxide and methane and their carbon isotopic compositions all collected and monitored in near
real-time. At the time of writing this document, this methodology and unique collection of
volcanic gas data has not been documented. Thus, this work demonstrates that methods largely
applied to the field of greenhouse gas detection at fossil fuel production sites can be transferred
and effectively employed at volcanic locations. The agreement between CO: fluxes measured
using CRDS-AC and an infrared gas analyzer and of 8'*C-CH4 measured using CRDS-AC and
GC-MS helps to validate this type of methodology as useful in the field of volcanic gas

geochemistry.

Furthermore, the deployment of the CRDS-AC methods was not just useful for carbon isotopic

measurements but also provided high-resolution temporal measurements as well. These high-
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resolution temporal measurements (~4Hz) allow for several hundred individual measurements
during an enclosure period. This collection of measurements by the CRDS-AC for every
chamber enclosure enables this study to analyze fluxes at the site level with high precision. The
precision is represented by the fact that the time series of measurements collected with the
CRDS-AC method provides a well-defined slope from which to calculate the instantaneous flux

in comparison to static chamber methods that only provide a coarse-temporal resolution.

Additionally, the CRDS-AC used in this study provides simultaneous measurements of CO2 and
CHa concentrations, which has not been presented by dynamic systems referenced throughout
this document (e.g., Cardellini et al., 2003; Chiodini et al., 1998; Epiard et al., 2017). Finally, the
emphasis on site-specific measurements (i.e., survey) was the underlying strategy for all of the
measurements excluding the study at Steamboat. A survey style measurement campaign is not
unique to the CRDS-AC but to all chamber type measurements; this method is adept at capture a
snapshot of time (enclosure period) and space (the location where the chamber is located).
However, an increase in the spatial and temporal scales is better accomplished with an eddy
covariance tower. Although this method has financial, logistic, and mobility limitations,
researchers have demonstrated successful measurement campaigns even in Yellowstone (Lewicki

et al., 2017; Lewicki & Hilley, 2014).

The second aspiration was to provide a first look at the highly understudied issue of diffuse CH4
emissions from volcanic systems. As discussed above, most previous studies of volcanic calderas
focused on CO:2 emissions. Acknowledging this gap, this research provided, at the time of
writing, possibly the first documented observations of diffuse CH4 measurements in volcanic
calderas. Although most of the gas released from either caldera is COz, diffuse CH4
measurements provides some insight into subsurface geochemical processes and increases the
ability to account for the land-atmosphere exchange of the most potent hydrocarbon in the global

climate system.

4.2 Research Questions Posed & Conclusions

In this document, there were two sets of research questions posed in the second and third
chapters. In the second chapter data collected from Yellowstone and Valles Caldera were used to

answer how diffuse CO2 and CH4 fluxes and soil chemistry were related, what were the possible
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gas sources inferred from isotopes, and how did diffuse gas emissions compare with those

emitted from hydrothermal and other point sources.

In the examination of the diffuse fluxes and soil chemistry classes at Yellowstone, this study
found that diffuse CO2 fluxes were significantly higher in acid-sulphate soils than for all other
soil chemistry classes (e.g., neutral-chloride, travertine, and unclassified), consistent with
previously published results (Werner & Brantley, 2003). Diffuse CH4 measurements highlighted
significant differences between acid-sulphate and all other groups as well as significant
differences between neutral-chloride and travertine and unclassified. These differences in diffuse

fluxes likely result from differences in geochemical processes and gas permeabilities.

For example, acid-sulphate areas located in eastern Yellowstone lacked a sinter cap that was
observed in the neutral-chloride area and parts of the travertine areas, giving them higher gas
permeabilities and therefore higher fluxes of CO2 and CH4. CHa4 fluxes were also likely higher in
acid sulphate areas because the eastern part of Yellowstone still has hydrocarbons in the
subsurface, unlike the western part that has been exposed to the hotspot longer. However, the
anomalously high amounts of CH4 observed at the neutral-chloride Steamboat site caused the

significant difference between the neutral chloride and the travertine and unclassified regions.

The carbon isotopes for both gases at Yellowstone did not yield decisive conclusions on their
respective sources. For CO2, mantle derived gas from depth appears to be the dominant source
based on the isotope evidence collected in this study presented in context with previous work.
Unfortunately, §'3C-CO2 results alone are inadequate to provide a decisive interpretation. For
CHa, the observations in this study agreed with previous research in that shallow-residing
methanogens and methanotrophs were unlikely to be a major contributor to CH4 fluxes but could

be sourced from other shallow subsurface regions (e.g., rock-water reactions).

Therefore, the major contributors to the diffuse gases at Yellowstone were deep mantle-derived
CO2 gas that ascended through different subsurface reservoirs prior to reaching the surface.
During this ascent, the lightening of the isotopic composition with respect to point source
measurements can be explained by deep sourced, and likely mantle-derived gas, becoming

diluted by atmospheric and shallow sourced gas mixing as it rises to the surface.
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At Valles fluxes were slightly larger than observed at Yellowstone. However, the distribution of
CO: and CH4 fluxes across various soil chemistry classes present at Valles were not significantly
different from one another. This finding may have been because soil chemistry classes are less

pronounced at Valles and thus have a suppressed effect on the fluxes.

Measured 8'*C-COz at Valles primarily ranged between microbial and atmospheric endmembers.
These observations (Inter-quartile range [IQR]: -11.3 —-6.8%o0) were slightly lighter than
previously documented (Goff & Janik, 2002) measurements (-5 —-3%o) from point sources, whose
heavier carbon isotope composition sheds light on an apparent fractionation process that occurs
in the subsurface at Valles as the diffuse gases rise to the surface. For diffuse 8'3C-CHa, the data
are completely missing in the published record. Thus, these measurements provide some of the

first insight to isotopic nature of the CH4 emitted at Valles.

At Steamboat, fluxes and carbon isotope composition were collected in a time series fashion as
opposed to the survey style measurements conducted in the second chapter. Through a
combination of thoughtful preparation and fortunate circumstances, the research team was able
to sample a collection of more than a dozen measurements prior and during the eruption of the
tallest active geyser in the world. The fortunate circumstances included a geyser erupting on the
day of measurements and the eruption occurring approximately midday. The occurrence of
eruptions at Steamboat is generally rare with less than a dozen occurring between 2000 and
2017. However, between March 2018 and Feb 2021, 129 eruptions occurred with approximately
one week separating each eruption. Thus, arriving on site in time to prepare the equipment and

record observations would suffice as fortunate circumstances.

In addition, this study yielded a first, if not only glimpse, into the possible connection between
diffuse gases and geyser dynamics. Using the CRDS-AC and portable EGM chambers, the fluxes
collected during the time series showed steady fluxes prior to the eruption with the exception of
decreased CO2 and CHa4 fluxes 10-25 minutes prior to the eruption before returning similar pre-
eruptive numbers once eruption started. Furthermore, the carbon isotope composition (8'3C-CO2
and 8'3C-CHs) was isotopically lighter for both gases during this set of anomalously lower

measurements. Although this was only a singular data point within these time series, the lower
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fluxes may indicate that the bulk of the fluids under the chamber were being drawn toward the
geyser opening. The return to near pre-eruptive levels after the eruption is a sign of steady-state
conditions resuming quickly after the pre-eruption disturbance. The lightening of the carbon
isotopes during the anomalous measurements supports the idea that the disturbance represents a
reduction of deep sourced gases in diffuse emissions that may have resulted from those gases

rushing toward the geyser opening.

4.3 Limitations of Research

Although this study yielded some novel results as well as others that aligned with previous work,
there were several factors limiting its reach. First, the mobility of CRDS-AC equipment offered
an aspect of portability, however, due to the weight of the equipment (i.e., wagon, batteries,
spectrometer, etc.), the instrumentation could not be transported across terrain that was not
deemed stable. The instability of the terrain for heavy equipment in some locations introduced

safety concerns that could not be overcome with this set of equipment.

Second, the CRDS can only provide carbon isotopes, where the static chamber measurements
provided the opportunity to measure deuterium to provide an additional constraint on the source
of CHa. However, budgetary constraints limited the number of samples that could be processed

at the IRMS located at the third-party laboratory.

Third, the confidence in the conclusions made in this study were limited by three types of
circumstances that were related to content of the emitted gases. Atmospheric gas was an effective
contributor to the noise in the analysis. Generally, this source was observed toward the beginning
of the measurement cycles as the chamber closed and trapped atmospheric air inside. The
dilution of diffuse gases by atmospheric gas was mitigated by allowing a lead time for fluxes and
using only the last ten measurements for carbon isotopes. However, in areas of low fluxes, it was
difficult to resolve this issue without extending cycle times. Additionally, areas of extremely high
fluxes resulted in CO2 or CH4 quickly exceeding the upper detection limit of the CRDS. This
was not a common occurrence but when this did occur, it may have led to an underestimate of
the true flux and limited the maximum flux that could be measured. Another source of analytical
error in the CRDS was spectral interference in the infrared region caused by high amounts of

H20 vapor. Again, this problem was not encountered often but measuring after rain or too close

106



to active point sources increased the likelihood of H20 interference. Increased attention and

testing of this technology could alleviate these limitations in future research.

Fourth, the measurement of soil fluxes captures the gas at the surface, which is an estimate of the
rate of gas passing through the soil-atmosphere interface. The transport of gas through the soil
matrix is often unmeasurable in field conditions. Through laboratory experiments, the research
shows that chemical fractionation of the gases affects the diffusive transport leading to
underestimations of surface fluxes (Evans et al., 2001). In their paper, Evans et al. (2001) model
the flux of gases as a ratio of N2/O2, where the diffusion was a modeled with Fickian transport
laws. Additionally, the authors point out that fractionation can also lead to lighter estimates of the
isotopic signature. The underestimation of measured flux versus modeled flux in the laboratory
studies suggest that future work in the field of gas geochemistry work to integrate laboratory

studies into the estimates measured in the field.

Finally, the exercise conducted at Steamboat was useful research but also benefited from a
fortuitous set of events. As described in the previous chapter, there was a limited probability of
encountering a set of circumstances where the research team could arrive on site, set up
equipment, and collect fluxes prior to and after an eruption. An updated research permit and
enhanced logistics would allow the measurement of multiple eruption-quiescent cycles at

Steamboat (i.e., in similar fashion as conducted at Daisy Geyser).

4.4 Recommendations for Future Research

In closing, the authors offer several recommendations for researchers who decide to augment the
scope of work presented in this document. As discussed in the previous section, the analysis
conducted at Steamboat would be improved immensely by an extended measurement period. To
accomplish this, the author recommends that future researchers measure continuously at
Steamboat to detect emissions across the activity cycle. Specifically, this will require a close
conversation with Yellowstone staff because the infrastructure required will be moderately
visible to visitors. For instance, a more long-term power source will be required (i.e., a solar
generator) and a shelter to house the sensitive parts of the instrumentation. Of course, the author

acknowledges that this is not a small ask and future researchers should consider making the
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measurements during seasons of lower visitor activity. Seismic activity has been measured
continuously in recent years by the University of Utah, so it is possible that if a project to further
explore gas emissions at Steamboat is funded, it could be carried out by collaborating with all

relevant stakeholders on a solution that does not detract from the natural beauty of the park.

Additionally, the author recommends the continued use of the pairing of the lower mobility
CRDS-AC and a highly portable device, such as the EGM used in this study. The prior chapters
demonstrated that the heterogeneity of the surface highlights the potential for variation within the
spatial arrangement of measurements in this study. Thus, the author strongly recommends that a
secondary (portable) chamber is always used in addition to the primary CRDS-AC. Furthermore,
the vendor of the CRDS, Picarro, also sells a lighter weight CRDS called the Gas Scouter. This
device fits in a backpack, weighs 11 kg, and can be connected to the same AC used in this study.
Although the Gas Scouter does not measure carbon isotopes, the device can measure
concentrations of CO2 and CH4 (and H20) simultaneously, thereby making it a decisive upgrade

to the EGM.

Furthermore, measuring noble gases through diffuse methods is not commonly practiced. Noble
gas measurements from point sources are very valuable for providing more context to all escaped
gases in volcanic environments, especially for identifying mantle gas contributions. In this study,
noble gas measurements documented 5-10 years prior to the field campaign were used in
comparison (Bergfeld et al., 2011; Chiodini et al., 2012; Goff & Janik, 2002; Lowenstern et al.,
2015). However, this work would be enhanced by noble gas measurements collected alongside

the CRDS-AC sample.

Finally, the community of geochemists that utilize accumulation chambers for quantifying fluxes
should endeavor to measure the internal pressure in the chamber. During this project, the author
sought to better understand the transport dynamics but was limited by the fact that it was not
possible to capture the pressure within the chamber. Quantifying the internal pressure in
accumulation chambers can reinforce the assumptions of steady-state transport that assist the

models used to quantify fluxes in these environments.
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4.5 Final Thoughts

This document began with an opening that illustrated the breadth of the study area that is gas
geochemistry. On a global scale, the exchange of gases is not balanced and is primarily driven
into the atmosphere through anthropogenic sources. However, it was made clear there and will
be reemphasized here, accounting for natural sources is critical in order to have an accurate

ledger for the exchange of gases.

The work shared in this document captures a slice of how gas is exchanged from natural sources,
namely volcanic and hydrothermal environments. Calderas provide a unique environment to
examine the connection between the subsurface and atmospheric reservoirs. These projects
demonstrate that activity that is often underdiscussed and possibly never measured before can
and should be measured. Quantifying diffuse fluxes of CO2 and CH4 provides insight toward the
contribution of these environments in the greenhouse gas budget, specifically how these values
can be utilized by regional and global scale modelers so that they may have useful bottom-up
measurements to leverage in their algorithms. The work presented in this document, although of
significant effort to the author, is not a capstone but rather a single brick in the foundation of the
edifice of gas geochemistry. It is the sincere hope of the author that better geochemistry will be
erected from this humble base to provide much greater understanding and augment the acumen

of future readers and scientists.

Finally, with the methods presented in this study, the use of eddy covariance measurements,
advancements in unmanned aerial vehicles and traditional static methods, the future of gas
geochemistry in volcanic regions is full of potential for insightful and impactful research in the

decades to come.
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5 Appendices

5.1 Appendix A — Calibration

The standards used to calibrate the instrument are presented in Section 2.2 of Chapter 2. These
cylinders contained approximately 34L of gas and were contained within a cylinder that was
about 12 inches tall. AirLiquide was the vendor selected to provide these gases.

Calibrating the concentration and isotopic composition required several steps. First, the
calibration process begins by allowing the CRDS to stabilize by measuring ambient or laboratory
air for at least 30 minutes (often long 90 minutes or longer). This stabilization period is often
necessary because the instrument has either been idle for weeks or has completed travel from the
field.

Next, a cylinder containing the standard is connected to the CRDS and the instrument measures
the gas for a period of at least two minutes. The period of time of which the standard was
connected to the CRDS varied for several reasons. Chief among these reasons is the cost of the
calibration gases. The majority of these standards were almost 1,000 USD, which was one of the
most expensive components to this project. Therefore, care was taken to ensure that enough gas
would be available for calibration throughout the use of the instrument.

Once the data had been collected by the CRDS, it would be processed in a software environment
just as with the field measurements. The data from the period when the calibration gas was
connected to the CRDS was isolated as a unique dataset and the measurements were analyzed for
their descriptive statistics. The mean values and the percent difference of these mean values from
the advertised standard values are reported in Table 1.
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Table 6: Calibration results and standard values advertised by providers. Cells with “---” indicate that type of measurement was
not conducted for the gas, and cells with “*” indicate that the value is not applicable for the type of gas.

Gas Concentration  Concentration Concentration 513C 613C 513C
Type Standard Observed % Difference Composition Composition Composition
(ppm) (ppm) from Standard Observed % Difference
Standard (per mil) (per mil) from
Standard

Z-Air Cco2 0 0.157 * --- - -
2015-Aug

Z-Air CH4 0 5.50E-03 * -
2015-Aug

Therm CH4 250 247.266 1.099 -38.3 -36.708 4.245
2015-Aug

Biogen CH4 250 256.890 2.718 -69 -63.929 7.630
2019-Aug

Therm CH4 250 2.51E+02 0.432 -38.3 -36.170 5.720
2019-Aug

Biogen CH4 250 242.543 3.028 -69 -65.122 5.783
2020-Jun

Therm CH4 250 245.862 1.669 -38.3 -35.58208 7.357
2020-
Jun

Custom Cco2 2000 1969.563 1.533 -4 -6.216 43.392
co2
2020-Jun
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5.2 Appendix B—More Comparisons to Previous Research

Comparing the data collected by Werner and Brantley (2003) to the data collected in this study
shows differences from the west and more similarity as the locations move to the east.
Specifically, the measurements in the upper geyser basin are about an order of magnitude lower
in this study than those presented in Werner and Brantley (2003). Similarly, the North of Norris
location showed differences between median values that were approximately one order of

magnitude lower in this study than what was reported by Werner and Brantley.

However, at MMTH, the range of values in the distribution of measurements in this study
overlapped almost in its entirety with measurements that documented by Werner and Brantley.
The difference here is rather the shape of the distributions. The distribution of CO2 fluxes in this
study at MMTH is very wide crossing values that spread across two orders of magnitude with no
discernable peak. Werner and Brantley recorded values that provided a small peak near 10E02 g

CO2 day!. Their distribution was slightly skewed to the left.

This study exemplifies a close relationship in comparison to chamber measurements collected by
Lewicki and colleagues (2017). Featured in Figure B-1, the samples collected at Norris GB in
this study almost perfectly bifurcate the distribution of samples collected by Lewicki et al.
(2017). Although, there is agreement between the collections of data, Lewicki has a greater
amount of variation than what was observed in this study. This may be due to the narrower
spatial coverage (~10 m? per transect) in this study compared to Lewicki et al., where the latter
employed a portable chamber to cover a larger area (0.04 km? in a grid). Altogether, this is
another example of agreement between fluxes collected by the CRDS-AC and other chambers

documented in the literature.
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Figure B-1: Ridgeline plot of CO; fluxes at both calderas. The groups and caldera designations follow the description in (Figure 1).
However, in this plot data (green) collected by Werner and Brantley (2003) and samples (blue) collected by Lewicki et al. (2017)
has been overlain the data from this study (magenta). Only fluxes greater than zero are shown, sites where a ridgeline plot is
absent indicates all measurements were below zero. One exception is that this study did not make any measurements in Lamar
Valley and therefore only Werrner and Brantley show measurements. Note: the scale of the x-axis for this plot is logged.
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5.3 Appendix C—Comparisons to Soil Surface Temperature

The authors also examined the relationships between the fluxes and soil temperature. The data

show there is not a clear relationship between the two, thereby suggesting that source of thermal

energy affecting the fluxes occurs much deeper than can be measured at the surface and that the

gradient of thermal heat transfer is not as great as the gradient for the transport of subsurface

gases.
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the relationship between fluxes and soil temperature.
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Figure C-2: Ridgeplot highlighting the distribution of soil temperature (surface) measurements at each location. The darker
shade is used to determine YNP locations, and the lighter shade is used for VCNP sites.
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5.4  Appendix D — Other Isotopic Comparisons
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Figure D-1: This chart contains the carbon isotopic composition of the samples collected at both calderas, similar to Figure 10
included within the body of this document. The x-axis shows the carbon composition of isotopes methane, and the y-axis shows
the carbon isotopes for carbon dioxide. Like the parent figure, the clear pentagon in the center of the image represents the
commonly known composition of the atmosphere, and the distributions for each composition are also presented on each axis in
the corresponding soil chemistry classes.
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Figure D-2: 613C vs Fluxes for both gases, CH, on the left and CO; on the right. The data has been color-coded by soil
classification, and observations from YNP are presented as circles and VCNP by crosses. Note: §13C-CO, compositions that were <
-30 %o were filtered out of the plot (n = 7).
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5.5 Appendix E — Background Measurements

As described in the Section 2 of Chapters 2 and 3, the process of measuring fluxes and isotopic
composition using the CRDS-AC involves a cycle of pre-background, measurement, and post-
background. The pre- and post-background measurements represent periods of approximately 5
minutes where the chamber is sealed to the ground but opened to the air. This allows the chamber
and the CRDS to flush out concentrations that may have built up during the measurement portion
of the cycle. In this section of the appendix, the research team has made a random sample of
these values available. The reader of this section should take away how the distribution of values

can vary both pre- and post-background at the same site as well as across different sites.

In the series of images in E-1, the background measurements show the distribution of
measurements can closely match between pre- and post-background as shown at the first Daisy
Geyser measurement (Figure E-1 F) or they can differ wildly as many of the measurements at
Mud Volcano (Figure E-1 E). Moreover, these background measurements can illustrate the
conditions such as wind (Figure E-1 C). Similarly, these background measurements can show the
effect that other features can have on the data collection environment. For instance, the data
collected at Mud Volcano (Figure E-1 C) shows a very high concentration of CO2; this is largely

due to the proximity to features like the Churning Cauldron.
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Figure E-1: Pre-background and post-background data collected a variety of the surveyed locations. In this series of images, the
top row shows the concentrations (n approx. 40-60), where CH, is on the left and CO; is on the right. Similarly, the carbon isotope
composition for both gases is also presented on the bottom row. The locations for this measurement are as follows: A) Mammoth Hot Springs
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(Jun 2019), B) Gas Vents (Solfatara Springs) (Jun 2018), C) Gas Vents (Solfatara Springs) (Jun 2019), D) Porcelain Springs (Jun 2018), E) Mud
Volcano (Jun 2018), F) Daisy Geyser — location 1.1 (Jul 2018), and G) Daisy Geyser — location 1.2 (Jul 2018).
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5.6 Appendix F —Supplemental Geographic Data & Visualizations

In this section, supplemental geographic data associated with this work is presented here. Of
most importance is the map of the soil chemistry classes (Figure F-1) as it shows the

approximate locations of the soil chemistry classes mentioned throughout this document.

The connection between the soil chemistry regimes and emissions has been studied in previous
studies to gather caldera-wide using ~800 measurements (Werner & Brantley, 2003). Although
this study collected ~140 measurements at Yellowstone, the high-temporal resolution nature of
these measurements separate themselves froam previously made measurements. Thus, instead of
caldera-wide measurements, this study aggregates the fluxes by medians across each soil
chemistry class and multiplies the medians by the areas to obtain estimates of the fluxes for that

given soil chemistry type.
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Figure F-1: Yellowstone map of the survey sites presented in a similar fashion as Figure 1 (Chapter 2). In this figure, the soil
chemistry classes are broken into two groups: Acid-Sulphate and Neutral-Alkaline. Although, the soil chemistry classes in this
paper were presented as acid-sulphate, neutral-chloride, travertine, and unclassified, this map is presented in the style of
previously generated maps (Lowenstern & Hurwitz, 2008). The GIS data for the thermal areas for this map were sourced from

the Wyoming State Geological Survey (Wyoming State Geological Survey, 2023).

The soil chemistry classes are divided into two types instead of the four that have been presented

in this document. As thermal areas have not been precisely mapped for travertine areas and

unclassified would require unmapped locations to have zero recognizable soil chemistry, only

two soil chemistry classes, neutral-chloride and acid-sulphate, were considered. This dual

approach to the soil chemistry classes has been presented in other publications as well

(Lowenstern et al., 2015; Lowenstern & Hurwitz, 2008).
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5.7 Appendix G — Carbon Dioxide and Methane Ratios

The ratio of CO2 to CH4 can highlight the nature of the sources of the gases in the subsurface. In

the images below, the carbon isotopes, §'3C-CO2 versus §'3C-CHa, were compared and

segmented by color using the [CO2]/[CH4]. These charts show how the ratio of the concentration

of the gases change over time throughout the enclosure period. For instance, in Figure G-1 A, the

[CO2]/[CH4] increases from approximately 250 to 450 during the enclosure period (see chart in

the bottom left corner). Even though time is not included in this visualization, the previous

material demonstrated that most of the time, the concentration of gases increased with time.

Therefore, when the ratio is at its maximum it also represents signature that is closest to the

source. In several of the charts in Figure G-1, the scatterplot trends from lighter isotopic

compositions to heavier and closer to what has been sampled from point sources.

Other sites that were not on acid-sulphate, such as the neutral-chloride site, West Thumb (Figure

G-1 D), show ratios all within the same order of magnitude and rarely does the ratio increase by

more than 30% over the enclosure period. Furthermore, the scatterplot resembles a shotgun blast

instead of a linear trend demonstrating a wide range of values for the isotopic composition and

through the scale of the colorbar the change in the ratio of concentrations is minimal.

GYNT 1,822ur2018 4C-CO, va. 4 C.CH,

o ,4,?:).,% .

GYNT 1.8 224ar2018 67'C-CO, va. € C.CH,
. . o
T et s
M I IR A
4 P 3 ¢

52 50 48 46 44 42

GYNT 1.8 22ur2018 6 V€0, vs. aVC-CH,

’:‘u’:‘ :

40

GVNT 1.8 22un2010 4''C-CO, va. d"PC-CH,

v duBTr

45 <0 35
GVNT 1.8 22un2018 4''C-CO, vs. 4'*C-CH,

e 08 pw
o o

LS
- v

48 46 44 42 40 38

GVNT 1.8 22un2018.4"'C-CO, vs. d"'CCH,

R T .!t :9 f‘““: 3

. ga-"s
W N s

141

GVNT 1.8 220n2018 4V'C-CO, vs. a"'C.CH,

. . N
R e 4 Cad 2t

54 52 50 48 46 )

GVNT 1.8 2502018 4"'C-CO, vs. a"’C.CH,

'n
@

42 40

Measurements at GVNT

(2018-06-22)

y-axis: §'3C-CO,
x-axis: 813°C-CH,
Colorbar: [CO,]/[CH,] A



GVNT 1.8 28un2018 d/C-CO, va. d"'C.CH,

GVNT 1.8 280un20136"'C-CO, va. ¢ VC-CH,

GVNT 1.8 285un2018 4"’C.CO, vs. d"’C.CH,

2 1200 2 )
- . B .« B A o a8 g L e
& a i g 29 % D S v .
- . 200 % s - °* . mg -15 o
Ao et T AME . 3 P
-10 * e e - i . ::. ! a ° W * - !
. 0 0 :
12 48 46 44 42 40 s 36 Mo a8 a0 a2 w0 a8 a6 M w@ b T— 40 35 0 25
" GUNT 1.8 280ur2018 ’C.CO, va. a"'C.CH, & " GVNT 1.8 280un2018 4’C.CO, vs. d"'C.CH,
65 é : 5 ik B ': e *
7 o 0 2. o Sigew SN
_ 6 & . “ = . . .
25 : § : Sl . o 2 i é 5 . x
43‘: . qoogj 8 @ bo & ¢ o ng * ¥ 4 i
9 : -9 . > . 00 A0 » » .
25 i 10 i 2
36 50 48 46 44 42 40 38 36 M W@ 48 46 44 42 40 3B 36 34 32 W
GVNT 1.8 280un2018 6 'C-CO, v a'C-CH,
‘ L “ Measurements at GVNT
5 4 o o gageeWeet
| 2 o - (2018-06-28)
3 : w8 :
"° 5o T, : y-axis: 8'3C-CO,
= o PR T i x-axis: 813C-CH,
. 5 250 7 . A
s 0 '4; ) 35 30 25 4 a5 40 35 ) C010rba‘r' [COZ]/ [CH4]
% NEER 1.8 26Jur2018 ¢7C.C0, va. aVC.CH, @ NEER 1.6 260un2018 4'C-CO, va. 4" CCH, e NEER 1.8 260um2018 6"C-CO, va. a"C.CH,
%0 %0
5 70 )
800 3 bt 5
a5 s % 0 g
8 g
20 00, 260
0 20
s 20
6 o 1000
4
-0 a0 :
12 wg £ —g:
n "‘“§ : g
-16 30 0
8 20 0 .
Mo s 52 S0 48 4 a4 @2 40 3 &/ 62 S0 48 46 44 42 40 38
g = Measurements at NEER
L = (2018-06-26)
) ™ g :
=3 - y-axis: §13C-CO,
00 L .
e L. p x-axis: 13C-CH,
Colorbar: [CO,]/[CH,]

142

(COMCH,)

IE RS EREEE

g 8 8 B 3L
coHcH,)

coMeH)

B %8 % & 8

C



WTHB 15 0102018 "'C-CO, va. d™'C.CH, 3 WTHB 1.5 01ul2018 4°C.CO, va. d™CCH, & WITHB 1.5 01ul2018 9"'C-CO, va dVCCH,
0 5 i
20 -85
* 0
0 o & 28
7 9 i -5
=g % B -
g 8 o5 .
" ™ -1 « I” o 25
240 N 20 &
20 12 240
10 o 20
52 50 4B 46 -4 42 40 38 & ﬂ\‘ﬂ 52 50 48 46 44 “42 40 38 - 1 55‘ 2 50 48 46 44 42 40 38
WTHB 1.5 01502018 4CCO, va. dC-CH, WTHB 1.5 01Juti018 4"'C-CO, vs. 4 C-CH,
> o 75 s . i
el N " ] e - =0 Measurements at WTHB
igl ¥ oo ¥ .. I Y e 9P ¢, 'Q\‘. ot o us 07
3 .‘...."IJ.? .‘? 'l: g F . '..'-:.{*)“?'. .. *e L (2018 07 01)
o % v = . ~ o * ° o . - . .
e Uo7 TRl O I shaht . L y-axis: 81°C-CO,
- S, .l‘ o :- . g 0 29 oo s s v g 1
o fo \‘- I. -5’2?:'-0 LS 219 10 o .'.“.' 'ﬁ.".b: = mg X-axis: 813(:-(:H4
24’ o‘ o gee " o) ‘.-.. . .
$% 1T i il o e = Colorbar: [CO,]/[CH,]
© % . 27 1 . e 20
54 52 450 48 48 44 42 40 o ! 1566 54 52 ;0 48 46 44 42 40 38 D

143



5.8 Appendix H—Concentration-Time During Chamber Enclosure Period

As discussed throughout this document, the chamber enclosure periods were approximately 20
minutes. During this time several hundred individual measurements were collected. The
concentration measurements when plotted against time created concentration-time curves. The

figure below is a collection of these concentration time curves from two sites Yellowstone.
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Figure H-1: Concentration-time curves for CLPD. (A) and (B) illustrate the decrease of CH4 over time, and (C) and (D) show the
same for CO,. Note, (A) and (C) are from the same chamber enclosure.
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Figure H-2: Ratios of concentration at current time against the initial concentration. These curves simulate the transport of
gases through the 15 cm chamber.
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5.9 Appendix | —Supplementary Figures for Chapter 3

This section of the appendix contains the figures and content that provides extra context and

information for points mentioned in Chapter 3 of this document.
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Supplemental Figure 1: Steamboat Geyser eruption history. Top: Each stem indicates an eruption (n=155) that corresponds to a
date along the x-axis. The y-axis illustrates the number of weeks that pass between each eruption (note the log scale for the y-
axis). Bottom-left: The number of days that pass between eruptions (n=129) that have occurred in its most recent active phase
(19 Mar 2018 to 21 Feb 2021). Bottom-right: histogram displaying the probability that recurrence interval (days since last
eruption) would be observed (n=129) during the same recent active phase.
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Supplementary Figure 2: Map of full field site. Cistern Pool, which drains during Steamboat Eruptions, is located on the lower
left-hand corner. The equipment for making measurements was placed just off the boardwalk in the middle of the image, and

the geyser opening is located on the right.
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Supplementary Flgure 3: Satellite image from 2013 shows the observation area for Steamboat Geyser. The lighter ground cover
represents sinter, a siliceous material that impedes flux measurements. The red placemark on the left side of the image shows
the location of the CRDS-AC measurements. The latitude and longitude coordinates represent the GPS location of the chamber.
Additionally, the three magenta dots represent the PAC measurements that were placed within a 2-meter radius of the plotted
CRDS-AC location to assess fine scale heterogeneity. The inset on the left shows the outline of Yellowstone National Park as well
as the locations of Old Faithful geyser (green) and Steamboat (red).
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Supplementary Figure 4: Assemblage analysis of the thermal waters at Steamboat Geyser (09WA124) and Cistern Spring (the
remaining samples). The first two values of the identifying code indicate the year that the sample was collected. Sample
13WA113 was collected in an almost empty spring a week after Steamboat erupted. Calculations performed in the Geochemists
Workbench V. 14 React program (Bethkhe, 2007).
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Supplementary Figure 5: Time series of CH, (top) and CO; (bottom) fluxes collected at Daisy Geyser during 2019. The dotted line
in each respective plot represents the concentration (60-sec average) throughout the measurement campaign. The shaded
rectangle shows the timing of an eruption. Plot a) displays data collected in July 2018 and b) depicts data collected in June 2019.

149



(a)1 (a)-2 (a)3 ; (a)4 (a)5

g 0 0 0 0

N . AT i -M., "% “. A -

Q0 oW 40 o, 40 LA Q0 A 40 ﬁt'.‘r“

T b g G

0 o 72l o g b

22 20 e 20 20 ! 20 s

80 B0 40 0 0 60 50 40 -0 -0 60 S 40 0 20 0 S5 40 0 -0 -6 5 40 0 -0
Beginning Middle End

= a)-6 Precursor c)-1 d)-1 d)-2

g0 ”-e' - 0 0 c) 0 (d) 0 (d)

2 T % Sl <. -~ b

N ~, .” w . *&' 0

8 -20 e -0 b -10 N R -10 w (R 10 -1!4"”

, 3 I %" %

0 ol ;

2 40 4 20 20 -2 -20

T80 B0 40 0 0 B 50 40 0 -0 6 S 4 0 20 0 H 40 0 0 60 0 40 0 -0

= d)-3 -1 -2 )3 )4

s, o . L L Lo

= . - - o -

9 10 .0;"1:. ," A0 Rl A0 -.0.;,'.'5;' A0 %gw A0 0,,,"_:,’? :

5 4l g b3 e

2 2 = 20 et 2 e 2 2 A

© 80 S0 40 0 20 40 40 20 60 50 40 -0 -0 60 50 40 -0 -20 60 S0 40 -0 -2
3C.CH, () 3 C.CH, () §1C.CH, (b

3 8)5 )6

s, I

~ Sl -

W of

o ik % 1

;’Q -20 20

0 40 N N KN H 4 KN D
"°C-CH, (%) §°C-CH, (k)

=

Supplementary Figure 6: Carbon isotope comparison for carbon dioxide (5§13C-CO;) and methane (613C-CH,) for each chamber
enclosure during the study. Each enclosure is noted by the phase (a-e) of the eruption time series in which the measurements
were observed, and the order in which measurements appeared within the same phase are given consecutive numbers (See
Figure 2 for complete explanation of the phase designations). The “precursor” measurement is noted plainly. The coloring
scheme indicates the relative time at which the datum was recorded during the 15-minute chamber enclosure, where cool colors
occur toward the beginning and warmer colors occur toward the end. The black diamond in each plot represents the
approximate value for the atmospheric isotopic composition. Note: the scale for the y-axis for (a)-6 is different from the others
to accommodate a greater range of §13C-CO; values.
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