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ABSTRACT OF THE DISSERTATION

The Natural Geochemistry of Tetrafluoromethane and Sulfur Hexafluoride: Studies of
Ancient Mojave Desert Groundwaters, North Pacific Seawaters and the Summit

Emissions of Kilauea Volcano

by

Daniel A. Deeds
Doctor of Philosophy in Earth Science
University of California, San Diego, 2008

Professor Ray F. Weiss, Chairman

Tetrafluoromethane (CF4) and sulfur hexafluoride (SFs) are potent, long-lived
greenhouse gases whose natural atmospheric sources and sinks are poorly understood.
CF4 and SF¢ concentrations were measured in groundwater, deep and surface
seawater, and volcanic gas samples to provide a better constraint on their lithospheric
sources to the atmosphere.

Groundwaters collected from the Mojave Desert and nearby Big Bear Lake
Watershed contain CF4 and SF¢ concentrations well in excess of air-saturated water

concentrations for the conditions of recharge, providing in situ evidence for a crustal

XV



degassing of CF, and SF¢. Excess CF4 and SF¢ concentrations can be attributed to
release during weathering of the surrounding granitic alluvium and to a deeper crustal
flux of CF4 and SF; entering the study aquifers through the crystalline basement. The
crustal flux of CF4, but not SF¢, is enhanced in the vicinity of local active fault
systems due to release of crustal fluids during episodic crustal fracturing driven by
tectonic activity. When the crustal degassing rate of CF4 and SFe into studied
groundwaters is extrapolated to a global scale, it is consistent with the lithospheric
flux required to sustain their preindustrial atmospheric abundances using best-
estimate atmospheric lifetimes.

CF,4 and SFs in volcanic emissions from Kilauea summit originate from air
entrained into rising volcanic gases and from gases exsolved from Kilauea’s
hydrothermal system. An upper limit to a hypothetical volcanic flux of CF4 and SF is
negligible when compared to the continental flux, indicating that the upper mantle is
not a significant source of either gas to the atmosphere.

Surface seawaters collected off of Scripps Pier during calm weather are in
equilibrium with expected air-saturated seawater CF4 concentrations. Deep Pacific
seawater samples are oversaturated by roughly 4%, consistent with a predicted 5%
oversaturation for these waters. The oceanic crust is therefore not a significant source
of lithospheric CF4. This suggests that CF, is conservative in seawater, and, combined
with its rapid accumulation in the atmosphere, indicates that dissolved anthropogenic
CF4 concentrations are an effective time-dependent tracer of ocean circulation and

mixing processes.

Xvi



Chapter 1

Introduction

Gases of relatively low atmospheric abundance (i.e. “trace gases”) can have a
significant impact on the chemical and physical state of the atmosphere. One example
that has received significant recent attention are the greenhouse gases, such as carbon
dioxide and methane, which are infrared (IR) active trace gases that absorb a portion
of the outgoing long-wave radiation emitted from the Earth. Some of the absorbed
energy is reemitted back towards the Earth, resulting in an enhanced warming of the
Earth’s surface. In this manner, emissions of greenhouse gases related to human
industry and activity can have a considerable influence on global climate.

The class of fully fluorinated greenhouse gases, comprised of perfluorocarbons
(PFCs) and SFg, are of particular scientific interest, not only because of their strong
absorption of IR radiation (Ko et al., 1993; Sihra et al., 2001), but also because they
are effectively inert in the majority of the atmosphere (Ravishankara et al., 1993;
Morris et al., 1995). The loss processes for these compounds are either chemically or
dynamically limited, leading to atmospheric lifetimes on the order of millennia
(Morris et al., 1995; Ravishankara et al., 1993). Fully fluorinated species thus not
only have an impact on the radiative budget of the atmosphere, but due to their long

lifetimes, their presence in the atmosphere will persist for thousands of years after



human-induced perturbations in the abundances of other greenhouse gases disappear.
Although on a time-scale of hundreds of years the fully fluorinated gases may play
only a small role in anthropogenic climate change compared to other more abundant
greenhouse gases (e.g. CO,) (Isaksen et al., 1992), their emissions lead to a lasting
climate legacy.

The two most abundant fully fluorinated species present in the atmosphere,
tetrafluoromethane (CF4) and sulfur hexafluoride (SF¢), have atmospheric mole
fractions that have increased rapidly since the first half of the 20™ century (Maiss and
Brenninkmeijer, 1998; Worton et al., 2007). Currently the atmospheric dry-air mixing
ratios of CF4 and SF¢ have reached roughly 75 ppt and 6 ppt, respectively (1 ppt = 10~
2 mole mole™"). The natural background of these gases prior to the start of
anthropogenic emissions is estimated to be approximately 34 ppt CF4 and <6.4 ppq
SFe (1 ppq = 107" mole mole_l) (Harnisch et al., 1996; Vollmer and Weiss, 2002;
Worton et al., 2007). The relatively rapid increases in the CF4 and SFs content of the
atmosphere are attributed solely to anthropogenic emissions of these gases.

The current understanding of the natural geochemistry of CF4 and SFg is
limited, as it is difficult to directly observe sources and sinks of these gases in the
atmosphere, partly because of the remote nature of atmospheric sinks of CF4 and SFg
but also because of the very small magnitude expected for sinks and sources of the
gases to the atmosphere (Ravishankara et al., 1993). However, it is critical that

scientists and policymakers have a more complete understanding of the natural

geochemistry of these gases, as the rate at which they are naturally released and



destroyed will influence the rate at which anthropogenic perturbations of their
atmospheric abundances will diminish in the future.

For my doctoral research, I have taken up the challenge of quantifying the
natural sources of CF4 and SFg, to better understand their preindustrial geochemistry
and thus the response in atmospheric CF4 and SF¢ abundances to current and future
anthropogenic emissions. I have focused mainly on ancient waters in the crust and in
the oceans, as they are isolated from the atmosphere for sufficiently long periods of
time (i.e. thousands of years) that they can accumulate quantifiable amounts of natural
CF,4 or SF¢. In addition, I have investigated whether perfluorinated gases and other
halogenated gases are present in magmatic emissions, a question that has spurred
considerable debate in recent years (Stoiber et al., 1971; Isidorov et al., 1990; Jordan
et al., 2000). Before detailing my doctoral research, I present a brief description of the
available literature concerning the geochemistry of CF4 and SF¢, and I describe the
general method by which I analyzed gas and water samples for CF4 and SFs. Results
from groundwater studies in the Mojave Desert (Chapter 4) and Big Bear Valley
(Chapter 5), a study of gas emissions from Kilauea volcano (Chapter 6) and results
from a study of surface and deep North Pacific seawaters (Chapter 7) are then

presented.
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Chapter 2

The Geochemistry of CF, and SF;

2.1 Sources of CF, to the atmosphere

The current primary source of CF4 to the atmosphere is production from the

electrolysis of cryolite during aluminium production (Taberaux, 1994):

4Na,AlF, +3C ——> 4Al+12NaF+3CF, @.1)

Emissions of CF4 vary depending on the cell technology used, with older Al
reduction cells tending to have higher emissions factors (kg CF4 per ton Al produced)
due to more frequent and longer-lasting cryolite-decomposition events (Taberaux,
1994). Annual global emissions of CF4 from the production of aluminum indicate an
increase from about 1,000 tons CF, yr ' in the 1940s to a peak of roughly 16,000 tons
CF,4 yr ' in the late 1980s, with emissions afterwards declining to around 9,200 tons

CF,4 yr!' for 2000 (Harnisch et al., 1999; Olivier, 2002). Modernization of aluminum



reduction plants has led to a general decrease in CF,4 emissions, despite increases in
Al production (Harnisch et al., 1999). The only other significant anthropogenic source
of CF4 to the atmosphere that has been identified is emission from the semiconductor
industry, with a source strength increasing from effectively 0 tons CF4 yr' in 1980 to
about 1,400 tons CF4 yr_1 in 2000 (Victor and MacDonald, 1999).

Recently, several scientific groups have independently discovered the presence
of CF4 in the preindustrial atmosphere (Fabian et al., 1987; Harnisch et al. 1995;
Harnisch et al., 1996; Worton et al. 2007), with the oldest-reaching reconstructed CF4
history indicating a preindustrial CF4 mole fraction of 34 + 1 ppt (Worton et al., 2007).
Measurements in our laboratory of ancient air extracted from ice cores, with an age of
around 1300 years, have shown a similar atmospheric CF4 mole fraction of 34.8 + 0.2
ppt, suggesting that, prior to the start of emissions of CF4 from aluminum production,
the Holocene atmosphere has been in steady-state with respect to CF,4 (J. Miihle,
personal communication). Harnisch and Eisenhauer (1998) and Harnisch et al. (2000)
detected significant amounts of CF4 in fluid inclusions trapped in fluorites and
granites, with CF4 mass contents ranging from <1 ppt to 61,000 ppt and from 2 ppt to
265 ppt, respectively. These authors proposed that weathering, metamorphism and
other alterations of the continental crust would result in a lithospheric flux of 0.1 — 1t
CF, yr ', of similar magnitude to the natural flux the authors calculated was necessary
to maintain the preindustrial atmospheric CF4 abundance (0.4 — 4 t CF,4 yr ') based on
an atmospheric CF4 lifetime of 170,000 years (Ravishankara et al., 1993). However,

this estimate does not include all proposed losses for CF4 (Morris et al., 1995; see



following section), which, when combined in parallel, result in a lower limit
atmospheric CF4 lifetime of 110,000 years. If this lifetime is used in place of the
170,000-year estimate of Ravishankara et al. (1993), the estimated lithospheric flux of
0.1 — 1 t CF,4 yr ' cannot sustain the observed preindustrial atmospheric abundance of

CFg.

2.2 Atmospheric CF, loss processes

The principle loss process for CF4 in the atmosphere is thought to be
destruction by reaction with atomic hydrogen in high temperature combustors at the
Earth’s surface (i.e. incinerators, internal combustion engines, etc.), with an estimated
atmospheric lifetime of >50,000 years (Ravishankara et al., 1993). CF4 is lost
naturally to reaction with atomic hydrogen and positive oxygen ions (O") and to
photolysis by H Lyman o radiation in the upper atmosphere (Ravishankara et al.,
1993; Morris et al., 1995). However, natural loss processes for CF,4 are estimated to
be significantly slower than anthropogenic loss at the Earth’s surface, since the low
atmospheric pressures of the upper atmosphere (on the order of 10°° bar) require air to
cycle through this region roughly a million times to process the entire atmosphere
(Morris et al., 1995). Estimated atmospheric lifetimes for natural CF4 loss processes
are 170,000 years for loss to H, 330,000 years for loss to O" and 6,200,000 years for

photolysis by H Lyman a radiation (Ravishankara et al., 1993; Morris et al., 1995).



When combined in parallel, the natural atmospheric loss processes for CF4 give a best-

estimate “preindustrial” atmospheric CF4 lifetime of 110,000 years.

2.3 Sources of SF; to the atmosphere

SF¢ is mainly used as an insulating gas in high voltage electrical applications,
and as a degassing agent of molten metals (Ko et al., 1993; Maiss and Brenninkmeijer,
1998), but it is also used in other applications such as filling of tires, sound insulating
windows, and shoe soles, and in semiconductor production. Electrical applications
currently make up around 60% of total SF¢ sales, with 40% split between the non-
electrical applications. Of the amount of SFs used in electrical applications, such as
circuit breakers and switchgear, 30% is released to the atmosphere due to leaking from
gaskets and seals, and release during servicing of the equipment, with the latter usually
occurring after a delay of several years (Maiss and Brenninkmeijer, 1998). Blanketing
of molten metals, chiefly aluminium and magnesium, is the next largest use of SFg,
comprising 5-10% of the total SF¢ production (Ko et al, 1993; Maiss and
Brenninkmeijer, 1998). SF¢ emissions from degassing of aluminium are small due to
destruction of SF¢ in the aluminium melt, while practically all the SF¢ used for
blanketing molten magnesium is emitted to the atmosphere (roughly half of the total
SF¢ used to blanket molten metals). Emissions of SFs to the atmosphere have
increased roughly linearly from 760 t yr™' in 1972 to 6,300 t yr ' in 1996 (Maiss and

Brenninkmeijer, 1998).
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In addition to CF4, Harnisch and Eisenhauer (1998) and Harnisch et al. (2000)
also detected smaller amounts of SF¢ in the fluid inclusions of fluorites and granites.
Busenberg and Plummer (2000) confirmed the presence of SF¢ in granitic rocks and in
fluorite, and in a variety of other minerals and rocks as well, including calcite,
dolomite, and halite. Busenberg and Plummer (2000) also observed elevated SFg
concentrations in groundwaters in contact with granitic and carbonate aquifers.
Measured SF¢ mass concentrations in fluorites range from <0.2 ppt to 30,000 ppt and
from <0.2 ppt to 45 ppt in granites. The majority of granites studied had SF¢ mass
concentrations below detection limits (Harnisch and Eisenhauer, 1998; Busenberg and
Plummer, 2000; Harnisch et al., 2000). SF¢ concentrations in other minerals are on
the order of 100 to 10,000 times smaller than in fluorite and granites (Busenberg and
Plummer, 2000).

Harnisch and Eisenhauer (1998) estimate a flux of SFg to the atmosphere of
0.006 to 0.06 tons yr ', resulting in a natural background of 0.001 to 0.01 ppt (by
mole). This is consistent with current estimates of a natural SF¢ background of less

than 0.0064 ppt in Antarctic firn air (Vollmer and Weiss, 2000).

2.4 Atmospheric SFg loss processes

SF; attaches electrons and reacts with O at the theoretical limit (Morris et al.,
1995), and so it is destroyed at altitudes higher than the stratopause, similar to CFj.

Photolysis by H Lyman o radiation in the upper atmosphere may also be a significant
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loss process: in one study, it accounted for an estimated 24% of the total loss of SFg
from the atmosphere (Ravishankara et al., 1993). Thermal destruction in high
temperature combustors was also suggested as a significant loss process for SFg
(Ravishankara et al., 1993).

While considering only electron attachment leading to SFs™ and F, and thermal
destruction as loss processes of SFs, Ravishankara et al. (1993) estimated an
atmospheric lifetime for SF¢ of 3,200 years. Morris et al. (1995) added attachment of
electrons leading to SFs, and loss to O in the upper atmosphere to the scenario
proposed by Ravishankara et al. (1993), resulting in a lower limit to the SF¢ lifetime of
800 years. In either case, the atmospheric cycling of SF¢ seems dependent mainly on
electron scavenging in the upper atmosphere. The atmospheric lifetime for SF¢ should

thus be in the range 800 — 3200 years.
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Chapter 3

Extraction and Measurement of Dissolved

Perfluorinated Gases

One significant challenge when studying perfluorinated gases, especially CFy,
is their high volatility. CF, has a significant vapor pressure (roughly 0.8 Torr) at even
the relatively low temperature of its triple point (89.6 K) (Lobo and Staveley, 1979),
and so complete extraction and collection of CF4 from a sample using common
cryogenics is not possible. To completely extract CF,4 from water and gas samples, I
adapted an ice-core noble gas extraction protocol devised by Severinghaus et al.
(2003). In this protocol, gases are transferred from a sample flask into a vacuum line
(Fig. 3.1) for collection into an evacuated 40 mL cold finger immersed in liquid
helium (~4 K). The following is a description of a typical dissolved gas extraction
from a groundwater sample. Modifications of this general protocol for other types of

analyses are discussed in chapters describing individual research projects.
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At the start of an extraction, the evacuated cold finger is immersed in liquid
helium, and both the flask and cold finger are connected to the evacuated (p <I mTorr)
extraction line. An initial static leak test of the line is performed to ensure that the
sample will not be significantly contaminated by room air. Typical static leaks are 0.1
— 0.2 mTorr min ', contributing <0.2 fmol CF, per extraction.

After the integrity of the extraction line is confirmed through static leak
testing, the flask is exposed to the line, and the internal pressure of the line is allowed
to build for several seconds before the cold finger is opened. The pressure differential
between the flask headspace and cold finger drives sample gases into the cold finger,
where they absorbs onto its internal surfaces, maintaining the pressure differential and
flow into the finger. Most water vapor is removed from the line upstream of the finger
by a double-chamber vacuum trap cooled by an ethanol-dry ice slurry (T~195 K).
Upstream of this trap, water vapor acts as a flushing gas, aiding the movement of gas
out of the flask’s headspace. The extraction continues for 10 minutes, at which point
the flask is isolated from the line, the pressure in the line is allowed to drop to <1
mTorr, and the cold finger is closed and removed from the line and the liquid helium.
Extraction times of 10 minutes are sufficient to remove >99% of the headspace of a
sample.

Once removed from the liquid helium, the cold finger is warmed to the touch
and is connected in line with the “Medusa” cryotrapping quadrupole gas
chromatograph/mass spectrometer (Miller et al., 2008). The cold finger has been

fitted with a dip-tube through which analyte-free nitrogen is flushed to completely
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transfer extracted gases into the Medusa’s cryotrapping module. A general description
of the treatment of a sample by the Medusa-GC/MS is given in the Methods section of
Chapter 4. The full details of the Medusa-GC/MS can be found in Miller et al. (2008).

Each measurement is blank-corrected and calibrated by comparison to a known
volume (~1 L) of a whole air standard with assigned dry-air mole fractions based on
the SIO-2005 gravimetric calibration scale (Prinn et al., 2000; C. Harth, personal
communication). Standard volumes were determined using the Medusa-GC/MS’s
integrating digital mass flow controller, which was calibrated using a precision quartz
pressure transducer fitted to a volume-calibrated 6 L stainless-steel flask pressurized
with dry air and immersed in a temperature-stabilizing water bath (see Appendix A).
Using this technique, I can accurately determine the number of moles standard
introduced into the GC/MS to within +£0.5%. The CF4 calibration in mole fraction of
gas is then converted to an absolute molar calibration.

Gases dissolved in the liquid phase of a sample during extraction are not
collected, since the time-scale of diffusion in water for most gases is long compared to
the extraction period (e.g. the characteristic length-scale of diffusion for CF4 at 20°C
is roughly 1 mm in 10 min in water (Yaws, 1995)). However, the solubilities of CF4
and SFe in water are extremely low, with ~98% of the CF4 and SFg in a sample located
in the headspace of the flask at laboratory temperatures. Multiple headspace
extractions of several samples have confirmed that ~2% of the dissolved CF4 and SFg

remains in the sample after the first extraction. Thus, analysis of perfluorinated gases
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in groundwater samples requires only extraction of the headspace, with a small
correction for the residual gas dissolved in the water phase.
The total number of moles initially present in a water sample (nt) can be

estimated from:

n, =ng +n;, 3.1)

where ng is the number of moles gas extracted from a water sample, and np is the
number of moles gas remaining in the aqueous phase of a sample after extraction.
Assuming that the aqueous and vapor phases were in equilibrium prior to extraction,

then ng and np can be related through the Ostwald solubility coefficient:

" % V.. (3.2)
Vs

where Vg is the volume of water in the flask and Vys is the volume of the flask’s
headspace.

Recognizing that the molar concentration of gas X in a collected sample ([X],
in moles X per liter water) is equal to nr/Vs, and subsitituting Equation 2 into

Equation 1 gives:

[X](wJ o)
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The volume of the headspace Vys can be estimated from V. —V, where Vr is

the volume of the flask. The flask volume is calibrated using the mass of the flask
when completely filled with distilled water at a known temperature (mg) and the
density of freshwater at that temperature (pr). Sample volumes can be estimated from
the mass of the flask after sample collection (mg) and the density of water at the
temperature of the flask during the headspace extraction (ps). Water densities are
estimated using the International One-Atmosphere Equation of State of Seawater
(Millero and Poisson, 1981). Both mr and mg are corrected for the mass of the flask
material (i.e. the mass of the flask when evacuated).

Volume terms in Equation 3.3 can be replaced with the more easily measured

mass terms, resulting in Equation 3.4:

[X]:n X(mF/pF —mg/pg +Lxms/psj

34
(mF/pF_mS/pS)XmS/pS G4
which can be rearranged to give:
m,/mgXpe+3L-1§x
[X]anxpsx( F/ s X Ps { } ij 3.5)
mg X Ppg — Mg X Pg

Since the molar concentration of a gas is temperature dependent, a more
convenient concentration term is the molality of a gas (i.e. moles of gas X per

kilogram water), which can be estimated by dividing Equation 3.5 by ps.
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SF¢ has been previously used as a time-dependent tracer of water mass
movement, and its solubility in fresh water and seawater as functions of temperature
have been well described (Bullister et al., 2002). No single source of freshwater
solubility data for CF4 covers a sufficiently dynamic range of temperatures for the
studies in this thesis, and so I compiled available freshwater solubility data for CF,4
and fit it with a Clark-Glew-Weiss equation (see Appendix B). The resulting function
is valid over a temperature range of 275 — 330 K, and gives calculated CF, solubilities
that in general agree to within 1% with the literature values.

Total uncertainties associated with this analytical technique are + 3% for CF4
and +4% for SF¢. Duplicate measurements tend to agree to within = 5% for CFy,
although more recent measurements (e.g. 2005 analyses of Mojave Desert
groundwaters) are in significantly better agreement (i.e. reproducibilities for duplicate

samples of + 0.5 — 1%.)
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Chapter 4

Crustal Degassing of CF, and SF4: Evidence

from Mojave Desert Groundwaters

4.1 Abstract

Dissolved tetrafluoromethane (CF4) and sulfur hexafluoride (SFg)
concentrations were measured in groundwater samples from the Eastern Morongo
Basin (EMB) and Mojave River Basin (MRB) located in the southern Mojave Desert,
California. Both CF4 and SFe are supersaturated with respect to equilibrium with the
preindustrial atmosphere at the recharge temperatures and elevations of the Mojave
Desert. These observations provide the first in situ evidence for a flux of CF4 from
the lithosphere. A gradual basin-wide enhancement in dissolved CF4 and SFg
concentrations with groundwater age is consistent with release of these gases during
weathering of the surrounding granitic alluvium.  Dissolved CF; and SFg
concentrations in these groundwaters also contain a deeper crustal component

associated with a lithospheric flux entering the EMB and MRB through the
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underlying basement. The crustal flux of CF4 but not of SFe, is enhanced in the
vicinity of local active fault systems due to release of crustal fluids during episodic
fracture events driven by local tectonic activity. When fluxes of CF,4 and SFs into
Mojave Desert groundwaters are extrapolated to the global scale they are consistent,
within large uncertainties, with the fluxes required to sustain the preindustrial

atmospheric abundances of CF4 and SFg.

4.2 Introduction

Tetrafluoromethane (CF,) and sulfur hexafluoride (SF;) are among the

longest-lived atmospheric trace gases, with estimated lifetimes of >50 kyr and 0.8-3.2
kyr, respectively (Ravishankara et al, 1993; Morris et al. 1995). Prior to 1996,
consensus held that atmospheric CF, and SF, were derived solely from anthropogenic
emissions. However, measurements of preindustrial air trapped in ice (Harnisch et al.,
1996a) and of stratospheric air (Harnisch et al., 1996b) led to the discovery of a
natural atmospheric abundance of CF,, with a dry-air mole fraction (or “mixing
ratio”) of 39 + 6 ppt (parts-per-trillion, or parts in 10'%). In a more recent study of air
trapped in firn, Worton et al. (2007) estimated the preindustrial atmospheric CF4 mole
fraction as 34 = 1 ppt, based on samples of older firn air than those measured by
Harnisch and coworkers. Measurements of air trapped in Antarctic firn have shown a
preindustrial atmospheric SF abundance of less than 6.4 ppq (parts-per-quadrillion, or

parts in 10") (Vollmer and Weiss, 2002).
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The detection of several parts-per-million by weight of CF, and SF, in the
extracted gas of a fluorite sample led Harnisch et al. (1996a) to propose a lithospheric
origin for the natural atmospheric abundance of these gases. In subsequent studies
(Harnisch and Eisenhauer, 1998; Harnisch et al., 2000), up to 60 parts-per-billion by

weight of CF, and 30 parts-per-billion by weight of SFs were detected in a wider
range of fluorite samples, as well as in accessory fluorites in granites, granodiorites
and gneisses. In a later study, Busenberg and Plummer (2000) detected SF¢ in a wider
range of minerals, and found elevated concentrations of dissolved SF, in
groundwaters collected from carbonate and granitic aquifers, providing further
evidence for a lithospheric source of SF.

Considering surficial weathering and subsurface alteration of the continental

crust, Harnisch and Eisenhauer (1998) calculated a lithospheric source of CF, to the

atmosphere of 100 — 1000 kg CF,4 per year. This estimate agrees with these authors’
model-derived source strength of 400 — 4000 kg CF4 per year necessary to maintain a

preindustrial atmospheric CF, abundance of 40 ppt with an atmospheric lifetime in the

range of 170 to 1700 kyr (Ravishankara et al., 1993). However, if all natural loss
processes proposed by Ravishankara et al. (1993) are active in the atmosphere, then
the lithospheric source of CF4 to the atmosphere must be roughly three to four times
larger than the Harnisch and Eisenhauer (1998) lithospheric source strength estimate,
depending on whether the preindustrial atmospheric CF4 mole fraction is taken as 34
ppt (Worton et al., 2007) or 40 ppt (Harnisch and Eisenhauer, 1998). Additionally, the

lifetime estimate of Ravishankara et al. (1993) does not include the loss of CF,4 to
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reaction with mesospheric O (Morris et al., 1995). When this loss mechanism is
combined in parallel with the loss processes proposed by Ravishankara et al. (1993), a
lower limit of 110 kyr is calculated for the preindustrial atmospheric lifetime of CF4,
increasing the likelihood that a larger weathering flux or additional lithospheric
sources are needed to balance the preindustrial atmospheric budget. Harnisch and
Eisenhauer (1998) also explored several possible release mechanisms for lithospheric
CFj4 in the laboratory, but no actual releases of lithospheric CF4have been observed in

nature.

In this study, we report the first measurements of dissolved CF; in
groundwaters, and use CF4 and SFs concentrations, together with other geochemical
constraints, to identify release mechanisms of lithospheric CF4 and SF¢ to the
atmosphere. We estimate the strengths of the weathering and deep crustal sources of
CF4 and SFs and assess their potential impact on the global geochemistry of these

gases.

4.3 Study Areas

Groundwater samples were collected in the southern region of the Mojave
Desert, California, from the Eastern Morongo Basin (EMB) and Mojave River Basin
(MRB). The Mojave Desert is a semi-arid region with low rainfall (<150 mm yr '),

low humidity, and high summer temperatures (Londquist and Martin, 1991). The
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MRB and EMB are located ~130 km and ~200 km east-northeast of Los Angeles,
respectively (Fig. 4.1).

The EMB and MRB are underlain by an impermeable crystalline basement
complex of Precambrian igneous and metamorphic rock, filled with unconsolidated to
moderately consolidated granitic alluvium of Tertiary to Tertiary-Quaternary age
derived from the surrounding mountain ranges (Riley and Worts, 1953; California
Department of Water Resources, 1967). Deposit thicknesses are greater than 1000 m
in some areas of the EMB and MRB (Riley and Worts, 1953; Subsurface Surveys,
1990).

The EMB deposits consist of an upper unit of Tertiary to Quaternary deposits
overlying a lower unit of more poorly-sorted, less-permeable, Tertiary deposits with
larger amounts of igneous and metamorphic fragments (Londquist and Martin, 1991).
Though the two units are interconnected hydrologically, waters from the lower unit
have significantly different chemistries from waters residing in the upper unit
(Londquist and Martin, 1991). The EMB wells studied here draw water from the
upper geologic unit, with the exception of well 3N/7E-32D2 and well 3N/7E-28D2,
which penetrate into the lower geologic unit.

The EMB is recharged by infiltration of runoff and streamflow from seasonal
precipitation along the eastern edge of the San Bernardino Mountains (~1.3 km above
sea level). Mean modern surface temperatures at the recharge site are ~8 °C in winter
(Engstrom, 1981). Wells sampled for this study lie within the Surprise Spring sub-

Basin (SSB), located at the center of the EMB (Fig. 4.1d). Groundwater flows from
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the northwest to the east-southeast in the SSB, entering the sub-basin from recharge
along the lower reaches of Pipes Wash to the west. In the east, the Surprise Spring
Fault acts as a barrier to groundwater flow, which resulted in natural surface discharge
at Surprise Spring prior to well field development in 1955 (Londquist and Martin,
1991).

In the Mojave River Basin, we focused our research on the much older waters
of the underlying deep regional aquifer, rather than the shallow Mojave River
Deposits, which contain modern water from infiltration during storm-flow events
along the Mojave River (Izbicki and Michel, 2004). Groundwater enters the regional
aquifer in the western part of the MRB as mountain-front recharge from infiltration of
winter stormflows and snowmelt runoff in the upper reaches of ephemeral streams on
the flanks of the San Bernardino and San Gabriel Mountains (~1.5 km above sea
level). Recharging groundwater flows radially outward from Sheep Creek to the
north-northeast (Fig. 4.1c). Recharge from direct infiltration of precipitation does not
occur away from the mountain front in the regional aquifer (Izbicki et al., 2000).
Measured groundwater temperatures for recently recharging groundwater into the
regional aquifer are ~12 °C (Kulongoski et al, 2003). Two flowpaths (Fig. 4.1c) are
studied here, extending through the regional aquifer from the recharge site to

discharge sites near the Mojave River.
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4.4 Methods

4.4.1 Sample Collection

During five expeditions between October 2000 and January 2005, we
collected samples for SF¢ and/or CF4 analyses from 14 wells in the EMB and 12 wells
in the MRB. The sampled wells were mainly production wells (24 cm or 36 cm 1.D.)
equipped with electric turbine pumps. Wells 3N/6E-16A1 and 3N/7E-19N1 in the
EMB are observation wells (10 cm [.D.) that were sampled with a mobile submersible
pump. Inactive wells were pumped for >30 min prior to sampling, to purge more than
three times the well volume in an attempt to avoid sampling stagnant water previously
in contact with modern air. Observation wells were pumped for roughly three hours,
as the flow rate of the mobile pump (roughly 10 L min") is relatively low compared
to the flow rate of the turbine pumps (around 1000 L min ') installed in production
wells. Prior to each sampling, the spigot of the well was struck repeatedly to dislodge
any air bubbles that may have been trapped on its inner walls.

Groundwater samples were flame sealed into 0.35L glass ampoules for SF,
CFC-12 (CCl,F,), CFC-11 (CCIsF), and CFC-113 (CCIF,C CIl,F) analyses (Vollmer
and Weiss, 2002). During the 2002 field study to the EMB several samples were also
collected in annealed copper tubes for dissolved He and Ne extraction and analysis

(Kulongoski, 2003; 2005).
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Groundwater samples were also collected into evacuated (<1 mTorr) 2.5 L
glass flasks for CF4, SF¢ and chlorofluorocarbon (CFC) analyses by the Medusa-
GC/MS system (described below). The glass flasks are fitted with a glass-plug o-ring
stopcock with two sidearms that permit purging of the stopcock with groundwater
prior to sample collection. One sidearm of the flask was connected to the production
well with ~1 m of 3/8” O.D. Tygon tubing that was soaked in water for 24 hours prior
to sampling to reduce bubble adhesion during sample collection. Another ~1 m
length of 3/8” O.D. Tygon tubing was connected to the second sidearm of the flask to
prevent the incursion of modern air into the stopcock during sampling. Each flask
was filled with approximately 2 L of sample, leaving roughly 0.5 L of headspace
containing exsolved gas and water vapor. Once returned to the laboratory, the flasks

were allowed to equilibrate with the controlled room temperature of ~24 °C.

4.4.2 Sample Analyses

4.4.2.1 Noble Gas and SFg Analyses

Helium and neon concentrations presented here are a subset of data published
previously by Kulongoski et al. (2003; 2005), supplemented by the 2002 EMB data.
Measurement precisions for He and Ne were determined from the reproducibility of

duplicate analyses (usually +2%). Errors in *He abundances, derived from the
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measured *He/*He ratio, principally reflected counting statistics for the *He ion beam
(£4%).

Dissolved SF¢ and CFC concentrations in ampoule samples were measured
using a purge-and-trap electron capture gas chromatography (GC/ECD) technique
described by Vollmer and Weiss (2002). The overall precision of the analyses is ~2%
as determined from 15 pairs of duplicate samples. Results are reported on the SIO-
1998 calibration scale with an estimated accuracy of 2% (Vollmer and Weiss, 2002).

Supersaturation of gases in groundwaters drawn from well 6N/4W-30N8
resulted in bubble formation and loss of exsolved gas during flame-sealing of
ampoules for GC/ECD analysis. Measured SF¢ concentrations for well 6N/4W-30N§8
by GC/ECD are thus compromised, and are excluded from the data set presented in

Table 4.1.

4.4.2.2 CF, Sample Extraction and Analysis

CF4 analysis begins by freezing the headspace gases in the sample flask into
an evacuated (<0.1 mTorr) cold finger cooled with liquid helium (T = 4 K). This
procedure was adapted from an ice core noble gas analytical protocol used by
Severinghaus et al. (2003). A 10-minute extraction was found to be sufficient to
remove >99% of the headspace of a sample.

Gases dissolved in the water in the flask are not removed by this technique,

since the time-scale of diffusion in water is long compared to the extraction period
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(e.g. the characteristic length-scale of diffusion for CF4 at 20°C is roughly 1 mm in 10
min in water (Yaws, 1995)). However, because the solubility of CF4 in water is
extremely low, ~98% of the CF4 in the sample is located in the headspace of the flask
at ambient temperatures. Multiple headspace extractions of several samples have
confirmed that ~2% of the dissolved CF4 remains in the sample after the first
extraction. Thus, analysis of CF4 in groundwater samples requires only extraction of
the headspace, with a small correction for the residual CF4 dissolved in the water
phase. We use compiled CF4 solubility data from Ashton et al. (1968), Wilhelm et al.
(1977) and Scharlin and Battino (1995) to calculate the residual dissolved CF4 for
each flask.

After sample extraction, the cold finger is removed from the liquid helium,
heated until warm to the touch, and connected in line with the “Medusa” cryotrapping
quadrupole gas chromatograph/mass spectrometer (GC/MS) system. The 80 cm long
3/8” O.D. cold finger is fitted with a 1/16” O.D. internal dip-tube, through which
ultra-high purity nitrogen is flushed to transfer the sample into the Medusa-GC/MS.
During early groundwater analyses by GC/MS (i.e. 2002 analyses and analyses for
wells 3N/6E-16A1 and 3N/7E-28D2) the extraction tube was not actively heated,
although sufficient time was usually allotted for the tube to thaw to room temperature
(30 minutes — 1 hour). However, the extraction tube may not have thawed sufficiently
for the GC/MS analysis of groundwater drawn from well 3N/7E-28D2 (thaw time of

~10 minutes), resulting in possible incomplete transfer of extraction gases, and results
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for this well by GC/MS should be consider lower limits to the measured
concentrations.

The Medusa-GC/MS was designed for the Advanced Global Atmospheric
Gases Experiment (AGAGE) network (http://agage.eas.gatech.edu) by a collaboration
of scientists from Scripps Institution of Oceanography and the University of Bristol.
The Medusa-GC/MS system measures ~40 atmospheric trace gases, including CF4,
SFe, CFC-12, CFC-11, and CFC-113. Samples introduced to the Medusa system are
cryogenically preconcentrated on a HayeSep D trap (T1) at —165 °C. The CF,, along
with some bulk air components (e.g. N», O, and CO,), is then desorbed and refocused
on a second HayeSep D microtrap (T2), followed by separation of the CF4 from the
residual bulk air on a MS-4A/HiSiv-3000 precolumn and CP-PoraBond Q capillary
column. The non-CF, analytes are subsequently desorbed from T1 and refocused on
T2, and are injected directly into the GC/MS, where they are separated on the
capillary column prior to MS detection. These separation steps greatly reduce the
amounts of more abundant atmospheric gases that would otherwise interfere with
chromatographic separation and mass spectrometric detection, including N», O,, H,O,
CO,, CHg, and the noble gases.

The detection limit for measurement of CF, by the Medusa-GC/MS is
currently 15 fmol (i.e. ~7 fmol CF,; kg ' H,O for this study), based on 3 times the
baseline noise, with instrumental precisions of + 0.2% for routine measurements of
the current atmospheric CF4 background abundance. The total estimated analytical

uncertainty associated with the measurement of CF4 by this method is + 3%, including
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a conservatively estimated uncertainty of + 1% associated with the correction for
incomplete extraction. Duplicate measurements of dissolved CF4 concentrations in

this study typically agree within 5%.

After blank correction, CF4 mole fractions in a sample are determined by
comparison to known volumes (1 L) of a whole air standard with an assigned CF4
dry-air mole fraction of 75.0 + 0.4 ppt, based on the SIO-2005 gravimetric calibration
scale (Prinn et al., 2000; C. Harth, personal communication). Standard volumes were
determined using the Medusa-GC/MS’s integrating digital mass flow controller
(Redwood Microsystems), which was calibrated using a precision quartz pressure
transducer (Paroscientific Instruments) fitted to a volume-calibrated 6 L stainless-steel
flask pressurized with dry air and immersed in a temperature-stabilizing water bath.
The volume of the 6 L flask is calibrated using the gravimetric method of Bullister

(1984).

4.5 Results

Table 4.1 lists CF4 and SFs concentration results for the EMB and the regional
aquifer of the MRB. We report measured CF,4 and SFs concentrations (X), as well as
“excess” concentrations (Xe) that are corrected for modern air and water
contamination (Xmod), air-bubble entrainment (X,) and air-water equilibration (Xeq)
during recharge, as discussed below. Reported CF, and SF¢ concentrations are

generally the mean of duplicate samples. °He, *He, and Ne, concentrations (see
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Section 4.2.2.1), distances from wells to the apparent recharge locations and
interpreted groundwater ages derived from radiocarbon ("'C) data (“groundwater
radiocarbon ages”) are also tabulated. Interpreted groundwater ages are from
Kulongoski et al. (2003; 2005) and Izbicki and Michel (2004), and are calculated
from dissolved inorganic '*C activity using the computer program NETPATH
(Plummer et al., 1991). These authors tuned the program by adjusting the reaction set
and modeled mass transfers between rock and water, minimizing the differences
between observed and calculated inorganic 8“C compositions, to account for

chemical reactions that alter inorganic *C content (Izbicki and Michel, 2004).

4.5.1 Chlorofluorocarbon-derived Contamination Estimates

Dissolved chlorofluorocarbons can be used to quantify Xpoq, the component of
measured CF4 or SF¢ that is due to modern contamination, since CFCs have not been
detected in preindustrial air (Butler et al., 1999). Measured CFC-12, CFC-11, and
CFC-113 concentrations for the EMB and MRB from GC/ECD and Medusa-GC/MS
analyses are tabulated in Electronic Annex EA-1. Most ampoule samples collected
for analysis by GC/ECD had no detectable CFC concentrations, though some had
CFC-12, CFC-11 and/or CFC-113 concentrations consistent with the addition of
between 0.03-0.12 millimoles modern air per kg H>O (i.e. roughly 0.6 —3 mL STP air

kg ' H,0). CFC-113 was undetectable for the majority of ampoule samples. Samples
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analyzed by GC/MS tend to show higher concentrations for CFC-12 and CFC-11, as
well as small amounts (<0.06 pmol kg ' H,O) of CFC-113, indicating slightly higher
modern air contributions (0.04 — 0.3 millimoles modern air per kg H,O). Some wells
in the EMB contained CFC concentrations that suggest the presence of 0.005 — 0.02
kg modern water per kg sample.

The presence of modern air in our samples probably results from introduction
of lab air during analysis, but may also originate as bubble entrainment into samples
from leaks in well plumbing. Since no significant local recharge is observed in the
Mojave Desert away from mountain-fronts (Izbicki and Michel, 2004), modern water
is likely to be residual air-equilibrated water not flushed from the borehole prior to
sampling. Contamination present in this study was not necessarily present in previous
groundwater samples collected for He and '*C analyses (Izbicki and Michel, 2004;
Kulongoski et al., 2003; 2005). CF4 corrections due to contamination are typically in
the range of 0 — 10 fmol CF, kg*1 H,O, less than 5% in most cases. SFg
measurements require a more significant correction, typically 0 — 0.5 fmol SFg kg™
H,O, or 0 — 30% of measured values. However, as shown graphically in Electronic
Annex EA-2, the agreement between SF¢ measurements by GC/ECD and GC/MS
improves significantly after correction for contamination. SF¢ concentrations used in
the following discussion are error-weighted averages of the GC/ECD and GC/MS
measurements where both are available.

Groundwaters collected from observation wells in the EMB (wells 3N/6E-

16A1 and 3N/7E-19N1) contain CFC-11 and CFC-113 concentrations in excess of
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those expected from air contamination, based on CFC-12 measurements. CFC-11 and
CFC-113 concentrations decreased in the order that samples were collected from each
well, and also decreased in the order in which boreholes were sampled, with
groundwaters from well 3N/7E-19N1 containing less CFC-11 and CFC-113 than from
well 3N/6E-16A1. These trends in CFC-11 and CFC-113 concentrations are
qualitatively consistent with degassing of CFCs from plastics, with possible sources
including nylon pump parts, Teflon tubing attached to the mobile pump, or PVC pipe
present in the boreholes (Busenberg and Plummer, 1992; Reynolds et al., 1990).
Groundwater samples from wells 3N/6E-16A1 and 3N/7E-19N1 also contain
significantly higher SF¢ concentrations than expected for their groundwater ages and
proximity to the recharge site for the EMB. In contrast, CF4 and He concentrations
for these wells are attributable almost entirely to addition during recharge, as shown
by relatively low excess concentrations and helium isotope ratios of R/R; = 1, where R
is the measured *He/*He ratio and R, is the atmospheric *He/*He ratio (Kulongoski et
al., 2005).

Measured SF¢ concentrations for wells 3N/6E-16A1 and 3N/7E-19N1 in
general follow the patterns observed for CFC-11 and CFC-113, with decreasing
concentrations in order of sample collection and increased borehole purging.
Elevated SF¢ concentrations for these wells are not the result of a modern
groundwater contaminant plume, since the transit time between the two wells is on the
order of a thousand years (see Table 4.1). Also, groundwaters drawn from wells

3N/6E-16A1 and 3N/7E-19N1 do not contain detectable amounts of tritium (Izbicki



38

and Michel, 2004), a radioactive isotope of hydrogen with a sufficiently short half-life
(12.43 years) that is expected to be present at detectable concentrations only in
recently recharged water. It also does not seem likely that elevated SF¢ concentrations
for wells 3N/6E-16A1 and 3N/7E-19N1 are the result of natural input to the EMB,
since groundwaters drawn from wells in the vicinity of 3N/7E-19N1 (e.g. wells
3N/7E-29F1 and 3N/7E-29R1) contain significantly less SF¢. The source of the
elevated SF¢ concentrations for these wells therefore originates from a source external
to the groundwater aquifer. The borehole and pump components that release CFC-11
and CFC-113 into groundwaters drawn from these wells are not thought to degas SFg
(Busenberg and Plummer, 2000), although the significant length of time between
flushing of observation wells (on the order of years) may allow a degassing source,
which is insignificant on timescales of minutes to hours, to release significant
amounts of SFe into stagnant borehole waters. Another possibility is that ambient air
in the region occasionally had elevated SF¢ mole fractions as a result of emissions
from Marine Corps military applications, nearby urban centers (Santella et al., 2003)
or high voltage switchboxes or transformers (Maiss and Brenninkmeijer, 1998), so
that observation wells which are infrequently flushed would contain stagnant water in
equilibrium with time-integrated atmospheric SF¢ mole fractions that are significantly
higher than the atmospheric background values.

Either of these sources would have a less significant impact on groundwaters
drawn from production wells, which are continuously pumped for water supply. With

the exception of well 3N/7E-28D2, we observe good agreement between GC/ECD
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and GC/MS contaminant-corrected SF¢ concentrations for groundwater samples
drawn from production wells (see Electronic Annex EA-2), confirming the lack of
significant borehole SF¢ contamination in collected samples. Groundwater samples
collected from EMB well 3N/7E-28D2 contained similar SF¢ concentrations as
groundwater drawn from wells 3N/6E-16A1 and 3N/7E-19N1. However, well 3N/7E-
28D2 draws water that does not contain detectable amounts of CFCs and that
originates in part from the lower geologic unit of the EMB. SF¢ concentrations for
this well may therefore be elevated as a result of natural subsurface phenomena, rather

than modern contamination.

4.5.2 Air-saturated water and entrained air estimates

The initial dissolved gas concentrations of recharging groundwaters are
composed of two components, i) dissolved gases resulting from air-water
equilibration at the temperature and elevation of recharge (“air-saturated water”, Xeg),
and i1) dissolved gases resulting from dissolution of trapped air bubbles near the water
table during recharge (“entrained air”, X;) (Kipfer et al., 2002). Air-saturated water
contributions to measured CF4 and SF¢ concentrations are calculated using
preindustrial atmospheric CF4; and SF¢ dry-air mole fractions and an estimated
temperature and elevation of recharge (Torgersen, 1980). Low preindustrial
atmospheric mole fractions and low solubilities lead to relatively small Xeq values for

CF,4 and SFg, on the order of 10 fmol CF4 kgf1 H,0 and 0.003 fmol SF¢ kg{l H,O.
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Entrapped-air concentrations of CF4 and SF¢ are estimated assuming complete
dissolution of air bubbles trapped during recharge. The concentration of a dissolved

gas resulting from entrapped air (“Xa”) can then be estimated from X, = Ne R,
(Kulongoski et al., 2003; 2005), where Ne, is the neon concentration from entrapped-

air (Table 1), and Ry is the ratio of the atmospheric mole fraction of the gas to the
atmospheric mole fraction of neon. For Mojave Desert groundwaters, entrapped-air
concentrations (X,) of CF4 and SF¢ are small, and are of similar magnitude to air-
saturated water concentrations for these gases (i.e. roughly 10 fmol CF4 kg™ H,O and
0.001 fmol SFs kg ™' H,0). Previous groundwater studies indicate that entrapped air is
generally fractionated with respect to atmospheric air, most likely as a result of only
partial dissolution of air bubbles trapped during recharge (Kipfer et al., 2002; Klump
et al., 2007). Soluble gases will therefore have a more significant entrapped-air
component than insoluble gases. Regardless, unfractionated entrapped-air CF4 and
SF¢ estimates in this study are not significantly different (to within 1% for CF4 and
0.01% for SF¢, on average) from entrapped-air concentrations that are estimated
assuming a degree of entrapped-air fractionation typically observed in groundwaters

(Aeschbach-Hertig et al., 2000; Klump et al., 2007).

4.5.3 Excess CF4 and SF4 concentrations

The “excess” concentration of a dissolved gas, Xey, 1s defined as X — (Xmod + Xa

+ Xeq). A positive Xey indicates the presence of an additional, non-atmospheric source.
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CF4x and SFex values are greater than zero for all Mojave Desert groundwater
samples, with the exception of wells in close proximity to the recharge sites for the
EMB and MRB. Supersaturation of CF4 and SFe with respect to the preindustrial
atmosphere suggests that discharge at springs and dry lakes and into the Mojave River

has constituted a source of these gases to the preindustrial atmosphere.

4.6 Discussion

4.6.1 Identifying Sources of Lithospheric CFs and SF¢; to Mojave Desert

Groundwaters

The spatial patterns of excess CF4 and SF¢ in Mojave Desert groundwaters, as
well as their correlations with other dissolved species and groundwater residence
times, may be used to identify and characterize subsurface sources of these gases.
Loss processes for SF¢ are probably insignificant in Mojave Desert groundwaters, as
SFe is thought to be insensitive to biodegradation or sorption onto aquifer material
(Busenberg and Plummer, 2000; Wilson and Mackay, 1996). CF, is chemically inert,
and has a similar size, mass and solubility to SF¢, and it is reasonable to assume that
CF, is insensitive to these loss processes as well. Excess CF4 and SF¢ concentrations,
when plotted versus estimated groundwater radiocarbon age (Fig. 4.2), show different

trends for the EMB and the MRB.
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Figure 4.2 “Excess” CF, and SFy (i.e. concentrations with atmospheric contributions
removed) plotted against groundwater '*C ages from Izbicki and Michel (2004) and
Kulongoski et al. (2003; 2005). Both gases show a gradual, regional increase with water
mass age in the Mojave River Basin. CF, results at 28.5 and 38.5 kyr are off-scale at roughly
14 and 31 — 39 pmol kg ' H,0, respectively. Significant deviations from the observed
regional trends are associated with local fault systems (see Fig. 4.3).

In the MRB, CF, and SF¢ gradually accumulate with increasing groundwater
age, providing evidence for a regional source of CF4 and SFg to the aquifer. Given the
similar hydrogeology of the MRB and EMB, we expect a corresponding enrichment
of CF4 and SF¢ in EMB groundwaters with time, but this is not expressed as clearly in
EMB groundwater samples. This may be explained by the disruption of groundwater

flow by two inactive faults along the EMB flowpath (Fig. 4.3).
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Figure 4.3 “Excess” CF, and SF¢ (i.e. concentrations with atmospheric contributions
removed) plotted against approximate distance from the recharge sites for the Eastern
Morongo Basin (EMB) and Mojave River Basin (MRB). Vertical lines denote the
approximate distance where two inferred faults (dashed lines) and the Shadow Mountain fault
(solid line) transect the study flowpaths in the EMB and MRB, respectively. Large changes
in CF4 in the proximity of faults in both basins and in SF¢ for the EMB are shown.

A fault transecting the MRB also appears to influence CF4 concentrations,
with waters sampled down-flow of the Shadow Mountain fault in the MRB containing
elevated CF4 concentrations, in excess of those expected solely from the observed

regional input. Interestingly, SFs concentrations down-flow of the Shadow Mountain



44

fault do not appear to be enhanced in a similar manner to CF4 concentrations in this
region.

Harnisch and Eisenhauer (1998) proposed that lithospheric CF4 and SF¢ are
released to the atmosphere by weathering of fluorite minerals present in the
continental crust. Since large fluorite veins are not found in the study region (Wright
et al., 1953), the probable source of lithospheric CF4 and SF¢ to Mojave Desert
groundwaters is accessory fluorites contained in granitic rock. Another common
fluorine-rich mineral in Mojave Desert alluvium is apatite (J. Izbicki, personal
communication), but its CF4 and SF¢ contents are currently unknown. The molar
CF4/SF¢ source ratio for the regional increases in CF4 and SFg is 150 + 60, as derived
from the increase in CF4 and SF¢ concentrations with increasing groundwater age
(Fig. 4.2). This is consistent with the range of 10 — 150 for molar CF4/SF ratios
measured in fluids extracted from granitic rocks (Harnisch and Eisenhauer, 1998;

Harnisch et al., 2000).

4.6.1.1 Diffusive loss of CF, and SFs from Mojave Desert alluvium

Potential release mechanisms for CF4 and SFg trapped in granitic rock include
diffusive loss, release during mineral breakdown/alteration, and a crustal flux through
the underlying basement (Ballentine and Burnard, 2002; Kulongoski et al., 2003;
2005). The diffusivities of CF4 and SFg in granite under the conditions of the upper
continental crust (T<150°C) are unknown. Kinetic theory predicts that the ratio of the

diffusivities of two gases will be proportional to the ratios of the inverse-square-roots
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of their molecular masses and inverse-squared atomic/molecular radii (Bird et al.,
1960). The diffusivities of CF4 and SF¢ can be estimated by analogy to gases whose
crustal diffusivities have previously been studied. For example, the upper limit for

2 -1
S€C

the diffusivity of Ar under upper crustal conditions is less than 10 cm
(McDougall and Harrison, 1988). Using their respective masses of 40, 88 and 146 g
mol™ and atomic/molecular radii of 1.9 A, 2.33 A and 2.55 A for Ar, CF4 and SFq,
respectively (Birnbaum and Cohen, 1976; Ozima and Podosek, 1983; Wilson and
Mackay, 1996), the diffusivities of CF4 and SF¢ in the upper crust are estimated to be

<4 x 107 em® sec™ and <3 x 1072° cm?® sec', respectively. The fraction of a gas lost

from a spherical grain due to diffusive loss can then be estimated from:
]
= 6 | (z°Dt % 3 | (#’Dt
By =) e (4.1

where D is the diffusivity of the gas, t is time, and a is the effective grain size (Musset
1969). For coarse sand (a = 0.75 mm), the age of Mojave Desert deposits (t < 7Myr),
and the estimated diffusivities for CF4 and SF¢, Fp is <0.008 percent for CF, and
<0.006 percent for SFs. We calculate average CF,4 and SF¢ mass contents for granitic
rock of 40 ppt and 7 ppt from the combined data sets of Harnisch and Eisenhauer
(1998) and Harnisch et al. (2000). The fraction of CF4 and SF¢ lost from 7 Myr old
Mojave Desert deposits should then be less than 36 fmol CF, kg ™' granite and less

than 2.9 fmol SFs kg ' granite. Assuming a porosity of 0.2 — 0.3 for Mojave Desert
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deposits and a density of 2.8 kg/L. for the granitic deposits (Kulongoski et al., 2003;
2005), these fluxes would result in an ubiquitous increase in Mojave Desert
groundwaters of <0.07 fmol CF, kg ' H,O kyr ' and <0.006 fmol SF¢ kg™ H,O kyr .
Diffusive release of CF4 and SF¢ from the aquifer material is therefore expected to be
significantly smaller than the observed input of these gases to the MRB, and another
source of these gases is needed to account for their observed regional enhancement in

Mojave Desert groundwaters.

4.6.1.2 Release of CF4 and SFg from weathering of Mojave Desert alluvium

Izbicki and Michel (2004) estimate a weathering rate for granitic alluvium in
the MRB of 0.005 - 0.01 g rock kg ' H,O kyr'. Assuming an average CF4 content of
40 ppt by mass for granites (Harnisch and Eisenhauer, 1998; Harnisch et al., 2000),
the release rate of CF4 expected to be associated with weathering of Mojave Desert
deposits would be 2.3 — 4.5 fmol CF,4 kg ' H,O kyr ', which is of similar magnitude to
the regional increase rate observed in the MRB, 5.5 (+ 1) fmol CF4 kg™' H,0 kyr .
From the combined data sets of Harnisch and Eisenhauer (1998) and Harnisch et al.
(2000) we calculate an average CF4/SF¢ molar ratio of 56 for granite samples where
both gases were above detection limits. The expected weathering input of SFs would
then be 0.04 — 0.08 fmol SFg kg{l H,O kyr’], which is on average larger, but still
consistent with the observed regional increase in SF¢ in the MRB, 0.034 (= 0.01) fmol
SFs kg ' H,O kyr . The estimated weathering flux may indeed be larger than the

actual weathering flux, given that 10 out of 17 granite samples analyzed by Harnisch
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and coauthors had SFs contents below their detection limit. Regardless, the general
agreement between observed regional CF4 and SF¢ enrichment rates and CF4 and SFg
release estimates based on chemical modeling of water-rock interactions suggest that
weathering of granitic rock is a significant mechanism for release of lithospheric CF4
and SF¢ into Mojave Desert groundwaters.

Another possible source for lithospheric CF4 and SFs is carbonate sediments,
since the majority (>75%) of fluorine-bearing minerals in carbonate sediments are
fluorite (Koritnig, 1951), and since previous measurements in groundwaters drawn
from carbonate aquifers have shown elevated dissolved SF¢ concentrations
(Busenberg and Plummer, 2000). However, the carbonate content of Mojave Desert
deposits in the study area is low (Izbicki and Michel, 2004), and saturation indices
calculated for carbonate in studied groundwaters are positive, indicating that
precipitation, not dissolution, of carbonates in Mojave Desert groundwaters is favored
(Izbicki and Michel, 2004). It therefore seems unlikely that weathering of carbonates

is a significant source of CF4 and SF¢ to groundwaters in this study.

4.6.1.3 Basal fluxes of CF, and SF into study aquifers

It is also possible that the observed CF4 and SF¢ concentrations in the Mojave

Desert are in part attributable to a diffusive and/or advective crustal flux of these

gases entering the aquifer through the underlying basement. In analogy to the release
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of helium from the continental crust, the relationship between groundwater age and

excess CF4 or SF¢ should be (from Stute et al., 1992):

X ex
A N 4.2)
O +W
Pz, p

where 7 is the groundwater age (in years), Jo is the crustal flux entering the aquifer
from depth (in fmol X cm ™ yr'"), ¢ is the effective aquifer porosity, zo is the depth (in
meters) at which the crustal flux enters the aquifer, p is the density of water, and W
is the “in situ” (i.e. weathering) release rate of X (in fmol X kg ' H,O yr'). Values of
zo are calculated as the distance between the midpoint of borehole perforations and
the contact with the basement (Kulongoski et al., 2003; 2005). For CF4, we use the
weathering release rate estimated from the chemical modeling work of Izbicki and

Michel (2004), W = 2.3 — 4.5 fmol CF,4 kg' H,O kyr'. Using groundwater

radiocarbon ages, crustal CF, fluxes for each study region can then be estimated from
Equation 4.2. The results are presented in Table 4.1 and are displayed in Fig. 4.4.

The smallest crustal fluxes of CF4 (J¢g ) observed in this study are associated

with MRB groundwaters up-flow of the Shadow Mountain fault and with young
groundwaters in the EMB (0.01 — 0.2 fmol CF4 cm ™ yr '), with an average crustal
CF4 flux of 0.07 fmol CF4 cm> yrﬁl. This is consistent with the interpretation of the

helium basal flux in the MRB (Kulongoski et al., 2003) and elsewhere (Stute et al.,
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1992; Torgersen and Clarke, 1985), which suggests that relatively young

groundwaters are dominated by in situ production/release.
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Creek
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Wash San Andreas
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EMB  Fau \| [MRB .
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Figure 4.4 The estimated flux of CF, entering the Eastern Morongo Basin (EMB) and
Mojave River Basin (MRB) through the underlying crystalline basement. The concentrations
of CF, in young EMB groundwaters and MRB groundwaters located up-flow of the Shadow
Mountain are dominated by in situ releases associated with granitic weathering, with
relatively small estimated crustal CF, input. A more significant crustal CF, flux is observed in
the southeast region of the EMB study area, where the shoaling basement results in
groundwater being drawn from closer proximity to the basal CF4 flux. An enhanced CF,
crustal flux down-flow of the Shadow Mountain fault is associated with fluids advecting
vertically through the fault.

The average crustal CF,4 flux observed in older EMB groundwaters is roughly
an order of magnitude higher, 0.7 fmol CF; cm ™ yr', with crustal CF4 fluxes in
individual wells ranging between 0.3 and 1 fmol CF4 cm ™ yr'. Basal helium fluxes

observed in older waters in the Surprise Spring sub-Basin (SSB) of the EMB are also
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roughly an order of magnitude higher than MRB crustal fluxes (Kulongoski et al.,
2005). Groundwaters in the EMB may contain a greater proportion of CF4 from a
basal flux because the basement shoals in the southeast of the SSB (see Fig. 2 in
Kulongoski et al., 2005), driving deep groundwater toward the surface. Restriction of
horizontal fluid-flow across inactive faults internal to the SSB results in pooling of
groundwater up-flow of the faults, which also contributes to the mixing of older, deep
groundwaters from the lower geologic unit with groundwaters from the upper
geologic unit.

Groundwaters drawn from wells down-flow of the Shadow Mountain fault
show a crustal flux almost two orders of magnitude higher than other MRB
groundwaters (roughly 4 fmol CF4 cm 2 yr ). Kulongoski et al. (2003) also observed
a two order of magnitude enhancement in the crustal helium flux down-flow of the
Shadow Mountain fault. Implications of this enhanced crustal CF, flux associated
with the Shadow Mountain fault are discussed in the following section. The
consistency between crustal helium and CF, fluxes indicates that a basal flux of CF4,
when combined with in situ release of CF4 from weathering of granites, is sufficient
to satisfy the magnitude and variability of observed dissolved CF4 concentrations in
Mojave Desert groundwaters.

Equation 4.2 cannot be used directly to estimate crustal SF¢ fluxes into the
MRB and EMB, since the SF¢ weathering flux estimated from the SF¢ content of
granites (Harnisch and Eisenhauer, 1998; Harnisch et al., 2000) and the chemical

modeling work of Izbicki and Michel (2004) overestimates the weathering input into
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Mojave Desert groundwaters due to its bias toward high SFe content in granites (i.e.
granites with SF¢ above detection limits). Since Mojave Desert alluvium is derived
from nearby mountains with similar lithology to the underlying basement, we can
assume that the CF4/SF¢ molar weathering ratio is equal to the molar crustal flux ratio

(le. Wee, /VVSF6 =Jer, / Jsr, ). Rearranging this equation and substituting into
Equation 4.2 to replace W results in an equation that can be solved for Jg using

groundwater radiocarbon ages (7 ), calculated excess SF¢ concentrations (SFeex), CF4

weathering release rates (W, ) calculated from the modeling work of Izbicki and

Michel (2004), and crustal CF, fluxes (Jg, ) calculated from Equation 4.2:

SFGeX
Jo = L 4.3)
SF, ) Wca
+
pz,p J CF,

The aquifer porosity (¢ ), density of water (p) and depth-to-basement (zy)
values are the same as those used in Equation 4.2. Once crustal fluxes of Jg. are

calculated from Equation 4.3, the weathering release rate of SF¢ can be calculated

from Wy = (\NCF4 xJge )/ Jer, - Values of Wy for the EMB and MRB groundwaters

range from 0.01 — 0.02 fmol SFs kg™' H,O kyr ', on average slightly less than half the

total observed regional increase in SF¢ with groundwater age.
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Figure 4.5 The estimated flux of SF4 entering the Eastern Morongo Basin (EMB) and Mojave
River Basin (MRB) through the underlying crystalline basement. The concentrations of SFg in
young EMB groundwaters and MRB groundwaters located up-flow of the Shadow Mountain
are dominated by in situ releases associated with granitic weathering, with relatively small
estimated crustal SFs input. A more significant crustal SFs flux is observed in the southeast
region of the EMB study area, where the shoaling basement results in groundwater being
drawn from closer to the basal SF¢ flux. In contrast to CF,4 (Figure 4.4), the crustal SF¢ flux is
not enhanced down-flow of the Shadow Mountain fault.

For most Mojave Desert groundwaters, average crustal SFs flux estimates
derived from groundwater radiocarbon ages show similar regional variability as the
corresponding crustal fluxes of CF4 and He (Figure 4.5). The crustal SF¢ flux for
groundwaters in the MRB and young groundwaters in the EMB is small (0.0002 —
0.001 fmol SF¢ cm 2 yrfl), with an average crustal SF¢ flux of 0.0006 fmol SFe cm 2
yr . Older groundwaters in the EMB show an average crustal SFg flux of 0.002 fmol

SFs cm 2 yr ', with a range of 0.001 — 0.003 fmol SFs cm > yr . In contrast to crustal
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CF,4 and He fluxes, the crustal SF¢ flux does not increase across the Shadow Mountain

fault.

4.6.2 Tectonic influences on dissolved CF4 and SF¢ in Mojave Desert

groundwaters

In order to explain large increases in *He and *He concentrations down-flow of
active faults in the southern Mojave, Kulongoski et al. (2003; 2005) suggest that
faulting associated with extensional tectonics allows for the upward transport of
mantle volatiles through the continental crust. In this scenario, faults in the Mojave
Desert either directly tap mantle volatiles by penetrating completely through the
thinned crust, or indirectly collect mantle fluids through a connection to a mid-crustal
décollement (Kulongoski et al., 2005). Episodic hydrofracturing events associated
with tectonic activity along these faults increase local permeability, facilitating the
upward movement of fluids and volatiles (Nur and Walder, 1990; Torgersen and
O’Donnell, 1991). These fracturing events also release *He-rich fluids from the
nearby crust, which are then entrained into the rising mantle fluids (Torgersen and
O’Donnell, 1991; Kulongoski et al., 2005). CF4 concentrations support the assertion
that hydrofracture associated with tectonic activity controls transport of fluids and
volatiles into Mojave Desert groundwaters, as CF,4 concentrations rise dramatically
down-flow of an active fault in the study region (the Shadow Mountain fault) but

show no corresponding change down-flow of 2 inactive faults in the EMB.
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There are two possible sources for the elevated CF4 concentrations that we
observe down-flow of active faults in the Mojave Desert: mantle fluids transported
through the fault, or crustal fluids that are released by episodic fracturing events and
entrained into the rising mantle fluid. To help identify this source, we analyzed
several samples for CF4 that were collected from two hot springs in Yellowstone
National Park, which had *He/*He isotope ratios ~16 times atmospheric (Craig et al.,
1978). CF4 was consistently below detection limit. These springs (Black Dragon’s
Cauldron and Sizzling Basin) best represent a pure mantle source of helium in
Yellowstone National Park (R. Poreda, personal communication). That CF4 was not
detected in these samples, or in previously collected volcanic gases (Frische et al.,
2006; Jordan et al., 2000), provides evidence against a mantle source of CFj.
Therefore, crustal fluids released during tectonic fracture events are the most likely
source of lithospheric CF4 to groundwaters collected down-flow of the Shadow
Mountain fault.

Given that CF4 and SFs in other regions of the Mojave Desert appeared to be
derived from a mutual granitic source, we would expect a correspondingly enhanced
crustal SF¢ flux through the Shadow Mountain fault. However, SF¢ concentrations
down-flow of the Shadow Mountain fault require a crustal SFe flux of similar
magnitude to groundwaters in other areas of the MRB (see Fig. 4.5 or section 4.6.1.3).
Diffusive fractionation associated with degassing during hydrofracture events should
be small, given the similar expected diffusivities of CF4 and SF¢ in granite (see

Section 4.6.1.1). We propose two possible explanations for the lack of SF¢ in fault
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fluids rising through the Shadow Mountain fault. As we mentioned previously, SFs is
not always present above detection limits in granite samples where CF4 is detectable,
and the source rock for CF, in upwelling fault fluids may be relatively poor in SF
with respect to the granitic alluvium and directly underlying basement. Alternatively,
SF¢ in fault fluids may be removed through thermal decomposition, as SF¢ has been
observed to decompose in the presence of alkali metals at temperatures as low as
200°C and in the presence of quartz at temperatures >700°C (Padma and Vasudeva
Murthy, 1975), while CF4 is effectively inert up to temperatures of around 2000°C
(GaBman, 1974). With a typical geothermal gradient in southern California being
between 25 — 35 °C per km depth (Wright, 1991), a temperature of 200 - 700°C would
correspond to depths of 5 — 27 km (i.e. depths ranging the thickness of the underlying
crust (Kohler and Davis, 1997)). Depending on the extent to which faults in the
Mojave Desert penetrate the crust, it may be possible that SFe is thermally destroyed

in upwelling fluids before they encounter MRB groundwaters.

4.6.3 Atmospheric Implications

For a steady-state atmosphere, the lifetime of a gas, 1, will equal the ratio

between M, the amount of trace gas present in the atmosphere, and P, the rate at

which it enters into or is produced in the atmosphere. The ratio of lifetimes for two
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gases, rearranged to solve for the input ratio, P,/Py, gives:

X - (4.4)

For preindustrial atmospheric mole fractions of <6.4 ppq SF¢ and 34 £+ 1 ppt
CF4, and lifetimes in the range of 0.8 — 3.2 kyr for SF¢ and 110 — 1700 kyr for CF4,
Equation 4.4 gives a range of potential SF¢/CF4 molar input ratios of 0 — 0.4. Our
observed input ratio of SF¢ to CFs in Mojave Desert groundwaters

(1 / (150+60) =0.007 £0.003 mol SFs mol ~ ! CF,) is therefore consistent with the

input ratio required to maintain the preindustrial atmospheric ratio of these gases. The
ratio of SF¢ to CF4 increase in Mojave Desert groundwater thus provides evidence of
a connection between lithospheric CF4 and SF¢ present in granitic rocks and the
preindustrial atmospheric abundances of these gases.

Due to the local nature of this study, it is not clear whether CF4 and SF¢
enrichments observed in Mojave Desert groundwaters are representative of their
global lithospheric fluxes. Nevertheless, we estimate global lithospheric CF4 and SF¢
fluxes based on these results to illustrate the potential influence crustal degassing

mechanisms may have on the preindustrial atmospheric abundances of CF4 and SFs.
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4.6.3.1 Release by Weathering

There is no a priori reason to assume that the weathering rate of granitic
deposits in the Mojave Desert reflects the global average weathering of granitic rock.
A weathering estimate from the Mojave Desert would likely underestimate
weathering rates for granites at the Earth’s surface, since surficial weathering of rock
typically occurs at a faster rate than groundwater-rock interaction (Berner and Berner,
1996). It is probably more reasonable to adopt the global CF, and SFs weathering flux
estimates of Harnisch and Eisenhauer (1998), 100 — 1000 kg yr ' and 6 — 60 kg yr ™,
respectively, which are based on total loss of crustal material and rely on data from a
wider spatial sampling of the crust. However, Harnisch and Eisenhauer (1998)
assumed that the removal rate of granitic material from the continental crust is the
same as that for the entire crust, which may overestimate the resulting CF4 and SFg
fluxes because granitic rocks are especially resistant to weathering processes

(Meybeck, 1987; Amiotte-Suchet et al., 2003).

4.6.3.2 Crustal flux of CF4 and SFg

Noble gas geochemical studies indicate that crustal degassing is controlled by
regional tectonic events, such as orogeny and crustal extension (Ballentine and
Burnard, 2002). To maintain a steady-state atmospheric helium abundance, the crustal
degassing of *He must be roughly equivalent to its radiogenic production from crustal

U- and Th-series nuclides (Torgersen, 1989; Torgersen and Clarke, 1985). The
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relation between average crustal CF4, SF¢ and *He fluxes in the Mojave Desert, a
region of active crustal extension, might therefore be used to estimate a degassing flux
of CF4 and SF¢ from the crust.

*He degassing estimates for the whole crust (e.g., O’Nions and Oxburgh,
1983) include U- and Th-containing rocks that may not contain significant CF4 or SF
(Busenberg and Plummer, 2000; Harnisch and Eisenhauer, 1998; Harnisch et al.,
2000). Assuming that the degassing rate of *He from granitic rocks is equivalent to its
radiogenic production rate, an estimated mass of known CF4-containing granitic rocks
(i.e. granites, granodiorites and gneisses) in the continental crust of 7.34 x 10% g
(Ronov and Yaroshevsky, 1969), and average U and Th contents in granitic rock of
4.0 ppm and 15 ppm, respectively (Li, 2000), we calculate a global *“He production
rate (Ballentine and Burnard, 2002) of 3.0 x 10® mol per year from these rock types.
Average CF,/*He molar crustal flux ratios for the Mojave Desert range from 3 x 107
to 1.5 x 107*, while average SF¢/*He molar crustal flux ratios range from 1.5 x 107 to
4.5 x 107", From these ratios we calculate ranges of tectonically driven global crustal
CF, and SFg degassing rates of 800 — 4 000 kg yr ' and 7 — 20 kg yr ', respectively.
These are of comparable magnitude to the weathering release rates of 100 — 1000 kg
CF,yr ' and 6 — 60 kg SFs yr ' estimated by Harnisch and Eisenhauer (1998).

Combining the crustal flux estimates with the estimated weathering flux of
Harnisch and Eisenhauer (1998) results in a total lithospheric CF4 and SF¢ flux to the
atmosphere of (0.9 — 5) x 10’ kg CF,yr ' and 13 — 80 kg SFs yr '. For a CF, source

of (0.9 — 5) x 10° kg CF4 yr' to sustain a steady-state preindustrial atmospheric CF,
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abundance of 34 + 1 ppt CF4, the preindustrial atmospheric CF4 lifetime would need
to be between 100 — 620 kyr. Though our flux extrapolation has large uncertainties
due to limited geographic sampling and broad assumptions regarding global CF4/*He
flux ratios, the range of CF, lifetimes we obtain is nevertheless in good agreement
with the range of 110 — 1700 kyr for the preindustrial atmospheric CF, lifetime, based
on its expected atmospheric loss processes (Morris et al., 1995; Ravishankara et al.,
1993).

Since the atmospheric lifetime of SFe is relatively well known, the total
lithospheric SF¢ release rate may instead be used to estimate the preindustrial
atmospheric SF¢ abundance. A crustal degassing flux of 13 — 80 kg SFe yr ' would
sustain an atmospheric abundance of 0.40 — 9.8 ppq, assuming an estimated
atmospheric SF¢ lifetime in the range of 800 — 3200 years. This range is consistent
with the upper limit of 6.4 ppq SF¢ for the preindustrial atmosphere measured by
Vollmer and Weiss (2000).

Though global lithospheric CF4 and SF¢ flux estimates presented in this study
are based on a small region of the continental crust, they agree well with global source
strength estimates based on atmospheric lifetime (Morris et al., 1995; Ravishankara et
al., 1993) and preindustrial atmospheric abundance (Harnisch et al., 1996a; Vollmer
and Weiss, 2000) constraints. These estimates could be strengthened by further work
on continental groundwaters, particularly in other areas of crustal extension, as well as
in carbonate aquifers and groundwaters where SF¢ concentrations have been found to

be significantly enhanced over air-water equilibrium concentrations (Busenberg and
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Plummer, 2000). Although Harnisch and coauthors did not find detectable amounts of
CF,4 and SFg in basaltic rocks (Harnisch and Eisenhauer, 1998; Harnisch et al., 2000),
it would also be helpful to test for lithospheric CF4 and SF¢ fluxes from oceanic crust
and sediments, or from hydrothermal sources such as mid-ocean ridges. A study of
CF4/He and SF¢/He molar ratios in the fluid inclusions of granitic rocks could test the
assumption of constant molar ratios inherent in our crustal flux estimates. Clearly,
more work is needed to improve our understanding of the natural geochemistries of

CF, and SFs.

4.7 Conclusion

Nearly all the groundwaters collected in this study contain dissolved CF4 and
SF¢ in excess of the concentrations expected from atmospheric solubility at their
recharge conditions, providing evidence for a lithospheric source of perfluorinated
gases. Groundwaters from the Mojave River Basin show a regional enhancement in
dissolved CF4 and SF¢ concentrations with increasing water mass age, which is
consistent with the release of these gases during weathering of the surrounding
granitic alluvium. The variability and magnitude of measured excess CF4 and SFg
concentrations also require a contribution from a crustal flux of CF4 and SF¢ that
enters the Mojave River Basin and nearby Eastern Morongo Basin through the
underlying crystalline basement. Groundwaters sampled down-flow of the Shadow

Mountain fault in the Mojave River Basin also contain an enhanced crustal flux
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component of CF4, coincident with an enhanced crustal flux of *He, but not
accompanied by an increase in the crustal SF¢ flux. This enhanced crustal CF4 flux is
consistent with release during tectonically driven fracturing of the continental crust.
If the crustal degassing fluxes we observe in Mojave Desert groundwaters are
extrapolated to the global scale they can explain, albeit with large uncertainties, the

preindustrial atmospheric abundances of CF4 and SF¢
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4.11 Appendix

This appendix was written subsequent to publication, for further clarification
of the continental crustal flux of CF4 and SF¢ to the atmosphere. In this chapter I
propose that there is a crustal flux of CF4 and SF¢ entering the groundwater basins
through the underlying basement, and demonstrate that the regional variability in the
estimated crustal CF4 and SF¢ fluxes would be consistent with the corresponding
variability in crustal helium fluxes (see Section 4.6.1.3). A potential weakness in the
argument presented herein is the initial assumption that a crustal flux of CF4 and SFg
does indeed exist. A more rigorous approach would be to statistically link excess CF4
and SFs with crustal helium entering Mojave Desert groundwaters from depth.

To begin, I consider whether water-rock interactions are responsible, within
uncertainty, for the total accumulation of lithospheric CF4 and SF¢ in Mojave Desert
groundwaters. To do this I take the extreme case of setting the weathering fluxes of
CF4 and SFg to their maximum value presented in Sections 4.6.1.2 and 4.6.1.3, 4.5
fmol CF4 kgﬁ1 H,O kyf1 and 0.02 fmol SFs kgﬁ1 H,O kyrfl, and estimate the residual
CF4 or SF concentration not accounted for by weathering (Xg). Xg can be estimated

from X=X, —W, x7, where X is the excess concentration, W is the weathering

flux, and t is the water mass (radiocarbon) age. A value of Xy that is smaller than its
uncertainty would indicate that only a weathering flux is necessary to accumulate the

measured concentration of the gas. There are no significant residual CF4 and SFe

concentrations for wells SN/7W-24D3, 5SN/5W-18Q1, SN/5W-35P1, SN/5W-35J1 and
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4N/5W-1C1 in the regional aquifer of the Mojave River Basin. The remaining
groundwaters presented in Chapter 4 contain significant residual concentrations of CF4
and SFg, indicating that an additional source of lithospheric CF4 and SF¢ is necessary
to account for their observed concentrations in collected groundwaters. As stated in
Section 4.6.1.3, this is consistent with noble gas studies that indicate that accumulation
of lithospheric gases in young groundwaters is dominated by in-situ production or
release (Stute et al., 1992; Kulongoski et al., 2003; 2005).

The residual excesses of CF4 and SF¢ for Mojave Desert groundwaters are
plotted versus the deep crustal component of measured “He concentrations in Figure
4.6. There is a strong correlation (r = 0.99) between CF, residuals and deeply-sourced
*He, providing supporting statistical evidence for a crustal flux of lithospheric CF4
entering Mojave Desert groundwaters through the underlying basement. This also
provides further evidence that crustal degassing is driven by advection of gases
associated with fluid flow through the crust (Kulongoski et al., 2005).

There is no correlation between SF; residuals and deep “He. However, it may
be premature to dismiss a crustal SF¢ flux, given that the residuals in CF4 and SFe
correlate well (r = 0.88), and that the only weathering flux estimate available for SFg is
derived with the assumption of a crustal flux of SF¢ possibly making it inappropriate
for this consideration. Combined measurements of SF¢ concentrations in groundwaters
and in the surrounding aquifer material would provide a better understanding of the

weathering flux of SFs, and improve our understanding of its crustal degassing.
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Alternatively, a groundwater study in a non-granitic aquifer, preferably in a region of

tectonic activity, could test for the presence of crustal SFe fluxes as well.

1.E+05 - 1.E+01 -
r=0.987
$ r =-0.04

o) o) ° o

< 1.E+04 < o T °
- < [ J

2 2 * °

© S

£ o £
£ 1.E+03 4 o £ 1.E+00 4

< [ ) ©

L @ L
o 7] ()

E S

- 1.E+02 = i

& ] ° §

(14 ° [ J

Wee, = 4.5 fmol kg™ H,0 kyr” Wi = 0.02 fmol kg™ H,0 kyr™
1.E+01 T T 1 1E'01 v v L]
1.E-01 1.E+01 1.E+03 1.E+05 1E-01 1.E+00 1.E+01  1.E+02
Deep Crustal He (nmol kg™ H,0) Deep Crustal He (nmol kg™ H,0)

Figure 4.6 Residual excesses of CF, and SF¢ in Mojave Desert groundwaters, after removal of
contributions from release during weathering of aquifer material, plotted against the deep crustal
component of measured *He concentrations. A strong correlation between the residual excesses of CF,
and deep *He indicates that the external source of CF, to Mojave Desert groundwaters is a crustal
degassing flux migrating through the underlying basement. No corresponding correlation between SFg
and deep-sourced *He is observed, possibly a result of a bias in the estimated weathering flux of SF.



Chapter 5

Dissolved CF,4 and SF concentrations in the Big
Bear Lake Watershed

5.1 Introduction

In the fall of 2005, I returned to the southern Mojave to collect groundwaters
from the Big Bear Lake Watershed (BBLW) for dissolved CF4 and SF¢ analyses. The
BBLW is located on the northern face of the San Bernardino Mountains to the
south/southwest of the Mojave River Basin (MRB) and Eastern Morongo Basin
(EMB) discussed in Chapter 4 (Fig. 5.1). Average daily temperatures range from
around 18 °C in the summer to around 3 °C in the winter. The average annual
precipitation in the Big Bear Valley ranges from 580 to 740 mm yr ' (California
Department of Water Resources, 2003).

The aquifer is comprised of Cenozoic alluvium overlying a pre-Tertiary
crystalline basement that also forms the surrounding mountains (Flint et al., 2008).
The basement rocks are composed of large granitic bodies, metamorphosed
sedimentary rock, and gneiss (Miller, 2004). The alluvium consists of Tertiary

deposits directly overlying the basement rocks, and older and younger Quaternary

71
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deposits that overly both the Tertiary deposits and basement rocks throughout much
of the basin (GeoScience Support Services, Inc., 2003). The deposits are relatively

thin, with thicknesses of less than 300 meters in most places (Flint et al., 2008).

5 Kilomatars

Figure 5.1 Topographic map of the Big Bear Lake Watershed study area, with well locations
shown. Well names are the last four digits of the respective USGS well identifications
presented in Table 5.1 (e.g. 12H1 for well 2N/1E-12H1). White lines indicate the location of
known fault zones. The insert shows the location of the study area (gray dot) with respect to
California and the Mojave Desert.

The older Quaternary deposits are considered the major water-bearing deposits
of the aquifer (Flint et al., 2008), and are composed of interbedded layers of coarse

sand, gravel and clay. Given the similar lithology of the BBLW and MRB/EMB
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alluvium, the BBLW is a suitable location to test the weathering and basal flux

mechanisms proposed in Chapter 4 for crustal degassing of lithospheric CF4 and SFe.

5.2 Methods

Groundwater samples for CF4 and SF¢ analyses were collected in Fall 2005
from eight wells in the Big Bear Lake Watershed. Wells were sampled in an identical
manner to those studied in the Mojave River Basin and Eastern Morongo Basin (see
Chapter 4 for details). Dissolved gases were extracted and analyzed by Medusa-
GC/MS, as detailed in Chapter 3 and 4 (or see Miller et al., 2008). Precision of
dissolved CF4 and SF¢ measurement were estimated at £3%. The reproducibility of
duplicate CF4 and SF¢ measurements in this study was typically in the range of 2 — 4
%, consistent with the estimated precisions. The Medusa-GC/MS also measures a
wide variety of halogenated gases, including CFC-12 (CCLF;), CFC-11 (CCI3F),
CFC-113 (CCl,FCCIF,), CFC-13 (CCIF;), Halon 1301 (CBrFs) and Halon 1211
(CCIBrF,). The precision of measurement of CFC-12, CFC-11 and CFC-113 were
also estimated at £3%. The precision of measurement for CFC-13, Halon-1301 and
Halon-1211 were poorer due to low signal-to-noise ratios, with precision estimates of

+5% for Halon-1211 and £10% for CFC-13 and Halon-1301.
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5.3 Results

Dissolved CF4 and SF¢ concentrations for groundwaters in the Big Bear Lake
Watershed are presented in Table 5.1, as well as helium isotope, fluoride and tritium
concentrations, the hydrogen and oxygen isotopic composition of collected

groundwaters, and radiocarbon water mass ages (http://waterdata.usgs.gov/nwis; Flint

et al., 2008).

Table 5.1 Radiocarbon water mass ages, helium isotope, tritium (in tritium units, 1 TU = 3.19
pCi kg™ H,0), CF, and SF; concentrations, and the hydrogen and oxygen isotope composition
of water in groundwaters drawn from wells in the Big Bear Lake Watershed.

14
C 4 3 18 3 -
Well age Heex H SD 6 O He CF4 SF6 F
Identification
years k;{“ﬁ’i o TU %o fmol kg H,O mg L
2N/2E-2N1 — 0 — — — 0.03 400 14.5 —
2N/2E-30D1 - 0 - - - 0 19.1 1.26 -
2N/2E-20R1 1849 0 0.60 -80.6 -11.57 0 28.1 0.82 0.1
2N/1E-12Q2 3749 106 0.16 -94.4 -12.93 8.4 102000 3.01 7.5
2N/1E-19H1 4328 2.7 0.06 -81.5 -11.61 0 326 1.09 0.2
109000 34
2N/1E-12Q3 6074 325 0.09 -95.3 -12.97 34 107000 34 10.5
197000 0.57
2N/1E-12H1 16791 655 0 -99.7 -13.66 63 190000 0.73 17.1

The highest concentrations of CF4 in the BBLW are associated with thermal
waters drawn by well 2N/1E-12H1 to the west of Baldwin Lake (Fig 5.1). Dissolved
CF4 concentrations are also exceptionally high in wells 2N/1E-12Q2 and 2N/1E-12Q3,

which draw waters containing stable isotope ratios and high fluoride concentrations
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that more closely resemble thermal waters drawn from 2N/1E-12H1 than the
remainder of the BBLW groundwaters. Flint et al. (2008) propose that the aquifer
underneath wells 2N/1E-12Q2 and 2N/1E-12Q3 is hydrologically connected to the
thermal waters under well 2N/1E-12H1 by a permeable horizon, such as a fault zone.
Crustal fracturing events associated with tectonic activity facilitate the vertical
migration of mantle fluids through fault zones in the southern Mojave Desert
(Kulongoski et al., 2003; 2005). Fracturing of the basement surrounding a fault zone
also releases crustal “He and CF; into vertically migrating fluids (see Chapter 4). The
presence of elevated concentrations of “He and CF, in the region west of Baldwin
Lake suggests that crustal fracturing events may facilitate the migration of thermal
fluids from depth, similar to fluid flow through active fault zones in the southern

Mojave.

5.3.1 Modern water contamination and excess CF; and SFK;q

concentrations

The water-bearing Quaternary deposits filling the Big Bear Lake Watershed
have been separated into three aquifers, labeled the “upper”, “middle” and “lower”
aquifers (GeoScience Support Services, Inc., 2003). The upper and middle aquifers
are the primary water producers in the BBLW, with the upper aquifer containing
recently recharged water, while the middle aquifer contains water recharged between

2,000 and 6,000 years ago (Flint et al., 2008). Young groundwater drawn from the
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upper aquifer will contribute modern CF4 and SFs to collected well waters, which
needs to be accounted for if measured CF4 and SF¢ concentrations are to be used to
study the subsurface release of these gases.

The chlorofluorocarbon (CFC) and bromohalocarbon (“halon™) gases can
provide a constraint on the modern water content of collected groundwaters, as they
will only be present in groundwaters drawn from the upper aquifer, since there are no
known natural sources of these gases (Butler et al., 1999; Reeves et al., 2005).
Measured concentrations of CFC-12, CFC-11, CFC-113, CFC-13, Halon-1301 and

Halon-1211 are presented in Table 5.2.

Table 5.2 Dissolved halogenated gas concentrations in Big Bear Lake Watershed
groundwaters. Excess CF4 and SF¢ concentrations (X.x) corrected for recharge and modern
inputs to collected groundwaters are also presented. my is the modern water content of
collected groundwaters (in %, by mass), estimated from halocarbon concentrations. n.d. = not
detected.

CFC | CFC | CFC CFC Halon Halon

. den:?;fcli don |12 11 | 113 13 1301 | 1211 | ™8| CFax | SFee

pmol kg ' H,O % | fmol kg' H,O

ON2E-2N1 | 122 | 246 | 0.155 | nd. 0.001 | 0.0025 | 63 | 380 | 133
2N/2E-30D1 1.66 2.76 0.268 0.0017 0.006 0.0187 70 0 0

2N/2E-20R1 | 0.905 1.79 | 0.095 | 0.0007 0.003 0.0082 | 25 14.9 0.37
2N/1E-12Q2 | 0.113 1.62 | 0.045 | 0.0002 n.d. 0.0004 102000 2.9

4

2N/1E-19H1 | 0.070 | 0.906 n.d. n.d. n.d. 0.0005 3 316 1.04
0.073 | 0.217 | 0.003 | 0.0001 n.d. 0.0014 3 109000 34

IN/1E-12Q3 0.068 | 0.207 | 0.006 | 0.0006 n.d. 0.0013 3 107000 33
IN/1E-12H1 0.067 | 0.206 | 0.012 n.d. 0.001 0.0011 ; 197000 0.52

0.072 | 0.070 | 0.003 | 0.0001 n.d. 0.0021 190000 | 0.70

The modern water content of collected groundwater samples (my) can be
estimated by the ratio of the dissolved CFC and halon concentrations in Table 5.2 to
their freshwater solubilities (compiled in Appendix B). BBLW groundwaters have a

modern water content that ranges from several percent for the oldest groundwaters to




77

70% for the youngest groundwaters. Most wells contained CFC-11 concentrations in
excess of those expected based on the modern water contents listed in Table 5.2.
However, this may not be surprising given that groundwater samples often contain at
least one CFC in excess of air-saturated water concentrations (Hohner et al., 2003).
Use of CFC-13, Halon-1301 and Halon-1211 measurements in addition to CFC-12,
CFC-11 and CFC-113 ensured that at least 3 uncontaminated gases were available to
constrain the modern water content of collected samples for each well.

“Excess” dissolved CF4 and SF¢ concentrations (Xex), corrected for modern
water contributions, and for equilibration with the preindustrial atmosphere and
entrainment of air during recharge, are presented in Table 5.2. A recharge temperature
of 9°C and entrained air concentrations of 0 — 0.02 mL kg ' H,O were estimated from
a partial-reequilibration recharge model (Aeschbach-Hertig et al., 2000) constrained
by dissolved Ne, Ar, Kr and Xe concentrations (J. Kulongoski, personal
communication). In most cases, the low atmospheric mole fractions and low
solubilities of CF4 and SFg result in relatively small differences between measured and

excess concentrations for these gases.
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5.4 Discussion

5.4.1 The source of perfluorinated gases to Big Bear Lake Watershed

groundwaters

To test whether the crustal degassing mechanisms observed in the Mojave
Desert can satisfy the observed concentrations of CF4; and SF¢ in Big Bear
groundwaters, we can compare water mass ages derived from CF4 and SFg
concentration excesses and Mojave Desert weathering and crustal flux estimates to an
independent measure of water mass age (e.g radiocarbon ages). CF4- and SFs- based

water mass ages (1) can be estimated from (modified from Stute et al., 1992):

X (5.1)

where [X] is the measured excess concentration of gas X (in fmol X kgf1 H,0), J is
the crustal flux of gas X (in fmol X cm 2 yr™') , ¢ is the aquifer porosity, z is the depth
from the midpoint of a well’s perforation(s) to the underlying basement (in cm), p is
the density of freshwater (in kg cm ), and W is the weathering flux of gas X (in fmol
X kg!' H,O yr'). The weathering flux into Mojave Desert groundwaters was
estimated at 2.3 — 4.5 fmol CF4 kgﬁ1 H,O kyf1 and 0.01 — 0.02 fmol SF¢ kgf1 H,O kyr~

! based on the silicate weathering rate estimates of Izbicki and Michel (2004). The
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crustal fluxes of CF4 and SFs varied by several orders of magnitude over relatively
short distances (kilometers), and crustal fluxes of CF4 were significantly enhanced
down-flow of an active fault in the region. Crustal fluxes of CF4 varied from 0.07
fmol CF4; cm” yr' to 4 fmol CF4 cm™ yr ', while crustal SF¢ fluxes varied from
0.0006 fmol SFs cm 2 yr ' to 0.002 fmol SFs cm 2 yr .

CF4 and SF¢ water mass ages estimated from Equation 5.1 are presented
graphically as functions of radiocarbon age in Figures 5.2 and 5.3. The dashed lines in
Figures 5.2 and 5.3 are 1:1 lines that indicate complete agreement between
perfluorinated-gas-based and radiocarbon-based water mass ages. If the Mojave
Desert crustal degassing rates are sufficient to produce the observed CF4 and SF¢
concentrations in the Big Bear Lake Watershed, then CF4 and SFs water mass age
estimates should scatter around the 1:1 line when plotted against 1C water mass age.

CF,4 ages in Figure 5.2 suggest that a regional crustal CF4 flux of similar
magnitude to that observed in the Mojave Desert, 0.07 — 0.7 fmol CF4 cm > yr ',
combined with an average weathering flux of 3.4 fmol CF; kg' H,O kyr, is
sufficient to explain observed concentrations of wells tapping shallow, young
groundwaters in the BBLW (i.e. wells 2N/2E-20H1 and 2N/2E-19H1). A much larger
crustal flux, 30 fmol CF,4 cm 2 yrﬁl, is needed to reproduce the observed CF,4

concentrations in groundwaters drawn from well 2N/1E-12H1.
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Figure 5.2 CF, water mass ages for Big Bear Lake Watershed groundwaters plotted against
radiocarbon-based water mass ages. CF, ages are derived from excess CF,4 using a weathering
release rate and a range of crustal fluxes representative of the geochemistry of CF, in Mojave
Desert groundwaters. A large crustal flux (30 fmol CF4 cm ™ yr') is needed to account for
the highly elevated CF4 concentrations in groundwaters to the west of Baldwin Lake.

Although there is considerable scatter in Figure 5.3, the dissolved SFg
concentrations in all cases can be explained using weathering and crustal SFg fluxes of
similar magnitude to those observed in the neighboring Mojave Desert (Fig 5.3). Unlike
CF,, crustal SFg fluxes are not enhanced in wells tapping hydrothermal waters to the
west of Baldwin Lake. The crustal flux of SF¢ estimated for well 2N/1E-12H1, 6 x 10~

3 fmol SFs cm? yr*1 is almost identical to the depressed crustal SF¢ flux estimated for
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well 5N/5W-4A1 (Table 4.1), 5 x 10~ fmol SFg cm 2yr . Of the wells studied in the
Mojave River Basin, SN/5W-4A1 draws waters closest from the active Shadow
Mountain fault. This supports the assertion that fluid flow in the Big Bear
hydrothermal system is facilitated by the presence of a fault zone, and that fracturing of
the granitic basement resulting from tectonic activity enhances the crustal flux of CF,4 to

Big Bear groundwaters.
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Figure 5.3 SFs water mass ages for Big Bear Lake Watershed (BBLW) groundwaters plotted
against radiocarbon-based water mass ages. SF¢ ages are derived from excess SF¢ using a
weathering release rate and a range of crustal fluxes representative of the geochemistry of SF
in Mojave Desert groundwaters. The range of crustal SF¢ fluxes observed in the Mojave
Desert is sufficient to account for observed SF¢ concentrations in the BBLW.



82

5.4.2 Elevated crustal CF, fluxes in the BBLW: Implications for the

global lithospheric CF, flux to the atmosphere

In Chapter 4, I used the relationship between crustal CF4 and He fluxes in the
Mojave Desert to estimate the global crustal degassing flux of CF,4 to the atmosphere.
The upper limit to the crustal degassing CF4 flux extrapolated from the Mojave Desert
may be too low, since the crustal flux of CF, in thermal waters drawn from the BBLW
is even higher than crustal CF,4 fluxes observed in the Mojave Desert.

Crustal helium fluxes for the BBLW can be estimated from Equation 5.1 using
the excess “He concentrations and radiocarbon ages listed in Table 5.1 and replacing
the weathering term in Equation 5.1 with an in-situ helium production rate of 4.4 x 10~
2 em® He @STP g yr'  for Big Bear aquifer material (J. Kulongoski, personal
communication). The crustal *He flux for well 2N/1E-12H1 is 2.3 x 10° cm® He @
STP cm ” yr " or 1.0 x 10'® mol He cm™ yr ', giving a CF4/*He molar crustal flux
ratio of 3.0 x 10™*. This is larger, but of similar magnitude to the range of CF,/*He
molar crustal flux ratios observed in the Mojave Desert, 3 x 10> to 1.5 x 10™*. If the
BBLW crustal CFy/*He flux ratio is adopted as a new upper limit to the range of
CF4/*He crustal flux ratios observed in the Mojave Desert, and the He flux from
granitic rocks is estimated at 3 x 10® mol yr ' (see Chapter 4 for derivation), then the
global crustal degassing of CFy is estimated to be 800 — 8,000 kg yr'. The total
lithospheric flux of CF4 to the atmosphere, including release by weathering, would

then be (0.9 — 9) x 10° kg CF4 yr .
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For a lithospheric CF; source of (0.9 — 9) x 10° kg CF4 yr ' to sustain a steady-
state preindustrial atmospheric mixing ratio of 34.7 ppt CF4, the preindustrial
atmospheric lifetime would need to be between 62 and 620 kyr. The current estimate
of the modern atmospheric CF, lifetime is 50 kyr, based on loss of CF4 to high
temperature combustors at the Earth’s surface (Ravishankara et al., 1993). If the
preindustrial atmospheric CFj4 lifetime were within the range presented here, 62 — 620
kyr, then the modern atmospheric lifetime of CF4 would be between 28 — 46 kyr,
raising the possibility that the modern atmospheric lifetime of CF, is significantly

shorter than previously estimated.

5.5 Conclusion

Groundwaters collected from the Big Bear Lake Watershed contain
concentrations of CF4 and SFg¢ that are well in excess of air-saturated water
concentrations. This excess in CF4; and SFg concentrations can be reasonably
explained by a combination of release during weathering of the surrounding granitic
rock and a crustal flux from depth. Concentrations of CF4 are exceptionally high in
hydrothermal waters drawn near Baldwin Lake. The crustal CF; and SF¢ fluxes
estimated for Big Bear hydrothermal waters are similar to crustal fluxes observed
down-flow of an active fault in the Mojave River Basin, suggesting that hydrothermal
flow in the Big Bear Lake Watershed is facilitated by episodic crustal fracture events

driven by local tectonics. If the ratio of the crustal CF4 and He fluxes in thermal
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BBLW waters are added to the Mojave Desert data set of CF4/He flux ratios, the upper
limit of the global crustal degassing CF4 flux estimate is doubled. The corresponding
lower limit to the preindustrial atmospheric lifetime of CF, decreases from 100 to 62
kyr, suggesting that CF4 may be naturally removed from the atmosphere at a faster rate

than previously estimated.
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Chapter 6

Halogenated Gas Fluxes from Kilauea Volcano

Preface

The question of whether halogenated gases may be present in volcanic emissions
has surfaced several times during my graduate studies at SIO. The first time I
considered this question was during a collaborative study of volcanic gas seeping
through soil in a tree-kill zone near Horseshoe Lake, Mammoth Lakes, California,
with Tom Rahn and Martin Vollmer. We collected gas samples through several
meters of snowpack near Horseshoe Lake in April of 2002. The snowpack effectively
retained soil emissions of volcanic gas, allowing us to collect samples with CO, mole
fractions of up to 70% CO,. This considerable amount of carbon dioxide posed a
serious analytical concern, as it could damage the cryofocusing traps used in the
sampling module of the Medusa-GC/MS. Methods to reduce the CO, mole fractions
to manageable abundances were only partly successful, and preliminary analyses of
aliquots of collected gases for SFs, CFC-12, CFC-11 and CFC-113 by GC/ECD
(Vollmer and Weiss, 2000) indicated that these gases were atmospheric in origin. It no

longer seemed  reasonable to continue the  project, and SO

87
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we put the project on hold in order to pursue other more promising research.

In the fall of 2005 I had the chance to measure halogenated gas abundances in
aliquots of hydrothermal gases collected by Harmon Craig from hot springs and
fumaroles in Yellowstone National Park (YNP) (Craig, 1953). The samples analyzed
were a 10% split of the non-condensable fraction of 50 mL hydrothermal gas samples.
I analyzed hydrothermal gases collected from two locations in YNP, Sizzling Basin
and Black Dragon Cauldron, which have helium isotope ratios of R/Ra~16, indicating
the presence of a strong mantle component in hydrothermal gases at these locations.

CF,4 was undetectable in gas samples collected in YNP. The detection limit of
CF4 in YNP samples was high, ~100 ppt CF4, mainly resulting from the small sample
volumes involved in the analyses. This detection limit provides an upper limit to a
hypothetical mantle CF4 contribution to collected gases, and, when combined with the
*He mole fraction of 1.3 x 107 for gases from Sizzling Basin (Welhan et al., 1988),
and a mantle *He flux of <2300 mol yrﬁ1 (Porcelli and Ballentine, 2002), constrains the
mantle flux of CF4 to the atmosphere to <2 moles CF4 yrﬁl.

This chapter focuses on my third and final visit to the question of a volcanic
source of halogenated gases to the atmosphere. It details the collection and analysis of
significantly larger volumes of volcanic gas from the summit fumaroles of Kilauea
Volcano, Hawaii, and shows with greater confidence that a mantle flux of CF, must be

a negligible player in the atmospheric geochemistry of CF,.
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6.1 Abstract

Volcanic gas samples were collected from fumarolic emissions at Kilauea
summit for the analysis of a large group of halogenated gases by Medusa-GC/MS.
Most of the analytes measured by Medusa-GC/MS that are present in collected gas
samples can be attributed to the entrainment of ambient air through cracks and fissures
and entrainment of gases exsolved from Kilauea’s hydrothermal system. Elevated
concentrations of CFC-11 (CCI:F), which are normally attributed to a volcanic source,
may instead indicate that the hydrothermal system of Kilauea contains dissolved gases
that are fractionated by equilibration with a CFC-free vapor phase. No volcanic
source of CF4 or SFs is necessary to explain observed CF4 and SF¢ concentrations in
collected gases. A hypothetical undetected mantle source of CF4 and SFs is at most
0.01% of the flux of CF4 and SF¢ from the continents, indicating that the mantle is a

negligible source of perfluorinated gases to the atmosphere.

6.2 Introduction

For the past several decades, there has been considerable debate surrounding
the detection of chlorofluorocarbon gases (CFCs) in volcanic emissions (e.g., Gaffney,
1995; Gribble,1995; Isidorov, 1995). The most recent studies indicate that, with the
possible exception of CFC-11 (CFCls), CFCs present in volcanic gases are a result of

entrainment of modern air into fumarolic emissions (Jordan et al., 2000; Frische et al.,
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2007). However, the discovery of elevated tetrafluoromethane (CF4) concentrations in
the presence of mantle volatiles migrating through the continental crust (see Chapter
4) suggests that perfluorinated gases, a group of long-lived, halogenated greenhouse
gases, may be released to the atmosphere through volcanic degassing.

In this study, I analyzed enriched trace gas samples collected from three
summit fumaroles on Kilauea volcano, Hawaii, for the two most abundant
perfluorinated gases in the atmosphere, CF4 and SFe, as well as a broad suite of
halogenated trace gases, including CFC-12 (CF,Cl,), CFC-11, and CFC-113
(CFCL,CF,Cl). Kilauea volcano is an ideal site to investigate a potential mantle source
of CF4 and SFg to the atmosphere, as it has a clear mantle component in summit
fumaroles (Hilton et al., 1997) and is comprised of basaltic minerals that do not
contain appreciable amounts of lithospheric CF4 and SF¢ (Harnisch and Eisenhauer,
1998; Busenberg and Plummer, 2000). Two of the sampling sites are fumaroles in the
vicinity of Halemaumau crater (fumaroles “B” and “C”) while the other sampling site
is a borehole previously drilled into the northeast region of the crater rim (“Sulphur
Banks”) (Fig. 6.1). Measured halogenated gas contents for emissions from Kilauea
summit fumaroles are presented and the implications for the global geochemistry of

CF,4 and SF¢ are discussed.
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Figure 6.1 A map of Kilauea summit, indicating the location of fumaroles sampled in
this study, Halemaumau crater, the USGS Hawaiian Volcano Observatory, and the
Hawaii Volcano National Park Headquarters. Modified from Hilton et al. (1997).

6.3 Methods

Samples were collected into 250 mL Pyrex flasks, each containing 100 mL of
5N NaOH solution. During addition of NaOH solution to a flask, both the NaOH stock
solution and flask headspace were purged with analyte-free N, gas. Each prepared
flask was then vacuum-distilled twice at —78 °C, to remove the N, headspace as well
as any residual modern contaminants. Vacuum distillation at —78 °C ensured minimal
loss of water during headspace evacuation, keeping the normality of the NaOH
solution effectively constant. One flask (the “preparation blank™) was packaged and
set aside in the laboratory to test for outgassing of halogenated gases from the Teflon

stopcock of the flask or the surrounding shipping packaging. The remaining flasks
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were shipped into the field, valve-side down, so that the NaOH solution provided a
diffusion barrier to prevent incursion of modern air into the flask headspace.

At fumaroles B and C, a ~1 m titanium tube was inserted into the fumarole as
far as possible (around 2/3 of a meter) to avoid collection of ambient air. A sampling
flask was then connected to a rubber stopper/glass tube fitting on the exposed end of
the Ti tube by a short (0.3 m) length of silicone tubing. On the down-flow side of the
flask’s valve a ~1 m length of rubber tubing was added. All tubing was purged using
a hand pump, after which the tubing down-flow of the flask was clamped shut. The
flask was then inverted and opened, allowing sample to bubble through the NaOH
solution into the flask headspace, removing almost all of the gas (>99%) through
condensation (for H,O) or reaction with the NaOH solution (mainly CO, and SO,).
After roughly an hour of collection, the flask headspace contained a large enrichment
of volcanic trace gases.

While volcanic emissions were steady and relatively rapid at fumaroles B and
C, the borehole at Sulphur Banks often had no observable emissions of
steam/volatiles. The titanium tube was inserted as far as possible into a rock pile
covering the borehole in an attempt to avoid air contamination. However, collection of
gas ceased after roughly five minutes of sampling at Sulphur Banks, indicating that the
flask headspace had equilibrated mostly with ambient air rather than acidic volcanic
gases.

Gravimetric measurements of a flask before and after sample collection

provided an estimate of the total mass of gas collected in each sample. The four flasks
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collected from fumaroles near Halemaumau crater collected sample masses of 22 — 28
g, while there was no observable change in the mass of the flask used for sample
collection at Sulphur Banks. This is consistent with collection of a significant amount
of volcanic gas at all sites except Sulphur Banks. An average molecular weight for the
collected gas of 21 + 1 g mol™' can be estimated from recent H,O, CO, and SO, mole
fraction measurements of fumarolic emissions near Halemaumau crater (Goff and
McMurtry, 2000; Hurwitz et al., 2003). This molecular weight estimate can be used to
calculate the total number of moles of gas collected in each sample.

In the laboratory, the headspace of a flask was extracted into a 40 mL stainless
steel tube immersed in liquid helium, as described in Chapter 3. N, gas was then used
to push the extracted gas into the Medusa cryotrapping gas chromatograph/mass
spectrometer (Medusa-GC/MS) instrument system of Miller et al. (2008). Results
were corrected for carrier gas blanks and calibrated with known volumes of a working
standard of dry whole air with assigned dry-air mixing ratios based on the SIO-2005

gravimetric calibration scale (Prinn et al., 2000; C. Harth, personal communication).
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6.4 Results and Discussion

6.4.1 Storage/Preparation Blanks

For the majority of halogenated gases measured by Medusa-GC/MS, the
preparation blank was a relatively small proportion (<5%) of measured abundances in
fumarolic gas samples. However, for CHsl, CH3;Br, HFC-152a (C,H4F;) and HFC-
134a (C,HyF,), the preparation was a large fraction of the measured values and the
results for these compounds cannot be reliably interpreted. CF4 and SF¢ were not

detected in the preparation blank.

6.4.2 Sulphur Banks

The observed CF4/ SF¢ mole ratio for gas collected from Sulphur Banks was
13.1 £ 0.6, close to the atmospheric mole ratio of 12.6 + 0.1 observed in recent routine
measurement of the remote troposphere (Miller et al., 2008). This indicates that the
probable source of CF4 and SF¢ to the Sulphur Banks sample was ambient air. The
amount of modern air calculated from the molar amounts of CF4 and SF¢ for this
sample would be 4.4 £ 0.3 millimoles air, or 120 = 9 mL of air at the ambient
conditions of Kilauea summit. This is close to the expected headspace volume of 140
+ 4 mL for this flask, confirming the collection of predominately ambient air at

Sulphur Banks. This quantity of air is sufficient to account for observed molar
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amounts of Halon 1301 (CBrF3), CFC-11, CFC-12, CFC-113, CFC-114 (C,F4Cl),

CFC-115 (C,FsCl) and HCFC-142b (CF,CICH3) (Table 6.1).

Table 6.1 Measured halogenated gas content (X) for the gas sample collected at
Sulphur Banks. X¢ values are measured halogenated gas contents corrected for the
addition of 120 mL of ambient air during sampling. Boldface values of X¢ are within
the uncertainty of measurement of zero and are thus negligible.

Compound (pI)IiOl) (pﬁﬁ)l) Compound (plil(ol) (p)lilcol)
CF,4 0.332 0.007 CBrF; 0.0151 0.0014
C,Fs 0.048 0.033 CBrCIF, 0.0062 -0.01
CsFg 0.024 0.022 CH;CCl; 0.042 -0.026
SF 0.0253 -0.0005 C,HCl; 0.046 0.043

SO F, 0 -0.008 C.ClL 0.148 0.132
CCIF 1.196 0.136 C,H;CIF, 0.083 0.006
CCLF, 2.437 0.122 CH;CLF 0.113 0.030
CCIF; 0.0147 0.0025 C,HCIF, 0.040 0.033
CH;C1 0.626 -1.73 C,HFs 0.315 0.29
CH,Cl, 1.301 1.15 C,Cl3F; 0.327 -0.006
CHCl; 0.002 0.0022 C,CLF, 0.068 -0.003
CHCIF, -0.12 -0.93 C,CIFs 0.039 0.003
CHBr3 0.0005 -0.0041 C,BrFy 0.004 0.002

Methyl chloride (CH3ClI), methyl chloroform (CH3CCl3), bromoform (CHBr3),
and HCFC-22 (CHF,Cl) have molar amounts in the Sulphur Banks sample that are
lower than expected based on the estimated modern air contribution, suggesting that
they were destroyed during flask transit to the laboratory. The probable loss

mechanism is dehydrohalogenation by the NaOH solution in the flask (e.g. CH;CCl; +
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NaOH => CH,=CCl, + NaCl + H,0). Other Cl- and Br- containing halohydrocarbons
(e.g. dichloromethane, CH,Cl,) may also be lost to dehydrohalogenation but may have
been significantly abundant to persist in collected samples until analysis. The C-F
bond is very strong (O’Hagan, 2008) and so dehydrohalogenation of fluorinated
halohydrocarbons (e.g. HFC-125, CF;CHF,) is probably insignificant. SO,F, was not
detected in the collected samples, which is consistent with its hydrolysis in basic
solutions (Cady and Sudhindra, 1974)

All other analytes measured by Medusa-GC/MS were elevated above the molar
amounts expected from the quantity of ambient air collected into the flask (Table 6.1).
These gases may result from degassing of tubing plastics and polymers or hand-pump
grease during sampling (Reynolds et al., 1990), or may be elevated in the ambient air

at Kilauea summit due to volcanic emissions.

6.4.3 Halemaumau fumaroles

The halogenated gas composition of samples collected from fumaroles B and C
are presented in Tables 6.2 and 6.3, respectively. Most compounds are present at
molar amounts of less than 1 pmol, with the exception of several gases, including
CFC-11, CFC-12, and CFC-113. Of these three CFCs, only CFC-11 is thought to have
a volcanic source. Volcanic emissions from Kilauea contain up to 8 pmol CFC-11, or
7 ppt CFC-11 when sample masses are considered. This is somewhat smaller than the

range of volcanic CFC-11 mole fractions of 30 — 980 ppt reported by Jordan et al.
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(2000), supporting the assertion of Jordan et al. (2000) that volcanoes are an

insignificant source of CFC-11 to the atmosphere.

Table 6.2 Halogenated gas content (X;) for samples #1 and #2 (fumarole B)

Compound (p1)1(110 I (pI)I(lzol) Compound (p1)1(110 I (p:l(lz()l)
CF, 0.071 0.094 C,HCl, 0.12 0.35
C,Fs 0.136 0.226 C,Cly 0.75 3.87
C;sFg 0.35 0.13 C,H;CIF, 0.075 0.261
SF¢ 0.0054 0.0099 C,H;CLF 0.41 0.78
CCIF 2.963 8.110 C,HCIF, 0.047 0.049

CCLF, 1.593 3.353 C,HF; 2.82 0.72

CCIF; 0.006 0.010 C,Cl3F; 1.16 2.50

CH,Cl, 2.02 3.94 C,CLF, 0.052 0.082
CBrF; 0.004 0.009 C,CIFs 0.014 0.022

CBrCIF, 0.015 0.023 C,Br,F, 0.014 0.027

Table 6.3 Halogenated gas content (X;) for samples #3 and #4 (fumarole C).

Compound (pisol) (pl)I(lA;)l) Compound (pl)I(l?;)l) (pl)1(140])
CF, 0.217 0.130 C,HCl; 0.08 0.24
C,F¢ 0.100 0.127 C,Cl4 3.36 1.66
C;sFg 0.81 1.07 C,H;CIF, 0.235 0.080
SFe 0.0169 0.0099 C,H;CLF 0.74 0.29
CCIF 6.091 2.596 C,HCIF, 0.115 0.105
CCLF, 3.423 1.670 C,HF; 4.66 5.51
CCIF; 0.017 0.015 C,CL3F; 2.49 1.21
CH,Cl, 2.65 2.13 C,ClLLF, 0.116 0.057
CBrF; 0.012 0.008 C,CIF; 0.037 0.022
CBrCIF, 0.017 0.012 C,Br,F, 0.025 0.013
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6.4.3.1 ldentifying non-volcanic contributions using halogenated gas mole ratios

The stable isotope and tritium concentrations of water in steam exiting summit
fumaroles around Halemaumau crater are consistent with local meteoric water
recharging Kilauea’s hydrothermal system in the northeast region of Kilauea caldera
(Hurwitz et al., 2003). Tritium concentrations in fumarolic steam from Kilauea
suggest residence times of <I-5 years for hydrothermal waters (Goff and McMurtry,
2000). Some portion of CFCs detected in fumarole samples in this study should
therefore be derived from air-saturated meteoric water recently recharging into
Kilauea’s hydrothermal system. Previous studies have also proposed that CFCs are
introduced into volcanic emissions by entrainment of ambient air through cracks and
fissures in the volcano (Jordan et al, 2000).

It is possible to distinguish and to constrain air and air-saturated water
contributions using the suite of analytes measured by Medusa-GC/MS, since their
differing solubilities and atmospheric mole fractions give distinct molar ratios for
these two sources. For example, the ratios of the molar amounts of Medusa-GC/MS
analytes in Tables 6.2 and 6.3 to CFC-12 are displayed in Table 6.4. Molar Xi/CFC-12
ratios in air-saturated water are based on compiled solubility data (see Appendix B).
Some gases could not be incorporated into Table 6.4 because of the lack of sufficient

solubility data in the literature.
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Of the gases that can be displayed in Table 6.4, CF4, SFs and CFC-115 are
attributable to a mixture of air and hydrothermal contributions. This suggests that no
volcanic source of CF4 or SFg is necessary to explain their observed concentrations in
collected samples. Molar CFC-11/CFC-12 ratios are almost always higher than can be
explained by a mixture of air and water, which may support an additional source of
CFC-11 to collected samples, although in all cases the molar CFC-11/CFC-12 ratio is
close to that for air-saturated water.

Halon-1301 and Halon-1211 have molar X;/CFC-12 ratios that are typically
lower than, but of similar order of magnitude to, molar X;/CFC-12 ratios for air and
water contributions. This suggests that they may be reasonably attributed to air-water
additions, and that there is no significant volcanic source of these gases.

In most cases CFC-113 and PCE have molar X;/CFC-12 ratios that are higher
than the range described by ambient air and water. Molar amounts of these gases vary
in magnitude with order of sampling, with the first sample collected (#3) containing
more CFC-113 and PCE than the following samples (#4, then #1). The final sample
(#2) was collected a day after the other Halemaumau fumarole samples, and shows
similar molar amounts of CFC-113 and PCE as the first sample collected on the
previous day (#3). The probable source of these gases is degassing of polymers in the

sampling line, with the source decreasing in significance as the line cleans with use.
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6.4.3.2 Quantifying non-volcanic inputs using a two-member mixing model — Ambient

air + hydrothermal waters

If the quantity of a gas in volcanic emissions is entirely attributable to ambient
air and hydrothermal water contributions, then the observed molar content of gas X in

a collected sample (n;) can be described by:
Ny =0, Zy +my - [X] 6.1)

where n, is the amount of air added (in moles), Zx is the atmospheric mole fraction
of gas X, my, , is the hydrothermal water contribution (in kg water), and [X] is the air-

saturated water concentration for gas X at the temperature and elevation of recharge
(in molality units).

If two gases are derived from non-volcanic (i.e. air and water) sources, then the
amount of non-volcanic contributions can be constrained using Equation 6.1. In terms
of the CFC-12 content of collected gases, Equation 6.1 can be rearranged to solve for

myo:

2

m. . = (nCFC—lz —ny 'ZCFC-lz)
o [CFC-12]

(6.2)
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Substituting Equation 6.2 into Equation 6.1 gives:

(nCFC-lz —y ’ZCFc-lz) . [1]

= 7.
R [CFC-12]

(6.3)

Equation 6.3 can be rearranged to solve for the number of moles air added to the

sample:

To estimate the number of moles of air entrained into collected volcanic gases,
Equation 6.4 was solved for each gas in Table 6.4 that can be attributed solely to

hydrothermal and atmospheric sources. The error-weighted average of these n,

values, along with the estimated uncertainties in the average (on, ) can be found in
Table 6.5.

The air contents estimated by Equation 4 can be input into Equation 6.2 to
solve for the hydrothermal content of collected fumarole gas samples. The resulting
my ,, range from 0.5 — 1.4 kg H,O (Table 6.5). Runoff from precipitation the night
before and the morning of the collection of sample #2 may have directly contaminated

fumarole B and led to a more significant air-saturated water contribution than for other

samples.
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Table 6.5 The estimated air content (n, = on,, in moles) and estimated air-saturated
water content (my ,+omy ,, in kilograms) of gas samples collected from fumaroles

around Halemaumau crater.

Sample #1 #2 #3 #4
n, 8.8 %10 1.19 * 10 2.6*107 1.42 * 107
on, 3%107° 6*107° 1*10* 6*107
my o 0.57 1.39 1.02 0.46
omy g 0.02 0.04 0.04 0.02

Using the air and hydrothermal water contents listed in Table 6.5, the non-
volcanic contributions to measured halogenated gas abundances are removed to assess
whether a residual, possibly volcanic, component is present. Residual halogenated gas

contents for samples #1 — 4 (Xc, where in this case X, =X, —n, - Z, —m,, -[X]) are

presented in Table 6.6.

A mixture of ambient air and gas exsolved from Kilauea’s hydrothermal
system can explain the observed abundances of CF4, SFs, CFC-12, Halon-1301, and
Halon-1211 in all samples. CFC-13 and CFC-115 residuals are of similar magnitude
to their respective errors and may not be significant. CFC-11 residuals are positive,
requiring an additional, possibly volcanic, source of CFC-11 to emissions from

Kilauea summit fumaroles.
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Table 6.6 Residual halogenated gas abundances for fumaroles B (#1-2) and C (#3-4),
after accounting for addition of ambient air and hydrothermal gases to collected gases.
Boldface values of X¢ are within 6X¢ of zero and are thus negligible

Compound Xc1 Xc2 Xcs Xc4 6Xc
(pmol) | (pmol) | (pmol) | (pmol) | (pmol)
CF, -0.006 -0.02 -0.002 0.014 0.03
C,Fs 0.133 0.221 0.091 0.122 0.001
SF¢ -0.001 0.0004 | -0.0008 | 0.0005 0.001
CCIsF 0.8 3.1 2.0 0.7 0.1
CCLF, 0 0 0 0 -
CCIF; 0.002 0.003 0.007 0.010 0.003
CBrF; -0.004 -0.006 -0.005 -0.001 0.006
CBrCIF, -0.01 -0.03 -0.03 -0.01 0.03
C,HCI, 0.119 0.340 0.077 0.241 0.001
C,Cl 0.743 3.863 3.343 1.648 0.003
C,HF; 2.71 0.47 4.47 5.42 0.02
C,Cl3F; 0.91 1.97 1.96 0.95 0.02
C,CIF; 0.004 0.008 0.012 0.009 0.003

6.4.3.3 Quantifying non-volcanic inputs using a two-member mixing model — Ambient

air + fractionated hydrothermal waters

One possible explanation for excess CFC-11 in collected fumarolic gases is
that the hydrothermal system is partially stripped of gases during its transit from the
recharge site to Halemaumau crater. If an analyte-free vapor phase were introduced
into the system, the CFCs present in the hydrothermal system would repartition into

the vapor phase and liquid phase based on their solubilities. CFCs that are retained in



105

the aqueous phase would then be fractionated with respect to their air-saturated water
values, with more soluble gases (e.g. CFC-11) being retained more significantly than
the less soluble gases (e.g. CFC-12, CF4 and SF¢) (Ballentine et al., 2002). Long-
period seismic events suggest that volcanic gases condense at 200 — 400 m depths
below the northeastern and central parts of Halemaumau crater (Almendros et al.,
2001). If partial condensation of volcanic gas occurrs to the northeast of Halemaumau
crater, or if gases exsolved from the groundwater by heating during transit remain in
contact with the liquid phase, then hydrothermal waters could equilibrate with an
initially analyte-free vapor phase, resulting in loss of the sparingly-soluble
chlorofluorocarbon gases from the aqueous phase. The steam exiting fumaroles in the
vicinity of Halemaumau crater would then have an apparent excess of CFC-11 with
respect to CFC-12 and other low solubility halocarbons.

Ballentine et al. (2002) considered the phase partitioning of noble gases when
gas bubbles with no noble gas content pass through a water column containing air-
saturated noble gas concentrations. The water column in their model is split into cells,
with no exchange of fluids or dissolved gases between cells. A bubble is added to the
first cell, where it is assumed to equilibrate completely with the dissolved gases

present. The partitioning of the dissolved gases is described by:

-1
X \Y%
[ ]G :£VL 'Kx+1j (6.5)



106

where [X]; is the number of moles of gas X in the liquid (L) and gas (G) phases, V; is
the volume of liquid or vapor phase, and Kx is the Henry’s coefficient for the gas.
After equilibration, the bubble is placed in the next cell, where it establishes a new
equilibrium with the dissolved gas. Once the bubble has been in contact with all cells
in the column, the next bubble (with no noble gas content) is added to the first cell and
the process is repeated.

As gas is lost to equilibration with bubbles passing through the column, the
molar ratio of two dissolved gases (X and Y) in the aqueous phase diverges from their
molar ratio in air-saturated water. Their molar ratio can be related to the fraction of
gas remaining and the original air-saturated water mole ratio by the Rayleigh

fractionation law:

(%JL ) (%jop(ﬁ) (6.6)

where [i] are molar amounts of gas i in the fractionated liquid phase (L) and original
air-saturated water, P is the fraction of gas Y remaining in the liquid phase, and a is the

fractionation coefficient, equal to K, /K , where K; is the Henry’s coefficient for the

gas.
For this study, the extent of fractionation of the hydrothermal system and the
contribution of ambient air to sample gases can be solved iteratively using a trio of

halogenated gases for which reliable solubility data are available. The three gases |
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selected for this process is CFC-12, CFC-11 and SFg, because of their distinct
solubilities, atmospheric mole fractions and lack of apparent contamination.

For the initial iteration, I assumed that CFC-12 and CFC-11 originate solely
from a hydrothermal contribution to the fumarolic gases. The extent of fractionation
could then be solved from Equation 6.6, using a CFC-12/CFC-11 mole ratio for air-
saturated water at 16°C as the initial condition (Nullet and Sanderson, 1993). The
value of a was estimated using solubilities at a temperature of 16°C. Initial P values
calculated in this manner range from 0.88 to 0.99 for three of the samples, indicating
that only a small amount of fractionation is necessary to explain observed CFC-
12/CFC-11 mole ratios. The final sample (#4) had an initial P value of 1.04, which is
unrealistic, and so P was set to 1 (i.e. no fractionation) for this sample. Equation 6.6
was then used to estimate the fractionated hydrothermal SF¢/CFC-11 mole ratio,
which, when multiplied by the observed molar amounts of CFC-11, gave an initial
estimate of the hydrothermal contribution of SF¢ to collected gas samples.

The SF¢ content of gas samples, once corrected for addition of hydrothermal
SFe, was then used to estimate the air content of collected gases. This in turn was used
to calculate CFC-12 and CFC-11 air contributions, which were subtracted from
observed CFC-12 and CFC-11 contents to obtain new estimates of the hydrothermal
component for these gases. These new hydrothermal values were input into Equation
6.6, P values were re-estimated, and the process was repeated until fractionation
factors and air contents converged. Results from the final iteration are presented in

Table 6.7.
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Table 6.7 Air content (ns, in moles) and hydrothermal fractionation factors (P) for
fumarolic gas collected near Halemaumau crater.

Sample #1 #2 #3 #4
n, 8.9 *10™ 1.63 * 107 2.79 * 107 1.63 * 107
P 0.87 0.80 0.83 0.84

Since Kilauea’s hydrothermal system is heated during the transit between the
site of recharge and its discharge as steam at Halemaumau, it was also necessary to
check whether changes in solubility ratios with temperature would have an influence
on air content and fractionation factor estimates. For this test the iteration was
performed again at the temperature of steam leaving the fumaroles (T~98°C). High-
temperature solubilities for halogenated gases were extrapolated from low-temperature
solubilities using the technique of Trew et al. (2001). The air contents of collected
gases are not significantly different at T = 98 °C from the T = 16 °C case, while the
fractionation factor estimates are roughly 5% lower. Regardless, residual halogenated
gas contents for the 16 °C and 98 °C cases agree to within the uncertainty of
measurement, indicating that the fractionation model is relatively insensitive to the
changes in temperature observed in Kilauea’s hydrothermal system, at least for the
low-solubility halogenated gases studied here. The residual gas contents for
Halemaumau fumarole samples using a fractionated hydrothermal component (T = 16

°C) are presented in Table 6.8.
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Table 6.8 Residual halogenated gas content for fumaroles B (#1-2) and C (#3-4), after
accounting for addition of ambient air and fractionated hydrothermal gases to sample
gas. Boldface values of X¢ are within 6X¢ of zero and are thus negligible. Since SFg,
CFC-11 and CFC-12 were used as constraint, they have zero residual content.

Compound Xc1 Xc2 Xcs Xc4 6Xc
(pmol) | (pmol) | (pmol) | (pmol) | (pmol)
CF, 0.003 -0.03 0.005 0.006 0.03
C,F¢ 0.133 0.220 0.090 0.122 0.001
SFs 0 0 0 0 0.001
CCILF 0 0 0 0 0.1
CCl,F, 0 0 0 0 —
CCIF; 0.003 0.005 0.009 0.011 0.003
CBrF; -0.002 -0.004 -0.003 0.0001 0.006
CBrCIF, -0.01 -0.07 -0.05 -0.01 0.03
C,HCI, 0.118 0.336 0.075 0.240 0.001
C,Cly 0.744 3.866 3.346 1.649 0.003
C,HF; 2.65 0.24 4.32 5.37 0.02
C,Cl5F3 0.90 1.94 1.94 0.94 0.02
C,CIF; 0.006 0.009 0.014 0.008 0.003

CF4, SF4, CFC-11, CFC-12 and Halon-1301 contents in Halemaumau crater
fumarolic emissions can be attributed to air entrainment and to gases exsolved from a
fractionated hydrothermal system. CFC-13, Halon-1211 and CFC-115 residuals in the
fractionated hydrothermal case are mostly non-zero, but of very similar magnitude to
their respective errors, and therefore are probably insignificant. Regardless, a model
including a hydrothermal source of halogenated gas that is fractionated according to

gas solubility reproduces the observed data well, and explains the elevated CFC-11
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content of volcanic gas that has been previously attributed in other locales to a

volcanic source.

6.4.4 Constraining volcanic fluxes of CF, and SF¢ to the atmosphere

No volcanic source of CF4 and SF¢ is necessary to explain their observed
abundances in fumarolic gas samples collected near Halemaumau crater. Given the
strong presence of mantle gas in fumarolic emissions from Kilauea (Hilton et al.,
1997), this evidence suggests that there is no significant flux of CF4 or SFs from the
mantle to the atmosphere through volcanic emissions.

If an undetected source of volcanic CF4 and SFs exists, its magnitude may be
constrained by considering the upper limit to the detectable amount of volcanic CF4 or
SFe, given as Xc¢ + 60X (Table 6.8). Adding 6X¢ values for CF4 and SF¢ to the
average of their respective Xc¢ values gives upper limits of 0.02 pmol CF4 and 0.001
pmol SFs. The quantity of gas collected from fumaroles near Halemaumau crater
ranges from 1.00 to 1.36 moles, based on the mass of gas collected, 22.3 to 27.8 g, and
an estimated molecular weight of 21 + 1 g mol ™' for the fumarolic gas. The upper
limit to a hypothetical mole fraction of CF,4 and SFg in the fumarolic gas is then <0.02
ppt CF4and <0.001 ppt SFe.

The upper limit to a possible volcanic flux of CF4 and SF¢ from Kilauea, and
the upper limit to a possible global volcanic source to the atmosphere can then be

estimated, albeit with considerable uncertainty, by analogy to well-constrained gas
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fluxes, such as the SO, or *He fluxes from Kilauea (Hilton et al., 1997; Sutton et al.,
2001). The SO, molar content of fumarolic gases near Halemaumau crater typically
ranges from 1.8 — 2.0 % (Goff and McMurtry, 2000; Hurwitz et al., 2003). The
maximum hypothetical CF4/SO, and SF¢/SO, mole ratios would then be <1.1 and
<0.06 pmol/mol, respectively. Sutton et al. (2001) estimate the total SO, degassing
from Kilauea at 7.2 x 10° moles SO, yr_l, and thus the flux of CF4 and SF¢ from
Kilauea to the atmosphere is at most <0.008 mole CE4 yr ' and <0.0004 mole SFq yr'.
While Kilauea may be representative of the mantle flux of CF4; and SF¢ to the
atmosphere, it may not represent the total global flux of CF,4 and SF¢ from volcanoes,
since it is possible that volcanoes overlying thick sections of the continental crust emit
gases that contain continental lithospheric CF4 and SFg.

The global mantle flux of CF4 and SF¢ could be constrained using a more
easily identified mantle gas, such as *He (Porcelli and Ballentine, 2002). The *He flux
from Kilauea has been estimated at 4.2 — 5.9 moles *He yr*1 (Hilton et al., 1997).
Assuming that the maximum CF4’He and SF¢/ He molar ratios for a hypothetical
volcanic flux from Kilauea are representative of their ratios in mantle volatiles, and
using a total “He flux of <2300 mol *He yr~' (Porcelli and Ballentine, 2002) to the
atmosphere, then the global mantle flux of CF4 and SF¢ would be <3 mol CF4 yr*1 and
<0.2 mol SFg yr'. The upper limits to mantle CF, and SF4 fluxes presented here are
negligible when compared to the estimated fluxes of (1 — 5) x 10’ moles CF4 and (0.9

— 5) x 10 moles SF¢ from the continental crust (Deeds et al., 2008).
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6.5 Conclusions

A considerable number of halogenated gases, including CF4 and SFg, are
present in fumarolic gases discharged near Halemaumau crater on Kilauea summit.
Most of these gases can be attributed to entrainment of air and addition of gas
exsolved from Kilauea’s hydrothermal system. Residual CFC-11 that is typically
attributed to a volcanic source (Jordan et al., 2000) may be explained by a
fractionation of dissolved hydrothermal gases due to prior equilibrium with a vapor
phase containing no halogenated gas content. No volcanic source is necessary to
explain the observed CF4 and SF¢ content of fumarolic emissions at Kilauea. The
uncertainty in CF4 and SF¢ analyses constrains the upper limit of a hypothetical mantle
flux of these gases to less than 0.01% of the lithospheric flux of CF4 and SF from the
continental crust to the atmosphere, reinforcing the assertion that mantle emissions of
CF,4 and SFg, if present, are an insignificant factor in the global geochemistry of these

gases.
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Chapter 7

Tetrafluoromethane in the deep North Pacific

Ocean

7.1 Abstract

Dissolved tetrafluoromethane (CF4) has been measured for the first time in the
North Pacific Ocean. Surface water collected during calm weather is near equilibrium
with the modern atmosphere. Deep water, isolated from atmospheric exchange for
centuries, is near equilibrium with the preindustrial atmosphere, after accounting for
an expected 5% addition of this low-solubility gas due to air injection during high-
latitude deep-water formation. These results strongly suggest that dissolved CFj is
conservative in seawater and that the oceanic imprint of anthropogenic increases in
atmospheric CF4 can be used as a time-dependent tracer of ocean ventilation and
subsurface circulation processes. Although the continental lithosphere is a source of
natural atmospheric CF4, we find no evidence of an oceanic lithospheric CF, input into

deep Pacific waters. The estimated upper limit of a potential oceanic lithospheric CF,4
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flux to the global atmosphere is on the order of 2.5% of that from the continental

lithosphere.

7.2 Introduction

Dissolved chlorofluorocarbons (CFCs) such as CFC-12 (CCl,F;) and CFC-11
(CCIsF) are used widely as time-dependent tracers of oceanic ventilation, mixing and
circulation processes (e.g., Weiss et al., 1985; Warner et al., 1996), since they are
relatively inert in seawater, their seawater solubilities are known, and their
atmospheric histories are well-documented (Walker et al., 2000). However,
international regulations imposed by the Montreal Protocol on Substances that Deplete
the Ozone Layer and its subsequent amendments (UNEP, 2006) have severely
curtailed emissions of these compounds to the atmosphere. As a result, atmospheric
abundances of CFCs are no longer rising as they did before regulation and are now
beginning to decline according to the balance between their atmospheric lifetimes and
greatly reduced remnant emissions (Prinn et al., 2000). These changes have reduced
the usefulness and complicated the interpretation of dissolved atmospheric CFC-12 or
CFC-11 as time-dependent ocean tracers, especially for waters that have acquired their
CFC signatures since the Montreal protocol came into force in the late 1980s.

A potential alternative tracer is dissolved atmospheric tetrafluoromethane

(CF,), an effectively inert trace gas with an estimated atmospheric lifetime of >50,000
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years (Ravishankara et al., 1993). The atmospheric abundance of CF4 has roughly
doubled over the past three-quarters of a century due to aluminum production and
other industrial activity, as is documented by our laboratory and by others (Harnisch et
al., 1996; Worton et al., 2007) based on measurements of air trapped in polar firn
layers and recent atmospheric measurements. As is done with CFC tracers (Doney
and Bullister, 1992), apparent water mass ages could be estimated by comparing the
partial pressure of CF4 in equilibrium with a water parcel (pCF4) with the atmospheric
history of CFj.

Since the atmospheric lifetime of CF, is very long, the preindustrial natural
atmospheric abundance of CF4 may be explained by relatively minor natural emissions
from the solid Earth. CF4 is naturally present in granites and fluorites in the
continental crust (Harnisch and Eisenhauer, 1998; Harnisch et al., 2000), and Deeds et
al. (2008) have shown that CF, liberated by weathering and alteration is transported
out of the continental lithosphere to the atmosphere by groundwater fluid flow. If
similar CF4 emissions occur from the oceanic mantle, crust, or overlying sediments,
then CF4 would be expected to accumulate in the deep ocean, especially in the deep
Pacific where water residence times are long, in a manner analogous to the
accumulation of dissolved crustal and mantle helium in the deep Pacific (e.g., Lupton,
1998). By comparing the deep Pacific CF4 concentration with the concentration
expected in these waters as a result of their exposure to the preindustrial atmosphere it
should be possible to assess the role of the oceanic lithosphere as a potential source of

atmospheric CF,4, as well as assessing the extent to which lithospheric sources may
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complicate the use of the anthropogenic increase in atmospheric CF4 as a time-
dependent tracer of oceanic ventilation processes.

Although present methods for measuring dissolved CF,4 with the required sub-
femtomolar precision are time-consuming and require large water samples, and are not
yet suitable for high spatial resolution oceanic tracer studies, they are quite suitable for
evaluating the potential of further work in this area and for assessing the existence of a

potential CF4source from the oceanic lithosphere.

7.3 Methods

North Pacific Deep Water (NPDW) samples were collected in 10 liter Niskin
PVC bottles from ~2000 m depth near the Hawaii Ocean Time-series (HOT) ALOHA
station (~23°N, ~158°W), in the North Pacific subtropical Gyre, as part of a HOT-
affiliated cruise in early December of 2006. NPDW samples were immediately sub-
sampled in 2 L aliquots into evacuated 2.5 L glass flasks. Only 4 — 5 L of seawater
were drawn from each bottle (i.e. two 2 L samples plus flushing) in order to avoid
collection of seawater contaminated with modern air in the upper portion of the Niskin
bottle. Seawater samples were extracted and measured in our laboratory at the Scripps
Institution of Oceanography (SIO) in the subsequent weeks. The loss of several flasks
to breakage during transport left only sufficient flasks for two NPDW CF, analyses.
Surface seawater samples collected in a 10 liter Niskin bottle at roughly 5 m depth off

the SIO pier (~32°N, ~117°W) were extracted using similar methods.
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In the laboratory, the headspaces of three flasks were extracted and combined
into an evacuated cold finger immersed in liquid helium, so that each measurement is
based on ~6 L of seawater. Due to its low solubility (Scharlin and Battino, 1995),
almost all the CF, in each seawater sample (>99%) was present in the headspace of its
flask, so only a small correction was necessary to account for residual dissolved CF,4
left in each sample after extraction. The cold finger was removed from the liquid
helium, warmed to the touch and the collected gases were transferred to the “Medusa”
cryotrapping quadrupole gas chromatograph/mass spectrometer (GC/MS) system
(Miller et al., 2008) for CF4 analysis. Results are blank-corrected, and are calibrated
using a known 1 L volume of whole air standard with an assigned CF4 dry-air mixing
ratio of 75.0 £ 0.4 ppt (parts per trillion), based on the SIO-2005 gravimetric
calibration scale (Prinn et al., 2000; C. Harth, personal communication). The
analytical precision of our dissolved CF; measurements in seawater is estimated at
+3%, based on a propagation of errors, and is of similar magnitude to the
reproducibility of duplicate groundwater samples containing similar molar quantities
of CF,4 to seawater samples in this study (Deeds et al., 2008).

In addition to CF4, the Medusa-GC/MS simultaneously measures a broad suite
of halogenated gases, including SFs, CFC-12 and CFC-11. Since there are no known
natural sources of CFC-12 and CFC-11 (Butler et al., 1999), and since SFg is
undetectable at ALOHA station below 1000 m depth (Bullister et al., 2006), measured
SF¢ and CFC concentrations can be used to constrain modern contributions to

seawaters that last equilibrated with the preindustrial atmosphere. SF is not released
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from degassing of polymers (Busenberg and Plummer, 2000), and so it provides a
check against sampling artifacts that might prevent reliable interpretation of the CFC
data. Measured SFs, CFC-12 and CFC-11 concentrations for NPDW samples in this
study are 0.27 — 0.29 fmol SF¢ kg ' H,0 and 0.02 - 0.04 pmol CFC kg ' H,O for both
CFCs. Molar ratios of these gases lie between the molar ratios for modern air and
modern seawater (e.g. molar CFC-12/CFC-11 ratios are ~0.9, lying between the molar
ratios of ~2 for modern air and ~0.5 for modern seawater). A two end-member mixing
model between modern air and modern water contaminants can therefore be used to
describe the observed SF¢ and CFC concentrations.

Accordingly, the amount of modern air and water present in our NPDW
samples are 0.6 — 0.9 cm’ air STP kg’ H,O and 4 — 5 g H,O kg' sample,
corresponding to a contaminant contribution to measured CF4 concentrations of
roughly 2 — 3 fmol CF4 kg_1 H,0. Modern air contaminant concentrations are of
similar magnitude to modern air contamination observed previously for this analytical
technique (Deeds et al., 2008) and probably result from entrainment of small
quantities of lab air during dissolved gas extraction and analysis. Modern water
contamination concentrations reflect the mixing of small amounts of water in contact
with the modern atmosphere from the upper portion of Niskin bottles into samples
collected from the lower reaches of the bottle. We estimate the error in the CF,
contamination corrections at +0.2 fmol CF,; kg' H,O (i.e. roughly £10% of the
estimated corrections), which increases the total error of reported contaminant-

corrected CF,4 concentrations for NPDW to £4%.



122

7.4 Results

Measured CF4 concentrations, [CF4], and expected equilibrium CF,4
concentrations, [CF4]*, for surface and deep Pacific seawater are listed in Table 1,

together with the percentage supersaturation of CF4 in collected samples (ACF,),

defined as:

ACF, =[ [CF.] —1}.100 (1)

[CF.]

Equilibrium CF4 concentrations are calculated from measured salinities (S) and
potential temperatures (0) assuming a sea surface pressure of 1 atmosphere. Deep
Pacific seawater samples were assumed to be in equilibrium with a mean preindustrial
atmospheric CF4 dry air mole fraction of 34.8 + 0.2 ppt based on analyses in our
laboratory (J. Miihle, personal communication) of ancient air in Greenland ice and
Antarctic firn. This preindustrial atmospheric CF4 background agrees well with
published literature values (Harnisch et al., 1996; Worton et al., 2007). Surface
seawater samples were assumed to be in equilibrium with the mean atmospheric CF,4
mole fractions for the month prior to sampling, as calculated from routine air CF4
analyses by Medusa-GC/MS at SIO.

The solubility of CF4 in seawater has received little attention, with only four
measurements available in the literature, covering a range of 15 — 30°C and a salinity

of 35.086 psu (Scharlin and Battino, 1995). For this study, we derived Ostwald
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solubility coefficients for CF4 in seawater as a function of both salinity and
temperature by modifying fitted freshwater solubility data (Clever et al., 2005) with

the Setschenow equation:

h{—j =k S (7.2)

where L and L, are the seawater and freshwater solubilities, kg is the salting-out
coefficient and S is the salinity. Salting-out coefficients for CF4 as a function of
temperature were also obtained from the Setschenow equation using the seawater and
freshwater data of Scharlin and Battino (1995). The standard error of seawater CF4
solubility estimates for this method, in Ostwald solubility units, is =0.0001, or roughly
+2% on average. This is the major source of error in calculated CF4 solubilities, and
results mainly from the considerable disagreement (up to 5%) between compiled
freshwater CF4 solubilities at low temperatures (<20°C).

There is good agreement between measured and equilibrium CFy
concentrations in surface seawater samples. Measured CF4 concentrations are on
average (0.8 + 2) % undersaturated with respect to atmospheric equilibrium (Table 1).
Sparingly soluble gases tend to be supersaturated in seawater due to the dissolution of
air bubbles submerged by wave action, or “air injection” (Craig and Weiss, 1971;
Hamme and Emerson, 2002), but calm weather during sampling (average wind speeds
of about 2 m s') may explain a relatively small air injection contribution to our

surface water samples. Our surface seawater results therefore suggest that the
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analytical method used here measures CF4 seawater concentrations with a systematic
uncertainty on the order of 2%.  Although our deep Pacific seawater CF4
measurements are limited in number, they represent mean CF4 concentrations in these

deep Pacific seawaters with a similar systematic uncertainty.

7.5 Discussion

Measured dissolved CF; concentrations in deep Pacific seawater are
oversaturated with respect to seawater in equilibrium with the preindustrial
atmospheric CF4 background (Table 1). To estimate the supersaturation of CF4 during
deep water formation, we use the quasi-steady-state mixed-layer model of Schudlich
and Emerson (1996). The model includes diffusive gas exchange with the
atmosphere, seawater temperature changes, and air-injection. Air injection is modeled
as a combination of completely collapsing small bubbles, and large bubbles that only
partially dissolve before returning to the atmosphere. When the mixed-layer model of
Schudlich and Emerson (1996) is constrained using measured neon and argon
saturations at 2000 m depth at ALOHA station (Hamme and Emerson, 2002; Hamme
and Severinghaus, 2007), the CF4 supersaturation during deep water formation is (5 +
1)%, which is consistent with the observed CF, supersaturation of (4 + 3)%.

CF, is thought to be inert in the oceans on timescales of thousands of years
(Cicerone, 1979; Ravishankara et al., 1993). However, we cannot completely discount

the possibility that an oceanic sink of CF,4 exists which coincidentally balances an
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oceanic source of CF4 at 2000 m depth at ALOHA station, thus producing an artificial
agreement between the observed and estimated supersaturation of CF,4 in deep Pacific
seawaters. Regardless, the most straightforward and most likely explanation remains
that CF, is conservative in seawater, and that the agreement between measured and
expected deep Pacific CF4 seawater concentrations therefore shows no evidence of a
significant oceanic lithospheric source of CFj.

To consider whether a significant oceanic source may be hidden solely by
analytical limitations, we constrain the upper limit to a hypothetical oceanic CF,4
source by comparing the measured and predicted CF,4 supersaturations at the extreme
range of their positive and negative uncertainties, respectively. This comparison
yields a maximum of 3% of the measured [CF4] value, or 0.35 fmol CF4 kg_1 H,O. If
this CF4 excess is assumed to originate from an ubiquitous lithospheric source
emanating from the oceanic crust, and if the excess accumulates over a time period on
the order of 1400 years, as estimated from radiocarbon measurements (Key et al.,
2004), then the oceanic CF4 source must contribute less than ~2.5 x 107* fmol CFs kg
"H,0 per year.

If one assumes that this flux is characteristic of the roughly 1.0 x 10*' kg of
seawater that lie below the ~1 km depth of surface and intermediate waters in the deep
basins of the world ocean, then the hypothetical global flux of CF4 into the deep ocean
from the oceanic lithosphere is constrained to an upper limit on the order of 250 mol
CF4 per year. The continental lithospheric flux of CF4 to the atmosphere is estimated

at (1 — 5) x 10* moles CF,4 per year (Deeds et al., 2008). If an oceanic source of CF4
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exists it is therefore at most only about 2.5% of the continental flux, indicating that
weathering and alteration of the continental crust are the dominant sources of natural
CF4 to the atmosphere (Harnisch and Eisenhauer, 1998). This is consistent with the
lack of detectable amounts of CF, in mafic rocks (Harnisch and Eisenhauer, 1998;
Harnisch et al., 2000) and volcanic gases (Jordan et al., 2000; Frische et al., 2007),
which suggest that neither the oceanic crust nor the mantle are significant sources of
CF4. It may still be possible that in coastal oceans dissolved CF, seawater
concentrations are elevated due to release from underlying continental crust or from
mixing with groundwaters discharging from the continents, but more research is
necessary to show if this is the case.

The long exchange time of radiocarbon in the surface ocean with the
atmosphere, and the introduction of radiocarbon with remineralization of sinking
organic material at depth may bias the radiocarbon-based estimate of the length of
time over which lithospheric gases may accumulate in deep seawaters. A better age
tracer for deep seawaters for the purposes of this discussion may be *°Ar, since it is
entirely gas-based and enters the oceans solely from exchange with the atmosphere
(Loosli, 1983). The argon-39 age of deep Pacific seawater at ALOHA station at 2.2
km depth is 790 years (Loosli, 1989), which is significantly younger than the
radiocarbon age (~1400 years) for NPDW at this location. The upper limit to a
hypothetical ocean lithospheric flux of CF4 into the oceans, constrained with the **Ar
age, would be 440 mol yr', or ~4% of the lithospheric CF4 flux from the continents.

Although this is somewhat larger than the upper limit to the oceanic CF; flux
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estimated using the '*C age of NPDW at ALOHA station, the main conclusion that
there is no evidence for an oceanic source of CF4 is unchanged.

According to Worton et al. (2007) the atmospheric mole fraction of CF4
increased from 40 ppt to 78 ppt between 1955 and 2003. This change would increase
surface seawater CF, concentrations by about 7.7 fmol CF,4 kg H,0, based on our
analysis of CF4 solubility and assuming a mean global sea surface temperature of
16°C and salinity of 35 psu, with a mean growth rate of about 0.16 fmol CF4 kg_1 H,O
per year. For the duplicate measurement technique used here this corresponds to a
precision of ~3 years in apparent pCF4 age over this period. Improvements in

measurement technique would reduce this uncertainty proportionally.

7.4 Conclusion

Measured concentrations of CF, in surface seawaters during calm weather are
in equilibrium with modern atmospheric CF4 mole fractions. Deep Pacific seawaters
contain CF4 concentrations slightly in excess of those expected for equilibrium with
the preindustrial atmospheric CF4 mole fraction, due mainly to injection of air bubbles
into surface seawaters during deep water formation. No oceanic lithospheric source is
required to explain our measurements of dissolved CF4in the deep Pacific Ocean. We
estimate from these first results that the upper limit of a potential oceanic lithospheric
CF4 flux to the atmosphere is on the order of 4% of that from the continental

lithosphere. Within the limits of our analytical methods, dissolved atmospheric CF4 is
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conservative in the oceans over time scales of 10° years, and is therefore a suitable
anthropogenic time-dependent tracer of ocean ventilation and subsurface circulation
processes that involve waters that have been exposed to the atmosphere since the onset
of anthropogenic CF,4 emissions. Unlike the case for the use of anthropogenic CFCs
as ocean tracers, the existence of a natural atmospheric CF4 background makes it
possible to verify the conservativeness of this tracer directly from ocean
measurements. Measurements of dissolved CF4 at other locations and depths will be
useful in further testing the conclusions we have drawn from these first observations

of dissolved oceanic CF4 distributions.
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Chapter 8

Concluding Remarks

In this thesis, I present the first measurements of tetrafluoromethane in waters
drawn from the ocean and continents, and add to the limited number of sulfur
hexafluoride measurements previously available for continental groundwaters
(Busenberg and Plummer, 2000). Dissolved tetrafluoromethane and sulfur
hexafluoride concentrations in Mojave Desert groundwaters provide in-situ evidence
for a lithospheric source of these gases to the atmosphere. 1 also present
measurements of CF4 and SFg, as well as a broad suite of halogenated gases in
fumarolic emissions from Kilauea volcano, and attribute their presence to air and
hydrothermal sources, adding to the body of evidence that volcanoes are not a
significant source of halogenated gases to the atmosphere (Jordan et al., 2000; Frische
et al., 2008). My measurements of dissolved CF4 concentrations in deep seawaters
demonstrate the conservative nature of CF,4 in seawater, showing the potential of CF4
as a time-dependent tracer of ocean circulation and mixing processes and indicating
that the oceanic crust is not a significant source of atmospheric CFj.

As discussed in Chapters 4 and 5, almost all groundwaters studied contain

concentrations of tetrafluoromethane and sulfur hexafluoride in excess of equilibrium
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concentrations at the conditions of recharge, indicating subsurface sources of these
gases. The spatial variability in excess CF4 and SFs in groundwaters can be
explained by a combination of two subsurface processes: i) release during the
weathering of granitic aquifer material and ii) advection into the aquifer through the
underlying basement (a “crustal flux” of CF4 and SF). The crustal flux of CF,4, but
not SF¢, is elevated in groundwaters drawn from the vicinity of active faults in the
Mojave Desert, suggesting that CF, is released from the deep crust during tectonically-
driven fracture events, similar to the release of deep crustal *He (Kulongoski et al.,
2003; 2005). When these groundwater measurements are extrapolated to the global
scale and combined with the estimated global weathering flux of these gases (Harnisch
and Eisenhauer, 1998), the resulting lithospheric fluxes to the atmosphere can explain
the measured preindustrial atmospheric abundances of CF4 and SF.

In Chapter 6, I show that the tetrafluoromethane and sulfur hexafluoride
content of fumarolic emissions from Kilauea volcano can be attributed to entrainment
of air into rising magmatic volatiles, arguing against the presence of a volcanic flux of
these gases from the mantle to the atmosphere. Halogenated gases present in collected
volcanic gases are derived not only from entrained air but also from the hydrothermal
system of Kilauea summit. The mole ratios of halogenated gases in fumarolic
emissions from Kilauea summit indicate that Kilauea’s hydrothermal system has been
fractionated due to equilibrium with a vapor phase free of these halogenated gases.

An excess of trichlorofluoromethane (CFC-11) in volcanic emissions, which has been
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previously attributed to a volcanic source (Jordan et al., 2000), can instead be
explained by a fractionated hydrothermal source.

Dissolved CF4 concentrations in deep North Pacific seawaters presented in
Chapter 7 are supersaturated with respect to equilibrium with the preindustrial
atmosphere. The degree of CFj4 supersaturation in deep seawater, ~4%, can be
attributed to the entrainment and partial dissolution of air bubbles into surface waters
prior to deep-water formation. There is no evidence for an oceanic lithospheric source
of CF, to the atmosphere, CF4 is conservative in seawater, and therefore dissolved
anthropogenic CF,4 concentrations may be used as a time-dependent tracer of ocean
circulation processes. This finding is especially valuable to the oceanographic
community, as recent emissions regulations have reduced the usefulness of dissolved
CFC-12 and CFC-11 as ocean tracers. If an oceanic source of CF4 exists, it is less than
~4% of the continental lithospheric flux to the atmosphere.

The global picture that emerges from the work presented in this thesis is that,
of all the regions of the lithosphere, only the continental crust is a significant natural
source of CF4 (and SF) to the atmosphere (Figure 8.1). Based on the lithospheric flux
of CF4 estimated in Chapter 4, (1 —5) x 10* mol CF,4 yrﬁl, the lifetime of CF4 in the
preindustrial atmosphere is 100 — 620 kyr. The previous range of preindustrial
atmospheric lifetimes for CF4, estimated from a lithospheric flux estimate of 0.1 — 1t
CF, yr*1 (Harnisch and Eisenhauer, 1998), is 550 — 5,500 kyr, which is inconsistent
with the best estimate preindustrial CF, lifetime of 110 kyr (Ravishankara et al., 1993;

Morris et al., 1995). However, the range of preindustrial atmospheric lifetimes
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estimated from the work presented in this thesis encompasses this best estimate
atmospheric lifetime, and thus represents a significant step toward understanding the

natural geochemistry of CF,.

A

j t Ocean t ;
Crust I

<440 mol CF, yr'

f—_—_—g e —_—_————— \ (1 -5)x 10* mol CF,yr!
\
<3 mol CF, yr' \ Continent
(global estimate) \

Figure 8.1 A cartoon of the lithospheric CF4 flux to the atmosphere, including upper
constraints to the flux of CF4 from the mantle and the oceanic crust. The continental
crust flux estimate is extrapolated from crustal CF, fluxes into Mojave Desert
groundwaters (Chapter 4).

The atmospheric lifetime of CF4 in the modern atmosphere has been estimated
to be 50 kyr, based solely on loss of CF4 to high temperature combustors at the Earth’s
surface (Ravishankara et al., 1993). If the natural sinks of CF, are considered in
parallel to its loss to high temperature combustion, then the range of probable modern
atmospheric lifetimes is 28 — 46 kyr. Atmospheric CF4 lifetimes in this range have the
same effect on the 100-year timescale used by policymakers for comparative studies
of greenhouse gas Global Warming Potentials (Forster et al., 2007). However, these

results indicate that the lasting climate forcing associated with CF4 emissions may

persist for only about half as long as previously anticipated.
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There is a significant amount of research yet to be done to build upon the
results presented in this thesis. A more sensitive study of the CF4 and SF¢ content of
granitic rocks is clearly necessary given the frequency with which SF¢ has remained
undetected in granites. The discussion of Chapter 4 and Chapter 5 depends heavily on
the assumed constancy of CF4/*He and SF¢/*He molar ratios in granites in the crust,
and so concurrent measurement of He and other noble gases in granites from locations
outside the Mojave Desert are needed to verify the global lithospheric CF4 and SFg
degassing estimates presented herein. Harnisch et al. (2000) propose the presence of
small quantities of CFC-11 and CFC-12 in granites. If this were verified by further
measurements it could reveal the chemical mechanisms responsible for the formation
of CF4 in the fluid inclusions of granites.

Further measurements of CF,4 and SF¢ in groundwaters should help constrain
global weathering fluxes of these gases. Measurement of CF4 and SF¢ concentrations
in a non-granitic aquifer could provide support evidence for the crustal degassing
mechanism proposed in Chapter 4. SFs concentrations have been shown to be
elevated in carbonate aquifers (Busenberg and Plummer, 2000), so it would be
interesting to measure CF4 concentrations in these groundwaters as well.

Evidence against a volcanic source of CF4 and SF¢ could be strengthened by
the measurement of the CF, and SF¢ content of emissions from a volcano overlying a
thick section of continental crust. Further CFC measurements at other locations
besides Kilauea may confirm that CFC-11 excesses commonly observed in volcanic

emissions are a result of the exsolving of gases from a hydrothermal source whose



138

dissolved gases have been fractionated as a result of previous equilibrium with a CFC-
free vapor phase.

Although CF4 has been shown to be conservative in seawater, the analytical
technique presented in this thesis must be improved before anthropogenic CF4
concentrations in seawater can be used effectively as a time-dependent ocean tracer
with high spatial and temporal resolution. The 3 year temporal resolution and the
small sample number afforded by the current analytical technique could nevertheless

illustrate the effective use of CF, as a time-dependent tracer.
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Dissertation Appendix A

Absolute Molar Calibration of CF,

A.I Calibration technique

Routine air measurements by Medusa-GC/MS are reported in relative molar
quantities (i.e. mole fractions), since relative molar quantities are less sensitive to
systematic biases present in an analytical routine than measurements based on an
absolute molar calibration. As an example, the MEMS integrating digital mass-flow
controller used to quantifiably sample a specified volume of gas for analysis by
GC/MS contains a non-zero reference vacuum that results in an underestimation of the
total integrated sample volume introduced into the instrument. Since the mole fraction
of a gas in an analyzed sample is calibrated relative to the mole fraction of the gas in
the standard, which is not dependent on the amount of standard introduced into the
instrument, the systematic bias in the volume of gas analyzed will not be an analytical
concern, so long as the standard and sample are treated in an identical manner.

For the gas analyses presented in my thesis, it is the absolute number of moles
collected that are required for dissolved CF4 and SF¢ concentration calculations (see
Chapter 3). In this case, an underestimation of the standard volume introduced into

the Medusa-GC/MS will result in a significant overestimation of the number of moles
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analyte in an extracted gas sample. It was therefore necessary to develop a method to
reliably calibrate the Medusa-GC/MS’s mass-flow controller for a series of
groundwater CF4 analyses.

The apparatus used to calibrate the MEMS flow controller is a volume-
calibrated 6-liter flask immersed in a water bath. The volume of the 6-liter flask is
calibrated to within 10 mL by repeat equilibration with nitrogen gas stored in a 35-liter
flask whose internal volume has been accurately determined as a function of room
temperature and pressure (Bullister, 1984). The water bath surrounding the 6-liter
flask has sufficient thermal mass that the relatively small temperature fluctuations
associated with the thermostatted lab air are not transmitted to the flask. The
temperature of the water bath is measured with a mercury thermometer to within 0.1
°C prior to each standard calibration. The internal pressure of the flask is measured to
within 0.1 mTorr by a Paroscientific piezoelectric pressure sensor. The computer
controlling the Medusa-GC/MS communicates directly with the pressure sensor,
automatically and consistently logging the measured internal pressure of the flask
prior to and after each standard calibration.

For most analyses the flask was filled with roughly 40 psia of the working
standard used to calibrate accompanying analyses. This standard was then drawn
directly from the 6-liter flask, with the volume of standard withdrawn determined by
the measured decrease in the internal pressure of the flask. In this case the standard
volume reported by the MEMS flow controller was unnecessary, and the number of

moles standard withdrawn could be calculated to within + 0.2 — 0.4%.



142

14 . .
I I
13 4 I 1
; - 0
1 I I
| 9.2%02% . 4
11 I | !
0 I ¢ I 12.2£0.2%
1 I I
=< I I
S 97 I @ @ I
=
N I I
= 81 I f I
: I 9.0%0.4% |
§ 7 I I
s . 43£03% I
< ° I I
5 | I I
> I I
. I I
I I
3 | @ I I
I I
) Pl I I
3.1£0.3% : :
1 _
I I
0 T I T I T T
08/01/04 02/17/05 09/05/05 03/24/06 10/10/06 04/28/07
Date

Figure A.1 The percent offset (AV) between the volume of sample removed from the
volume-calibrated 6 liter flask (V6), as determined from its internal pressure change,
and the sample volume reported by the MEMS flow controller (VM). The MEMS
flow controller consistently underestimates sample volume by as much as 120
milliliters due to a non-zero reference vacuum. Mean offsets for a series of
comparisons (circled) are also shown. Dashed vertical lines indicate where the MEMS
flow controller on the instrument was replaced by an identical unit. Although the
accuracy of an individual MEMS flow controller does not vary considerably over the
timespan of a month, there is significant variability in the accuracy between MEMS
flow controllers.

After several sets of analyses had been completed it became clear that the
MEMS flow controller is relatively stable within a time period of about a month
(Figure A.1). Thus the standard volumes reported by the MEMS could be used,

assuming that either before or after a series of analyses the 6-liter flask was used to

calibrate the volume bias in the flow controller. The working standard could then be
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drawn directly from its original tank, reducing the likelihood of contamination, and the
6-liter flask could be filled to 40 psia with a more easily replaceable gas, such as
nitrogen gas, for the calibration of the MEMS flow controller. Standard volumes

reported by the MEMS were underestimated by 30 — 120 mL (3 — 12 %)).

A.II The virial expansion

Although it is convenient to assume ideality for a real gas, attractive and
repulsive interactions between gas molecules can significantly influence the physical
response of a real gas to compression or expansion, resulting in deviations from the
ideal gas law. It is only at low densities (or high temperatures) that molecules in a real
gas are sufficiently separated on average that they can be considered non-interacting
(i.e. ideal). As the gas is compressed and the average distance between molecules
decreases, attractive forces between molecules act to facilitate compression of the real
gas. At even higher pressures, the average distance between molecules shrinks to the
point where repulsive forces begin to dominate, hindering further compression of the
gas. When considering compressed air in the 6-liter flask used to calibrate the MEMS
flow controller, deviations from ideality may significantly influence the number of
moles introduced into the GC/MS and result in a miscalibration of the MEMS and a

bias in CF4 measurements.
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An alternative to the ideal gas law is the virial equation of state for gases,
which is a power-series expansion of the ideal gas law whose additional terms account

for intermolecular interactions. One version of the virial equation is:

pV, =RT(1+B'(T)p+C'(T)p> +... (A1)

where p is the pressure, Vy, is the molar volume, R is the universal gas constant and T
is the temperature, and B'(T) and C'(T) are temperature-dependent coefficients that are
gas-specific. The “second virial coefficient”, B'(T), accounts for interactions between
pairs of molecules, while the “third virial coefficient”, C'(T), includes 3-body
interactions. Although the virial equation of state can be expanded to additional terms

for greater accuracy, in general additional terms are unnecessary, as
C'(T)p> << B(T)p. The compressibility of a gas (Z=pV,/RT) provides an

indication of the deviation of a real gas from ideality, since an ideal gas always has a
compressibility of 1. Figure A.2 is a plot of the compressibility of air as a function of
its pressure, as described by the virial equation. The 6 liter flask used to calibrate the
MEMS is never filled to pressures higher than 3 atmospheres due to the fragility of the
digital pressure sensor. At pressures of <3 atmospheres, the deviation from ideality is
small (Fig. A.2), less than 0.2%, which is an order of magnitude less than the typical

correction to sample volumes reported by the MEMS.
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Figure A.2 The compressibility (Z) of air as a function of pressure (p) and at a
temperature of 20 °C, as described by the wvirial equation (i.e.
Z=pV,/RT=1+B'p+C'p*). At low pressures the compressibility of air is close to Z

= 1, which is the compressibility of an ideal gas. As the pressure increases, air
becomes slightly more compressible than an ideal gas (Z<1) due to attraction between
air molecules. As the pressure continues to increase, repulsive forces between air
molecules begin to dominate, and air becomes significantly less compressible than an
ideal gas (Z>1). The internal pressure of the calibration apparatus is always at most
roughly 3 atmospheres, and so the deviation from ideality is small, on the order of 0.1
—0.2% (see insert).
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Dissertation Appendix B

Halogenated Gas Solubilities

My doctoral studies required a reliable method for estimating dissolved CF4
concentrations in water over a wide range of temperatures, from cold seawater in the
depths of the Pacific, to cool meteoric water recharging the Mojave from nearby
mountainsides, to the relatively warm conditions of the laboratory. Unfortunately, for
most of my studies no one source existed that collected and compiled all available CF4
solubility data from the literature to best describe the dependence of CF4 solubility on
temperature. [ therefore compiled CF4 solubility data from available literature and fit
it as a function of temperature, as described in the following section. Many of the
publications containing CF4 solubility data also reported solubilities for other
halogenated trace gases measured by the Medusa-GC/MS. In anticipation that they
may be studied in natural waters in the future by members of the Weiss lab, I also
compiled all available solubility data for other halogenated gases measured by
Medusa-GC/MS, with the exception of the well-studied chlorofluorocarbons (CFC-12,

CFC-11, and CFC-113) and SFs.
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B.I Freshwater CF, Solubilities

Freshwater CF4 solubility data were collected from Ashton et al. (1968), Wen
and Muccitelli (1979), Smith et al. (1981), Cosgrove and Walkley (1981), Park et al.
(1982), Scharlin and Battino (1992) and Mainer (2000). The solubility data were
converted to a common solubility unit (Ostwald solubilities) and fitted with a Clark-

Glew-Weiss (CGW) function of temperature:

208.0542
- 208.0542 T
L =—146.348 + T +65.2749 x 1n( % OOK) (B.1)
100K

where L is the Ostwald solubility and T is the temperature in Kelvin. The resulting fit
is valid over a temperature range of 273 — 323 K and agrees with the compiled data to
within 2% in most cases. Figure B.1 displays the compiled solubility data, the CGW
function presented above, as well as a CGW function of an almost identical data set
compiled by Clever et al. (2005).

The Ostwald solubility can be defined as the ratio of the concentration of gas
dissolved in the liquid phase (CgL) to the concentration of gas in the vapor phase (Cgv),
in units of moles gas per liter solution:

cV (B.2)

g Jequil
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Figure B.1 Ostwald solubility coefficients for CF4 as a function of temperature.
Clarke-Glew-Weiss (CGW) fits to the data from this study and from Clever et al.
(2005) are also shown. The CGW fit used in this study agrees to within 2% with the
majority of the data.

For air-saturated water, and assuming that the ideal gas law holds, Cgv can be

estimated from:

P—PulT
Cgv=—( R,T( ))'Xg (B.3)

where p is atmospheric pressure, ps.(T) is the saturation vapor pressure of water, a

function of the ambient temperature, T, R is the universal gas constant and X, is the
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atmospheric mole fraction of the gas. Substituting Equation B3 into Equation B2, the
concentration of a dissolved gas in an air-saturated water sample, in moles per liter

water, can then be estimated from:

CL = (p _psat(T)) )

g I (B.4)

B.I1 Seawater CF, solubilities

The solubility of CF4 in seawater is relatively unstudied, with only 4 data
points available in the literature (Scharlin and Battino, 1995), covering a relatively
short range of temperatures (15°C — 30°C) and disregarding the dependence of
seawater solubility on salinity. Given that the freshwater solubility for CF4 has been
more thoroughly studied, it would be advantageous to define the solubility of CF, in
seawater based on its freshwater solubilities.

The solubility of a gas in a mixed-electrolyte solution, such as seawater, can be
determined from the fresh water solubility using a modified version of the Setschenow

equation (Masterton, 1975):

In(L/L,)=—k, -1, (B.5)
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where L is the solubility of the gas in the electrolyte solution, Ly is the freshwater
solubility, I, is the ionic strength of solution, and ks is an empirically-derived,
temperature-dependent constant called the “salting coefficient”. Using the freshwater
and seawater solubilities for CF4 (Scharlin and Battino, 1995), salting coefficients for
CF, as a function of temperature can be estimated. The dependence of the resulting
salting coefficients on temperature can be fit very well with a second-order

polynomial (Masterton, 1975):

k, =0.00029863 x T 0.17074 x T +24.707 (B.6)

The seawater solubility of CF4 can then be estimated by combining Equations

B.1, B.5 and B.6:

L(T,1,)= {A + 100T- Bic 1n(%ﬂ xexp(-[aT> +bT +¢] 1,) ®.7)

The values for capitalized constants are given in Equation B.1, while those for
lowercase constants are given in Equation B.6. One simple method for estimating the

ionic strength of seawater from its salinity is:

~0.03600

=—" " xSx T,S .
v = 20653 Puo(T.S) (B.8)
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where S is the salinity (in g kg™') and Pu,0 (T, S) is the density of seawater (in kg L™,

estimated using an equation of state for seawater (Millero and Poisson, 1981). Once
the Ostwald solubility for CF4 in seawater is estimated using Equations B.7 and B.8,
the concentration of the gas in seawater can be estimated with Equation B.4, keeping
in mind that the saturation vapor pressure of water in this case is also a function of

salinity.

B.III Freshwater solubilities for other “Medusa” analytes

Many of the manuscripts containing CF4 solubilities also contained solubilities
for other halogenated trace gases analyzed by the Medusa-GC/MS. I compiled this
data with supplementary data from the literature (Wilhelm et al., 1977; Horvath and
Getzen, 1995; Meylan et al., 1996; Hovorka and Dohnal, 1997; Horvath et al., 1999;
Alexander et al., 2001; Abraham et al., 2001; Bonifacio et al., 2001), and obtained
sufficient data to fit freshwater solubility curves for 18 additional Medusa analytes
(Table B.1). Data were converted to a common solubility unit, in this case Bunsen

solubilities (o, a =L x T /273.15 K), and fit with CGW curves similar to CF,.



Table B.1 CGW coefficients for Bunsen solubilities of halogenated trace gases
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Thnin Thax

Compound A B C
(K) (K)
CFC-13 -34.7447 53.1175 11.9348 288 343
CFC-115 7.7555 -4.6742 -10.1559 298 348
CH;Cl1 -55.7000 95.2618 22.5156 278 353
CH,Cl, -109.9320 159.1689 53.1494 273 308
CHCl; -45.5056 67.9165 21.1735 273 333
CCly -150.2787 209.3940 71.3191 273 308
CH,F, 382.5767 -524.8648 -189.4262 289 302
CHF; 27.4570 -26.6468 -18.0919 278 348
CH;Br -53.5628 94.3649 21.2424 278 353
CHBr; -21.8293 27.5201 10.3813 283 303
CH;l -42.8008 62.4380 20.7563 273 313
Halon 1301 -89.8586 140.1702 36.3776 273 323
Halon 1211 -163.085 248.8417 71.0524 273 323
HCFC-22 -101.7181 162.6169 42.9495 298 348
HFC-125 649.6003 -906.4999 -316.6113 298 303
HFC-134a -15.3731 36.9605 1.8164 278 338
HFC-152a -14.5973 33.1985 3.1389 273 338
PFC-116 -114.0755 166.7571 47.1396 278 328
TCE -36.4882 51.0431 16.3367 273 333
PCE -45.6286 61.7913 19.5115 273 343

CGW curve:

ln(a):A+B><100+C><ln(Tj
T 100
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Figure B.2 Bunsen solubilities for halogenated methanes in freshwater.
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Figure B.3 Bunsen solubilities for C2—C3 halocarbons in freshwater.
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For the remaining trace gases there was not a sufficiently large enough data set
to reliably fit the solubility data as a function of temperature. These compounds are
displayed in Figure B.2 and B.3, along with the 18 compounds for which CGW fits
were possible. For Halon-2402 and HFC-365mfc, no solubility data were available,
and so solubility estimates at 298 K were made using the bond contribution model of
Meylan and Howard (1991). Trifluoromethane solubilities from Alexander et al.
(2000) are a factor of 1.63 times higher than other solubilities drawn from the
literature. I scaled their data set by a factor of 1/1.63 to bring it into better agreement
with other studies, but the reader should keep in mind that their unaltered solubilities

may be correct.
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