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Wepresent analyses of phyllosilicates, volcanic glass, and a series of experiments and observations on the δ18O of
water extracted by rapid thermal pyrolysis at 1450 °C using the TCEA (Thermal Conversion Elemental Analyzer).
The study includes the same hydrous glasses thatwere previously analyzed for their δD values of extractedwater
(Seligman et al., 2016).We utilize natural phyllosilicates (wherewater is present as OH– only), naturalmagmatic
and experimentally quenched glasses, (in which water occurs as H2Om and OH−), and glasses that underwent
low-temperature secondary hydration by meteoric water (almost completely as H2Om). Our study documents
that: 1) thermal extraction and simultaneous pyrolysis of H2Ot into CO and H2 produces little or no exchange
(b1‰) in δ18O between hydrogen-bound and silica-bound oxygen; 2) water extracted from different natural
phyllosilicates have 103lnαsilicate-OH (~δ18Osilicate – δ18OOH) values ranging from−3 to 6‰, which is in agreement
with previous results using partial fluorination, Density-Functional Theory, and the increment method; 3) water
extracted from eruptively or experimentally quenched hydrous magmatic glasses have 103lnαsilicate-H2Ot values
that decrease with increasing quench temperature from 10‰ (900 °C) to 3‰ (1100 °C); 4) during progressive
volcanic degassing, the δ18O of remaining water in glass decrease as the departing H2Om is more positive in
δ18O, especially at lower temperature; this oxygen isotope trend correlates with δD as the departing H2Om is
alsomore positive in δD than the remainingmagmatic water. 5) the δ18O of water extracted from glass hydrated
at low-temperature by secondary water yields isotopically negative δ18O values that are closer to the δ18O values
of localmeteoric water than values appropriate for low temperature silicate-water 18O/16O equilibrium; this sug-
gests that uponhydrationwater simply dissolves into glass asH2O; 6) subsequently, secondarily hydrated glasses
appear to show an increase in δ18O values that trend towards equilibrium with continued secondary hydration,
with time, and at higher temperatures. This research demonstrates that the δ18O of extracted water, despite its
1–2 per mil- analytical precision, provides an isotopic tool for investigations of first order trends of both mag-
matic degassing, and of secondary hydration bymeteoric waters. The trends described here aids hydrogen isoto-
pic variations in the same processeses and combined use of both O and H isotopic variation of water in glass to
help fingerprint sources of meteoric water, extent and stages of alteration of glass, and magmatic degassing.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Oxygen isotopes of water extracted from hydrous silicates

Investigations of oxygen isotopes of water from hydrous silicates,
oxides, and sulfates (e.g. kaolinite, goethite, illite, other micas, and alu-
nite), was attempted in the early days of stable isotope geochemistry
in addition to the bulk δ18O analysis of these phases (Savin, 1967;
Hamza and Epstein, 1980; Yapp, 1987; Bechtel and Hoernes, 1990;
Girard and Savin, 1996; Gilg et al., 2004). The main motivating factor
of these studies is to use these minerals as recorders of δ18O and δD
values of equilibrium water, and thus paleoclimate, provided that the
ces, 1272 University of Oregon,
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temperature of interaction and isotopic fractionations are established.
Just as bulk δ18O values of a hydrous phase in conjunction with δD can
in theory resolve both the isotopic values of water and temperature
(Yapp, 1987), the intra-structure fractionation of δ18O between
hydrogen- and silicate-bound oxygen can potentially also serve this
purpose (Hamza and Epstein, 1980; Bechtel and Hoernes, 1990). The
hydrogen-bound oxygen will have a unique fractionation from the oxy-
gen in the silicate, which depends on the phase, the temperature at
which it was acquired, or isotopically closed to exchange. Internal
silicate-OH δ18O fractionation were thought to serve as a single-
mineral isotope thermometer (recording the temperature of last equil-
ibration or isotopic closure), comparatively similar to modern day
clumped isotope methods (Eiler, 2007).

In order to extract hydrogen-bound oxygen from clays and other
OH- and H2O-bearing materials, two chief methods were previously
employed: 1) partial low-temperature fluorination using F2 gas
(Hamza and Epstein, 1980; Yapp, 1987; Bechtel and Hoernes, 1990)
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and 2) thermal dehydroxylation by heating in a resistance furnace con-
ducted at 500–1000 °C (Girard and Savin, 1996; Sheppard and Gilg,
1996 and references therein). Both methods, coupled with measure-
ments of δ18O in the silicate residue, yielded good mass balance con-
straints and results carried 1–2‰ δ18O analytical uncertainties. Both
Hamza and Epstein (1980) and Bechtel and Hoernes (1990) used off-
line, “conventional” extraction and analytical techniques and rather
large quantities ofmaterial, and found that fluorination and thermal de-
hydroxylation yielded overlapping results, while Girard and Savin
(1996) and Clayton and Mayeda (2009) suggested that thermal dehy-
droxylation is preferred. Despite the rather large amount of material
used (10s to 100s of mg), these authors suggested that there is insignif-
icant isotopic exchange between the residual silicate and the departing
water upon rapid water extraction from the sample. Therefore, the
resulting 103lnαsilicate-OH reflects the true fractionation between the
OH-bound oxygen and the silicate oxygen, thus retrieving δ18Owater

values, 103lnαsilicate-OH fractionations, and the final diffusional closure
temperature of the two types of oxygen. However, since only half of
the oxygen is extracted as H2O from the OH– sites during dehydroxyl-
ation (2OH− = H2Om + Osilicate

2−), the measured difference requires
correction using the fractionation at the temperature of extraction, a
topic that we explore in detail below. The added step of correcting for
the residual oxygen in the silicate and the concern for isotopic exchange
during heating and analysis are possible reasons why these earlier
methods are not widely utilized.

Another approach to understand water (and OH−) fractionation in
silicates is to use theoretical or semi-empirical approaches (e.g. incre-
mentmethod) involving oxygen bonding environments and the associ-
ated dependence on temperature. Using thesemethods, Schütze (1984)
and Zheng (1993a) computed OH-phyllosilicate fractionations as a
function of temperature. Girard and Savin (1996) and Bechtel and
Hoernes (1990) observed that their experimentally determined OH-
silicate fractionations agree with these calculations at 200–300 °C,
which is the presumed closure temperature of silicate-OH exchange
for these plutonic minerals. However, disagreements were larger for
micas formed at low (cooler hydrothermal or ambient) temperatures,
which predict, for example, 40‰ oxygen isotopic fractionation between
the silicate and the OH-portion of kaolinite (Zheng, 1993a). The closure
temperature for the investigated samples, which originated from hy-
drothermal deposits or plutonic environments, was not discussed by ei-
ther author.

Méheut et al. (2007, 2010) and Balan et al. (2007) utilized Density-
Functional Theory (DFT) simulations to estimate isotopic fractionations
between hydrous phyllosillicates and water, and internal isotopic frac-
tionations of oxygen in kaolinite, with a 5% precision. Results from
their studies suggest that hydrous minerals (e.g. kaolinite and musco-
vite) have 103lnαsilicate-OH between ~2‰ (kaolinite) and ~1‰ (musco-
vite) at ~300 °C, and that at lower temperatures the 103lnαbulk-OH

becomemore positive. Collectively, the aforementioned studies provide
a background to understand magmatic glass. They however carry both
analytical and theoretical controversies that we try to address and re-
solve in this study.

This paper takes the above-described research further by using a
Thermal Conversion Elemental Analyzer (TCEA) continuous flow sys-
tem that uses glassy carbon coupled with a large radius MAT253 mass
spectrometer (Fig. 1, developed after the original design by Sharp
et al., 2001). These systems are now available at many Universities
and rely on milligram quantities of the freshest concentrate material,
representing a reduction in the sample size by 30–100 times compared
to conventional methods. The extraction at high 1450 °C temperature
and instantaneous reduction of extracted water to CO gas provides ad-
vantages over previously used lower temperature (500–1000 °C),
multi-step, and off-line methods. The TCEA approach allows less time
for syn-extraction exchange between the silicate and water, which is
perhaps better than the earlier employed three step process involving
initial dehydroxilation followed by water reduction and then off-line
isotope analysis. In addition, the TCEA, when coupled to a large radius
MAT 253 mass spectrometer, allows for sample sizes of just a few mg
with as little as 0.1 wt% water, compared to hundreds of mg required
in previously employed conventional methods (Hamza and Epstein,
1980; Bechtel and Hoernes, 1990; Girard and Savin, 1996), or Delta
mass spectrometry systems, the latter requiring N0.3 wt% of water and
4× the amount of material for analysis.
1.2. Goals of the present study

Despite rather large number of studies of δ18O in hydrous materials
(clays, goethite, sulphates, phosphates) mostly for paleoenvironmental
purposes (Vennemann et al., 2002; Bao and Marchant, 2006; Friedman
et al., 1993; Cassel et al., 2014; Pingel et al., 2016; Bao et al., 2000), there
are currently few studies on the δ18O value of water extracted from vol-
canic glass (e.g. Nolan and Bindeman, 2013; Bindeman and Lowenstern,
2016; Hudak and Bindeman, 2018; Seligman et al., 2018), and there are
no studies of δ18O in primary magmatic water left in glass during mag-
matic degassing. Thismay be due to the unknown reliability of the anal-
yses, practical utility, and the meaning of the δ18O of the extracted
waters. For decades researchers have worked towards understanding
the processes that occur during the diffusion of water into volcanic
glass, and to be able to distinguish between primary magmatic and sec-
ondary environmental water in volcanic glasses (e.g. Friedman and
Long, 1976; Newman et al., 1988; Zhang, 1999; Doremus, 2000;
Crovisier et al., 2003; Anovitz et al., 2009; Seligman et al., 2016; Hudak
and Bindeman, 2018).

We here test if δ18O analyses of water in hydrous glasses will be a
practical approach to understanding magmatic processes of volcanic
degassing, and environmental processes of secondary hydration,
which can be correlated with already well-understood hydrogen isoto-
pic systematics (Taylor and Westrich, 1985; Dobson et al., 1989;
Friedman and Long, 1976; Seligman et al., 2016). Understanding water
concentrations, speciation (H2Om and OH−), and the δD values of
water in rapidly quenched glasses is important in understanding their
sources and degassing history (Newman et al., 1988; McIntosh et al.,
2014; Castro et al., 2014).

This study focuses on oxygen analyses, since oxygen is a less ex-
changeable, labile element than hydrogen, allowing for less concern
about long-term isotopic stability and preservation of primary values
in older samples. For example, recent work by Nolan and Bindeman
(2013) (see also D/H results in Cassel and Breecker, 2017) suggested
that the hydrogen isotopic ratio of hydrated volcanic glass might shift
in higher T experiments over time to equilibrate with surrounding wa-
ters, while the oxygen isotopic ratio does not change. We target rocks
that have only primary magmatic water and those that have experi-
enced secondary hydration by secondary environmental molecular
water. Many of these are samples that we previously investigated for
D/H and H2Ot (total water including H2Om and OH−) (Bindeman et al.,
2012; Seligman et al., 2016; Martin et al., 2017). As there is a significant
amount of new notation throughout this article, we include a list of
commonly used notation and its associated definition in Table 1.The
δ18O of water in glasses that have been hydrated by typically low δ18O
and δD surrounding meteoric water also contains important infor-
mation about these hydrating waters. In particular, it is well under-
stood that as climate fluctuates between warmer and colder
temperatures the δ18O and δD values of precipitation change to-
gether along the meteoric water line (e.g. δD = 8 × δ18O + 10;
Craig, 1961; Dansgaard, 1964). This shift in water isotopic ratios is
also true for precipitation at higher versus lower latitudes, over topo-
graphic changes (Poage and Chamberlain, 2001), or farther into con-
tinental interiors versus near the coast (Dansgaard, 1964; Rozanski
et al., 1993; Rowley et al., 2001; waterisotopes.org). Thus, the other
goal of this study is to test the δ18O of water in glass as a tool for
paleoenvironmental studies.

http://waterisotopes.org
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Fig. 1. The TCEA set up for oxygen and hydrogen isotopic analyses of glasses and phyllosilicates used in this study. a) Schematic of the TCEA Thermo-Scientific system,modified from Sharp
et al., (2001). One at a time, samples or standardswrapped in silver foil are dropped into the glassy carbon reaction furnace held at 1450 °C,water is extracted and undergoes instantaneous
pyrolysis into H2 and CO gas in a He atmosphere. Gases are then passed through a 5 Å molecular sieve gas chromatographic column that separates the H2 and CO gases and potential
contaminants, through an open split, and into the mass spectrometer, where the reference gas is introduced from a separate cylinder or from the bellows system of the dual inlet.
b) Example of CO pyrolysis analysis peaks of NBS30 mica with 3.5 wt% water, and three reference gas peaks (on-off, from bellows) matching intensities of the unknown. Comparable
chromatogram will characterize D/H analyses of the H2 portion of the gas, when run in the same or different analytical session. c) Water extraction and the high temperature pyrolysis
reaction for oxygen isotope analyses on the TCEA.
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Table 1
Definitions of notations used throughout the article.

Notation Definition

OH− Hydroxyl water
H2Om Molecular water
H2Ot Total water-in-glass (WIG) including hydroxyl and molecular
δ18OBG The δ18O value of the bulk glass

δ18OTCEA

The δ18O of the total water that is analyzed by the TCEA (H2Om

and 1/2 of the OH−) following standard correction

δ18ORAW

The raw δ18O value given by the mass spectrometer prior to any
correction

δ18Oδ13C-CORR The δ18OTCEA value following a δ13C correction
δ18OH2Om The δ18O of the molecular water

δ18OOH→silicate

The δ18O of the oxygen from the hydroxyl that is left in the
silicate during analysis

δ18OOH→H2Om

The δ18O of the OH– that is converted to H2Om and analyzed by
the TCEA

δ18OTotal

The δ18O of the total water (hydrogen-associated oxygen)
present in a solid that contains both OH– and H2Om prior to
removal during analysis

δ18OMET

The δ18O of the meteoric water, after a correction for
pre-existing magmatic water

103lnαsilicate-H2Ot

The oxygen isotope fractionation between the oxygen in the
silicate and the hydrogen-bound oxygen, where αsilicate-H2O =
(1000 + δ18Osilicate) / (1000 + δ18OH2O)

103lnαrhyolite-H2O

The oxygen isotope fractionation between the oxygen bound in
the silicate and the hydrogen bound oxygen

103lnαsilicate-OH

The oxygen isotope fractionation between the oxygen bound in
the silicate and the hydroxyl bound oxygen

δ13Canalysis The δ13C value of an individual analysis
δ13Caverage The average δ13C value for a specific run's analyses
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2. Methods

We focus on two primary types of glasses in this study, including
both primary magmatic and secondary meteoric glasses. First, we uti-
lized rapidly quenched and degassed basaltic to rhyolitic volcanic
glasses containing only b0.6 wt% primary magmatic water and thus a
high OH– to H2Om ratio (Ihinger et al., 1999) to understand the δ18O
values of the hydroxyl (Fig. 2). Natural samples come from Volcán de
Fuego (1974 CE eruption), Mt. Spurr (1992 CE), and the 7.7 ka
Cleetwood rhyolite from Mt. Mazama. In addition, we analyze synthet-
ically hydrated dacite (D2) glass from Bindeman et al. (2012) that was
experimentally melted and hydrated at 900 °C with water from Fiji
(δD = −41.8‰, δ18O = −5.3‰) for 1 h. Here, the isotopic ratio of the
bulk water, OH– to H2Om water speciation, and the temperature of hy-
dration are known. We also analyzed a hydrous rhyolitic glass from
the Iceland Deep Drilling Project that was quenched almost instanta-
neously with 1.77 wt% water at a depth of approximately 2.1 km after
being intercepted by a drill core. We present new isotopic results for
this material that was described in detail by Zierenberg et al. (2012)
and further analyzed by Bindeman and Lowenstern (2016). The relative
proportions of H2Om andOH−, and the observed 930 °C quench temper-
ature are known for this sample (Table 2).

The second group of samples that we analyze in this work for the
δ18O of the hydroxyl-bound oxygen include glasses thatwere secondar-
ily hydrated by environmental meteoric waters: 7.7 ka Mt. Mazama
from Nolan and Bindeman (2013), 631 ka Lava Creek Tuff from
Bindeman et al. (2007), and 8 ka Hrafntinnusker eruption from Martin
et al. (2017) (Table 3). The latter glasses from Hraftinnusker were sec-
ondarily hydrated at elevated temperature (likely N150 °C) shortly
after eruption, as were the Yellowstone perlites from the Bindeman
and Lowenstern (2016) study.

Tephra samples were lightly disaggregated and sonicated for 60min
to remove the finest particles and clays (if any). Glass particles were
then dried, examined under a microscope, and 2–12 mg of the freshest
glass concentrate smaller than 0.5 mm in the longest direction and free
of minerals were packaged in silver foil. Average glass wall thickness of
the studied materials was no N25 μm (Seligman et al., 2016). Prior to
analysis, all samples were heated in a vacuum-sealed oven 12–18 h or
overnight at 130 °C to remove any atmospheric moisture and then
loaded and purged with He carrier gas in a Costech zero-blank
autosampler. Martin et al. (2017) present more details on the size frac-
tion analysis and reproducibility of different glasses and micas.
Seligman et al. (2016) and Dettinger and Quade (2015) additionally de-
scribe the advantages of not treating samples in 8% HF solution prior to
analysis.

Samples for TCEA analyses using the CO method (Fig. 1) were pre-
pared and treated similar to those for hydrogen isotope analyses (e.g.
Bindeman et al., 2012; Martin et al., 2017). Milligram quantities of sam-
ple were dropped one at a time into the reduction furnace (Fig. 1) and
almost instantaneously heated to 1450 °C, allowingwater to be released
off the solid and instantaneously converted to CO gas through high tem-
perature reductionwith the surrounding glassy carbon (e.g. Brand et al.,
1994; Sharp et al., 2001). Following rapid heating, the CO gas was then
passed through a 0.6 m long, short packed, 5 Å molecular sieve column,
and then through an open split and into the mass spectrometer. Analy-
ses of the CO gas are conducted relative to a reference gas from the Uni-
versity of Ottawa G.G. Hatch Stable Isotope Laboratory with a known
δ18O value of −5.5‰ relative to VSMOW (Vienna Standard Mean
Ocean Water), which is introduced from the bellows system of a dual
inlet continuous flow run method (Fig. 1). Calibration of the final
value is performed using solid and liquid standards with known δ18O
values (see below). These methods are described in detail in the
Appendix.

3. Results

3.1. Testing the viability of extracting hydrogen-bound oxygen using the
TCEA

It is important to check if the δ18O values of water extracted at 1450
°C from silicates is not shifted towards the silicate δ18O value upon ex-
traction, and to verify that the extracted δ18O values reflect those of
the original hydrogen-bound oxygen. We thus first performed a series
of tests involving anhydrous and minimally hydrous silicates and ox-
ides. First, we loaded our GISP (−24.8‰) water standards that are al-
ready welded inside Ag cups inside of another Ag cup loaded with
3–4 mg of Cleetwood rhyolite (0.2 wt% magmatic H2O with δ18OTotal

= −1.5‰, Seligman et al., 2016, new data in this work, Fig. 3). This
tests the possibility and extent of exchange between the +7‰ bulk sil-
icate volcanic glass with the isotopically very light −24.8‰ water at
1450 °C inside the graphite crucible. We observe that the δ18O values
of extracted water return slightly heavier values than the δ18O values
of the GISP standards run without the Cleetwood rhyolite. However, if
we correct for the 0.2 wt% residual water from the Cleetwood rhyolite,
the raw δ18O values come closer to the GISP analyses (within 0.9‰)
from that same session, indicating b3% silicate-water exchange during
extraction. Similar experimentation done with anhydrous rhyolite/ba-
salt and GISP by Bindeman and Lowenstern (2016) yielded a positive
0.53‰ shift for rhyolite and a negative 0.26‰ shift for basalt, within
the error of the measurements (Fig. 3). These tests demonstrate limited
(~1‰) exchange between silicate and water during the approximately
3 min extraction and pyrolysis at 1450 °C in the TCEA system.

3.1.1. Extracting oxygen from nominally anhydrous silicates
Next, to check if anhydrous silicates and Fe-oxides pyrolyze in a

glassy carbon tube and release CO gas we performed a series of tests.
First, we analyzed individual components of silicate melt: a range of
synthetic albite-anorthite feldspar glasses (Ab50, Ab75, Ab100), quartz
from the Bishop tuff, UOG garnet, San Carlos olivine, and a series of
Fe-silicate glasses (Fig. 4). The majority of these silicates produce
peaks below our typical background range. However, our analysis of
5.7mg of UOGgarnet produced a slightly higher peak than the other sil-
icates, which is likely due to the presence of FeO and Fe2O3, or the



Fig. 2. Equilibrium partitioning of H2Ot and OH– as a function of total water in rhyolitic glasses and melts (modified from Ihinger et al., 1999), illustrating the larger relative quantities of
OH– at higher temperatures in contrast to the larger quantities of H2Om at lower temperatures. Magmatic glasses studied herewith determined or estimated relative quantities of OH– and
H2Om are plotted (data from this study; Nolan and Bindeman, 2013; Bindeman and Lowenstern, 2016; Martin et al., 2017). Note the larger relative proportions of H2Om in the secondarily
hydrated glasses (open symbols).
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100–1000s of ppm of water in this nominally anhydrous phase, as was
also noted by Gong et al. (2008) for other metamorphic garnets.

Second, we ran milligram quantities of pure, nominally anhydrous
FeO and Fe3O4 powders to test for the production of CO related to the
iron reduction reactions Fe3O4 + C = 3FeO + CO and FeO + C = Fe
Table 2
Data and location information from isotopic analyses of volcanic glasses and phyllosilicates tha

Sample
name

Source Date analyzed n δ13C
(‰)

Cleetwood Mt. Mazama: Cleetwood rhyolite 1/7/16 Carousel #2 2 −25.16

IDDP Iceland: Krafla rhyolite
1/7/16 Carousel #1 +

2
3 −25.27

D2 Kamchatka: synthetic dacitea 22/04/2013 3 −25.26
VF-74-45 Volcán de Fuego: 1974 basalt 22/04/2013 3 −25.48
42-Cordova Mt. Spurr: 1992 dacite 4/4/2013 3 −25.09
57-Ashton Mt. Spurr: 1992 dacite 4/4/2013 3 −25.35
BUD Butte (MT): biotite standard 2014–2016 37 −24.68

NBS30
California batholith: biotite

standard
2014-2016 24 −24.60

RUH Russia: muscovite standard 2014–2016 13 −24.37
Kaolinite Sigma-Aldrich: kaolinite powder 8/13/14 6/9/16 3 −24.64
Brucite Austria: Lobminggraben 8/13/14 6/9/16 10 −22.87
aExperimentally synthesized glasses from Bindeman et al. (2012)

δ18OBG= the δ18O value of the bulk glass; δ18ORAW= the raw δ18O value given by themass spect
following standard correction; δ18OH2Om = the δ18O value of the molecular water; δ18OOH = t
+CO. Results show the appearance of irregular peaks (Fig. 4). FeO pro-
duced singular large peaks, while Fe3O4 produced very broad peaks,
suggesting the reduction is not instantaneous and takes a long time,
worsening the background for subsequent analyses. However, when
oxides are fused together into silicates to form fused FeO-SiO2 glasses
t have been standard corrected. All δ values are in per mil (‰) deviations.

δ18OBG

(‰)
δ18ORAW

(‰)
δ18OTCEA

(‰)
1
s.d.

δ18OH2Om

(‰)
1
s.d.

δ18OOH

(‰)
1
s.d.

δ18OTotal

(‰)
1
s.d.

6.7 −8.7 −8.9 1.2 6.6 0.2 −1.9 0.4 −1.5 2.1

3.1 −11.4 −11.5 0.4 3.0 0.2 −11.5 0.5 −6.6 0.4

5.0 −7.7 −5.6 0.6 5.3 0.2 −2.7 1.2 −1.2 0.9
6.3 −3.6 −1.5 0.7 7.3 0.2 3.6 1.2 3.7 5.0
6.2 −1.9 −2.2 1.5 6.8 0.2 0.8 0.5 1.6 0.8
6.2 −3.8 −4.1 1.0 6.8 0.2 −0.5 2.7 0.5 1.1
5.1 −5.4 −5.6 1.0 NA – 0.6 0.8 NA –

5.1 −3.3 −5.3 2.4 NA – 0.9 2.5 NA –

7.4 −7.5 −5.0 2.3 NA – 1.7 2.4 NA –
16.3 7.3 11.2 3.1 NA – 10.9 0.1 NA –
5.2 2.9 8.7 1.9 NA – 5.1 0.2 NA –

O

rometer prior to any correction; δ18OTCEA= the δ18O value given by themass spectrometer
he δ18O of the hydroxyl; δ18OTotal = the δ18O value of the total water.



Table 3
Data and location information from oxygen isotopic analyses of felsic volcanic glasses that have been hydrated bymeteoricwaters that have been standard corrected. All δ values are in per
mil (‰) deviations.

Sample
name

Source Date analyzed n δ13C
(‰)

δ18OBG

(‰)
δ18ORAW

(‰)
δ18OTCEA

(‰)
1
s.d.

H2Ot

(wt
%)

SiOH δ18OTotal

(‰)
1
s.d.

Temperature of
hydration
used (°C)

H2Om

Mazamaa Mt. Mazama: (7.7 ka)
1/7/16 Carousel

#1
10 −25.57 6.4 1.1 −7.1 0.8 2.90 0.5 −5.3 0.4 25

IB01-2b Lava Creek Tuff: (630 ka) 4/4/2013 1 −24.94 6.5 −0.2 5.9 – 2.26 – – – –
IB01-3c Lava Creek Tuff: (630 ka) 4/4/2013 3 −25.38 6.5 −1.9 4.5 0.42 1.94 – – – –
IB04-3c Lava Creek Tuff: (630 ka) 4/4/2013 1 −24.85 6.5 1.7 7.8 0.35 – – – – –
IB01-1d Lava Creek Tuff: (630 ka) 4/4/2013 3 −25.38 6.5 −1.7 4.6 0.19 2.15 – – – –
IB01-5e Lava Creek Tuff: (630 ka) 4/22/2013 3 −25.22 6.5 −6.0 2.3 0.17 1.74 – – – –

HSK1f
Hrafntinnusker: (8 ka

Iceland)
4/20/2013 2 −25.12 3.9 −6.3 2.4 1.01 5.50 0.4 −2.4 0.4 150

HSK3f
Hrafntinnusker: (8 ka

Iceland)
4/19/2013 1 −26.20 3.9 −6.3 3.5 – 4.70 0.4 −3.1 0.4 150

HSK4f
Hrafntinnusker: (8 ka

Iceland)
4/19/2013 2 −25.17 3.9 −9.3 −1.1 0.41 3.60 0.3 −6.0 0.5 150

HSK7f
Hrafntinnusker: (8 ka

Iceland)
4/19/2013 3 −24.86 3.9 −7.6 −0.3 0.17 3.50 0.2 −4.6 0.6 150

aExperimentally synthesized glasses from Bindeman et al. (2012).
δ18OBG= the δ18O value of the bulk glass; δ18ORAW= the raw δ18O value given by themass spectrometer prior to any correction; δ18OTCEA= the δ18O value given by themass spectrometer
following standard correction; δ18OH2Om = the δ18O value of the molecular water; δ18OOH = the δ18O of the hydroxyl; δ18OTotal = the δ18O value of the total water.

a Data from Nolan and Bindeman, 2013. b–e from Bindeman et al. (2007);
b Collected in Springtown, NE.
c Collected in Iowa.
d Collected in Springtown, NE.
e Collected in South Dakota.
f From Martin et al. (2017).
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with variable proportions of Fe and Si, the CO production is severely re-
duced to background levels (Fig. 4). Third, when biotite mica standards
(Fe-bearing BUD andNBS30) are compared to ourmuscovitemica stan-
dard (RUH) we observe no trend in terms of Fe-bearing micas having
larger (or smaller) errors relative to Fe-free muscovite.

3.1.2. Correcting versus not correcting for potential kinetic isotope
fractionation

A common practice in stable isotope analyses using the COmolecule
is to ignore the δ13C values of the carbon crucible, glassy carbon
18O (
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Fig. 4. Contributions of anhydrous oxide and mineral compositions to CO backgrounds
(grey bar). Results of a test to determine whether anhydrous feldspar glasses, quartz,
garnet, olivine, FeO and Fe3O4, oxides, or Fe-silicate glasses pyrolyze and release CO
during the 1450 °C TCEA analyses. a) Powdered anhydrous FeO reacts with carbon in
the TCEA crucible, yielding a proportional increase in yield (likely partial reduction to
iron), while silicate glasses or minerals, including Fe-silicates have significantly smaller
yields, not exceeding typical Fe-free backgrounds. b) 103lnαmineral-water values (Zheng,
1991, 1993a, 1993b, 1998) show the expected fractionation ranging from approximately
−3 to +1‰ at 1450 °C. This test illustrates almost no fractionation at 1450 °C; isotopic
values from silicate-derived oxygen are expected to be close to the bulk value at the
1450 °C extraction (see Section 3.1 for discussion).
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compared the pooled standard deviations for each group of samples
(water standards, micas, unknowns containing only OH−, and un-
knowns containingOH– andH2Om), but there is no consistent difference
between the two methods of sample correction (Table A5). Although it
is important to monitor the δ13C values for outliers, it is not clear that a
δ13C correction adds benefit. Thismay also indicate that continuousflow
transfer of CO to the mass spectrometer may not undergo kinetic iso-
tope fractionation since it is carried by helium carrier gas. Alternatively,
a multi-step process of chromatography, gas transfer and the open split
has mutually compensating effects that masks kinetic isotope
fractionation.

3.2. δ18O of quenched magmatic water within silicate glass and mica

3.2.1. High temperature IDDP glass as an example for calculations
Volcanic glass has amixture of H2Om and OH– in either known or ex-

pected proportions based on their high temperature speciation (Fig. 2)
(Ihinger et al., 1999; Newman and Lowenstern, 2002). The CO analysis
on the TCEA reports a bulk δ18O for water extracted from a solid
(H2Om and OH−), but records only half the oxygen of the OH– present
in the silicate (2OH−→H2O+ Osilicate

2−). It is, however, possible to re-
solve this using mass balance relationships, and by employing two pri-
mary assumptions about the associated temperature-dependent
equilibrium fractionations: 1) the water present as H2Om has a 10-
3lnαsilicate-H2Om that can be computed based on equilibrium fraction-
ation using the known chemical composition of the melt and the
temperature at which the melt was quenched (e.g. Zheng, 1991;
Zheng, 1993a; Zhao and Zheng, 2003) and 2) the half of the hydroxyl-
sourced‑oxygen left in the silicate has an equilibrium fractionation be-
tween the silicate oxygen and the oxygen that is released, which can
be calculated given the known composition of the silicate and the tem-
perature of extraction (1450 °C). Since the reaction during analysis
should take place only within the reaction crucible, and occurs rapidly,
we assume this to be an equilibrium fractionation, and not a kinetic frac-
tionation.We also see evidence in our analyses for this being an equilib-
rium fractionation, in the relatively heavy δ18OH2Om values that are
based on equilibrium with the host silicate and the light δ18OTCEA (the
δ18O value determined by the TCEA following standard correction)
values that we measure. Utilizing these assumptions, we can use mass
balance to determine the δ18O of the total water in the glass.

We thus analyzed hydrous volcanic glass quenched at high temper-
ature with a range of known H2Om and OH– concentrations (Figs. 2, 5;
Table 2). We utilize the IDDP glass here as an example of how all the
high temperature glasses were processed. The IDDP rhyolite has
known relative H2Om and OH– concentrations that were measured by
FTIR, a known chemical composition, and a known melt quench tem-
perature of 885 °C (Zierenberg et al., 2012). The computed 10-
3lnαrhyolite-H2Om from Zhao and Zheng (2003) at this temperature is
0.1‰. Given the bulk silicate δ18O of 3.1‰, the δ18O of the molecular
water in glass (δ18OH2Om) is 3.0‰.

Similarly, to determine the δ18OOH→silicate, we use the same steps to
calculate the fractionation between the rhyolite glass and the half of
the oxygen from theOH−. In this case, we use a high extraction temper-
ature of 1450 °C, atwhich, the 103lnαrhyolite-H2Om= δ18OH2O – δ18Osilicate

= 0.0‰, so the water that is left in the silicate at 1450 °C is assumed to
be the same δ18O as the bulk silicate (3.1‰). The isotope fractionation
associated with water extraction from the OH– groups (2OH− = H2Om
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+ Osilicate
2−) is calculated to determine the δ18OOH→H2Om analyzed by

the TCEA. The δ18OOH→H2Om can now be computed based on known
mass balance relationships. We already know that:

FH2Om þ FOH→H2Om
� �� δ18OTCEA ¼ FH2Om � δ18OH2Om

þ FOH→H2Om � δ18OOH→H2Om ð1Þ

where δ18OTCEA is the δ18O of the totalwater that is analyzed by the TCEA
(H2Om and 1/2 of the OH−), FH2Om and δ18OH2Om are the fraction and the
isotopic ratio of the molecular water respectively, FOH→H2Om is the frac-
tion of the total water that is present asOH– and converted toH2Omdur-
ing analysis (half of the total OH−), and δ18OOH→H2Om is the δ18O of the
1/2 of the OH– that is extracted from the glass and contributes to the
total water analyzed by the TCEA. The latter parameter is:

δ18OOH→H2Om ¼ FH2Om þ FOH→H2Om
� �� δ18OTCEA−FH2Om � δ18OH2Om

FOH→H2Om

ð2Þ

Using these relationships for the IDDP glass, the equilibrium value of
δ18OH2Om (3.0‰), and the mass balance of Eq. (1), we can predict that
the total δ18O of the OH– present in the IDDP volcanic glass is −11.5‰
[0.46 s.d.] (Fig. 6).

We also calculate the δ18O of the δ18OTotal of the total water present,
using the following mass balance relationship:

FH2Om þ FOH−
� �� δ18OTotal ¼ FH2Om

� �� δ18OH2Om þ FOH−ð Þ
� δ18OOH− ð3Þ

where FOH− and δ18OOH- are the fraction and isotopic values of the water
present as OH−, and FOH

− + FH2Om = 1. Using the last relationship, we
determine a δ18OTotal for IDDP of −6.6‰ [0.35 s.d.] (Fig. 7). This is the
value of all hydrogen-associated water in the IDDP glass.

3.2.2. Extraction of water from mica
This same mass balance as in Eqs. (2)–(3) can be utilized for micas

that containwater only as OH−. Here themass balance is much simpler,
because there is no H2Om. As 103lnαsilicate-OH internal fractionations in-
crease with decreasing temperature (Zheng, 1993a), we assume the
temperature to be similar to the diffusional closure temperature for
the plutonic and hydrothermal mica standards used in our study
(200–500 °C; Eiler et al., 1992). However, the fractionation thatmatters
most for our calculations is the high temperature extraction reaction at
1450 °C.

For conventional simplicity and comparison with previous studies,
we assume that the bulk δ18O value of the mica silicate can be taken
as a proxy of the anhydrous silicate. If we take BUD mica standard as
an example (Table 2), the δ18OTCEA of the extracted water value is
−5.6‰ [0.74 s.d.], which is sourced from a bulk δ18O mica value of
5.1‰ [0.1 s.d.]. At 1450 °C biotite has a 103lnαsilicate-OH of −1.3‰
(Zheng, 1993a), which is a larger fractionation than the rhyolite above
due to the lower silica bulk chemical compositions. Thus, the δ-
18OOH→silicate value is +6.4‰ [0.22 s.d.], making the residual mica negli-
gibly heavier (likely up to 0.02‰) than the starting mica. The δ18OTotal

for water (total OH−) extracted from micas is:

δ18OTotal ¼
1
2

δ18OTCEA

� �
þ 1
2

δ18OOH→silicate

� �
ð4Þ

Note that for a theoreticallymore accurate treatment one should uti-
lize the absolute ratio of 18O/16O, and recompute the deltas after the al-
gebraic manipulations in Eqs. (1)–(4). The computed deltas will be
~0.1‰ different than those computed in the above equations, which is
well within the errors of these calculations. Our mica mass balance
demonstrates that, similar to glasses, the δ18OTotal of the water in the
micas is 6–7‰ heavier than the extracted water δ18OTCEA value
(Fig. 5). This computed δ18OTotal depends on the quantity of OH– and
the δ18O of the bulk silicate. Therefore, by mass balance, the oxygen
left in the silicate during extraction has a δ18O value that is 0.8 to
1.3‰ heavier than the bulk silicate δ18O value.

The δ18O values of the totalwater extracted fromBUDandNBS30 bi-
otite, and RUH muscovite show a similar trend in δ18OOH values
(Table 2; Figs. 5–6). Since only half the OH– is extracted, and the heavier
half is left behind in the silicate, the δ18OTCEA values (−5.2 to −4.7‰)
are lighter than the δ18OTotal values (0.4 to 1.6‰).

3.2.3. Silicate glasses
Here, we report observed trends of δ18O of magmatic water ex-

tracted from natural, rapidly quenched mafic and silicic volcanic glass
(Table 2; Figs. 5–7). In many cases, the relative quantities of OH– and
H2Om had not been determined prior to δ18O analyses by FTIR. Instead
we used VoltileCalc (Newman and Lowenstern, 2002) (Table 4) at the
knownor estimatedmagmatic temperature (e.g. Fig. 2) for these rapidly
quenched magmatic samples. When comparing Fig. 5 (δ18OTCEA) to
Fig. 7 (δ18OTotal), the primary distinction is a trend towards heavier δ-
18OTotal values (−6.6 to +5.8‰) relative to the lighter δ18OTCEA values
(−11.5 to +4.4‰). This is due to disproportionation in which light ox-
ygen is extracted along with the H2Om, as discussed above.

Plotted differently, there is a negative trend betweenmagmatic tem-
peratures and the 103lnαsilicate-H2Ot for all silicates in this study (Fig. 9).
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The highest temperature glass (Volcán de Fuego) has the smallest 10-
3lnαsilicate-H2Ot (0.7‰ [0.89 s.d.]) and the lowest temperature glass
(IDDP) has the largest 103lnαsilicate-H2Ot (9.8‰ [0.06 s.d.]). Similar
trends of decreasing 103lnα values for the silicate-OH and silicate-
H2Om are also shown in Fig. 9 for all glasses in this study.
Table 4
Data and sources for temperature, chemistry, speciation, and δD used for δ18O calculations.

Sample name Magmatic temperature Chemistry data Relativ

Cleetwood Druitt and Bacon (1989): 887 °C
Nolan and Bindeman

(2013) rhyolite

New
Lowen
OH–

H2Om

IDDP Zierenberg et al. (2012): 885 °C
Zierenberg et al. (2012)

rhyolite

Zieren
(

OH–

H2Om

D2 Bindeman et al. (2013): 900 °C
Seligman et al. (2018)

dacite

Ihinger
OH–

H2Om

VF-74-45 Rose Jr. et al. (1978): 900 °C
Rose Jr. et al. (1980)

andesite

New
Lowen
OH– =
H2Om

42-Cordova
Estimated from Nye and Turner

(1990): 975 °C
Swanson et al. (1995)

andesite

New
Lowen
OH– =
H2Om

57-Ashton
Estimated from Nye and Turner

(1990): 975 °C
Swanson et al. (1995)

andesite

New
Lowen
OH– =
H2Om

Mt. Mazama NA
Nolan and Bindeman

(2013) rhyolite

Nolan a
(

OH– =
H2Om =

Hrafntinnusker NA
Martin and Sigmarsson

(2007) rhyolite

Martin
OH– =
H2Om =
Two of our magmatic glasses (IDDP and D2) are water undersatu-
rated and do not follow the same magmatic trends as the b1 wt%
water magmatic glasses. The IDDP glass is from the Krafla geothermal
field, where the geothermal fluids primarily consist of low δD and
δ18O meteoric waters (δ18O = −12.5‰, δD = −90‰)
(Sveinbjörnsdóttir et al., 1986) and the hydrothermally altered rocks
sourced from the Krafla geothermal field have δ18OBG values as low as
−11. The low δ18OTotal value of the IDDP glass, relative to the othermag-
matic glasses, may be sourced from the surrounding low δ18O source
rock and waters; some of which may be contained in the 5–7% vapor
bubbles in the analyzed IDDP glass. The D2 glass was synthesized at
900 °C from powdered rock with Fiji water (δD = −41.8‰, δ18O =
−5.3‰) in a study by Bindeman et al. (2012). Unlike the IDDP glass,
the data for the 1 h long synthesis experiment agrees more closely
with the δ18OH2Om and δ18OOH of the other natural magmatic glasses,
which is based on small (≤1.0‰) fractionations between the δ18O of
the silicate and the associated molecular water, and themore moderate
δ18O value of the water that was added (Fig. 6).
3.3. δ18O of water extracted from secondarily hydrated glasses

Table 3 presents analyses of all secondarily hydrated glasses ana-
lyzed in this study. Analyses of secondarily hydrated glasses for their
δ18O may provide another simpler end member of our measurements,
as the glass is typically hydrated at ambient temperature (Eqs. (1)–
(3)) by H2Om. Isotopic results of this paper confirm this conclusion
(Fig. 10).

Fig. 10 illustrates the δ18OTCEA values relative to the total water con-
centration of each of these glasses. The totalwater concentration and δD
valueswere determined in a separate analysis.We can determine the δ-
18OTotal from Eq. 3 if the relative proportions of OH– and H2Om are
known or assumed. For example, we utilize the assumption of little to
no secondary water as OH– being present in the environmentally hy-
drated Lava Creek Tuff (LCT) glasses.
e H2Om and
OH−

Bulk silicate δ18O δD and total water

man and
stern (2002)
= 0.2 wt%
= 0.01 wt%

Measured (this study): 6.7‰
Measured (this study
H2Ot = 0.21 wt%
δD = −125‰

berg et al.
2012)
= 1.2 wt%
= 0.59 wt%

Zierenberg et al. (2012): 3.1‰

Measured (this study) and
Zierenberg et al. (2012)

H2Ot = 1.77 wt%
δD = −118‰

et al. (1999)
= 1.9 wt%
= 0.43 wt%

Bindeman et al. (2013): 4.96‰
Bindeman et al. (2013)

H2Ot = 2.33 wt%
δD = −76‰

man and
stern (2002)

0.42 wt%
= 0.05 wt%

Measured (this study): 6.7‰
Seligman et al. (2016)

H2Ot = 0.47 wt%
δD = −86‰

man and
stern (2002)

0.51 wt%
= 0.08 wt%

Estimated from Nye and Turner
(1990): 6.2‰

Seligman et al. (2016)
H2Ot = 0.57 wt%
δD = −89‰

man and
stern (2002)

0.51 wt%
= 0.08 wt%

Estimated from Nye and Turner
(1990): 6.2‰

Seligman et al. (2016)
H2Ot = 0.58 wt%
δD = −93‰

nd Bindeman
2013)
0.3–1.0 wt%
0.1–2.8 wt%

Measured (this study):
6.2–6.7‰

Measured (this study)
H2Ot = 0.4–3.8 wt%

δD = −93‰

et al. (2017)
0.7–1.7 wt%
2.8–3.9 wt%

Martin and Sigmarsson (2007):
3.87‰

Martin et al. (2017)
H2Ot = 3.5–5.5 wt%

δD = −107 to −122‰
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To correct for pre-existing magmatic water in the glass (e.g.
Seligman et al., 2016), we utilize a δ18O magmatic water correction by
taking into account the small proportion of OH– that is always present
in degassed rhyolitic glass tephra in 0.1–0.3 wt% concentrations. These
new values are shown in Fig. 10c, and illustrate that the removal of
0.3 wt% of residual magmatic water causes a small (b1‰) decrease in
δ18O values of our secondarily hydrated glasses, where glasses that
have less secondary (molecular) water have the largest shift in δ18O
values following a magmatic correction.

Fig. 10 demonstrates a rather diverse set of δ18O of extracted water
values from secondarily hydrated glasses, but we can confidently ob-
serve that: 1) most δ18OTCEA and δ18OTotal values are generally isotopi-
cally negative, and are much lower in δ18O than their associated bulk
silicate; 2) all δ18OTotal values are heavier than the −11.2‰
(Hrafntinnusker) and –12.5‰ (Mt. Mazama) local meteoric waters;
3) generally, the LCT and the Hrafntinnusker glasses (hydrated at ele-
vated temperatures N150 °C; Martin et al., 2017), show an increase in
H2Ot (0.6 wt% and 3.0 wt% respectively) associated with an increase in
the δ18O of the extracted water (6‰ and 4‰ respectively). This result
is opposite the outcome shown for δD during secondary hydration
(Fig. 2 of Seligman et al., 2016; Martin et al., 2017) where the addition
of water leads to either a constant or decreasing δD (36‰ and 15‰ re-
spectively for LCT and Hrafntinnusker glasses), depending on the geo-
graphic location of hydration (Fig. 10).

4. Discussion

4.1. The utility of the TCEA to measure the δ18O of extracted water

The large dataset for standards presented here (Appendix) demon-
strates that the TCEA may be utilized to determine the δ18O value of
water extracted with a per mil precision from a variety of solids. Such
precision on single measurements is similar to earlier attempts of ther-
mal decomposition by Hamza and Epstein (1980), Girard and Savin
(1996), and Clayton and Mayeda (2009). However, the TCEA permits
easy replication and reduction of errors by increasing the number of
samples and is much quicker and easier analytically. We also suggest
that careful consideration of the complexities that come with analyses
of Fe-bearing oxides, especially in samples with water concentration
b0.5 wt% is required in the future. Future tests and experimentation
could open a wide range of isotopic analyses for hydrous silicates, espe-
cially as this method continues to be refined.

We can compare our TCEA results to previous methods that mea-
sured δ18O in water extracted from silicates. In Fig. 11 we compare our
103lnαphyllosilicate-OH values for our biotites (BUDandNBS30),muscovite
(RUH2), brucite, and kaolinite to those determined by previous re-
searchers using the increment method (Savin and Lee, 1988; Zheng,
1993a, 1998), Density-Functional Theory (DFT) (Méheut et al., 2007),
and partial fluorination (Hamza and Epstein, 1980). Since the 103lnα
value varieswith temperature, andwe donot know the closure temper-
ature of our phyllosilicates, we compare our δ18OOH values to a range of
temperatures (200–500 °C) from the literature. Our δ18OOH values over-
lap with published values, with the exception of our biotite δ18O values
that fall just outside of the range of published values between 200 and
500 °C, illustrating that our method is comparable to methods previ-
ously utilized and tested.

4.2. Understanding the δ18O values of magmatic water extracted from vol-
canic glasses and trends of volcanic degassing

This studyutilizes a newdataset for 103lnα and knownhigh temper-
ature fractionations between water and volcanic glass to compute the
δ18O effects on the volcanic degassing trend for oxygen isotopic ratios
and combines it with δD analyses for the same samples (Fig. 8). We
note a decrease in δ18O with a decrease in water concentration for ba-
salt, andesite, dacite, and rhyolite glasses. This is similar to hydrogen
isotopic trends of degassing (e.g. Newman et al., 1988; Castro et al.,
2014) that illustrate a decrease in δD with decreasing wt% water,
which is based on the preferential degassing of 2H relative to 1H with
a water molecule. The decreasing δ18OTotal with decreasing water may
involve a similar process of preferential open system degassing of 18O
relative to 16O, similar to the preferential degassing of deuterium. Fur-
thermore, at magmatic temperatures, 103lnαsilicate-H2Ot is typically neg-
ative (Friedman and O'Neil, 1977). This is illustrated by our data
overlapping with the calculated δ18O degassing trends in Figs. 7 and 8.

As is shown in Fig. 8, felsic glasses have a larger decrease in δ18O
values (5‰ shift), relative to mafic glasses (3‰ shift) during degassing
from 4.5 to 0.1 wt% H2Ot, even though the shift in δD values is the
same for both compositions. This is likely caused by the difference in
normative (e.g. CIPW norm) mineral assemblages between mafic and
felsic glasses, and leads to lower δ18O values of associated waters of
felsic glasses, relative to mafic glasses due to the composition induced
difference in 103lnαsilicate-H2Ot values.

4.3. δ18OTotal trends in relation to δD trends of secondary hydration

The secondary hydration trend of the Icelandic Hrafntinnusker
glasses, which were hydrated at an estimated 150 °C (Martin et al.,
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2017), shows an increase in δ18O with H2Ot, where all the δ18OTotal

values remain lower than the δ18OBG value and higher than the local
meteoric water values (Fig. 10). Waters extracted from the glasses hy-
drated near ambient temperatures (Lava Creek Tuff and Mt. Mazama)
are higher in δ18O than the local precipitation (Fig. 10), but still remain
lower in δ18O than the δ18OBG, except for one Lava Creek Tuff sample
that has the highest water concentrations. Likewise, very low (−13 to
−10‰) δ18O values of secondary water were extracted from rapidly
hydrated Yellowstone perlites (Bindeman and Lowenstern, 2016), but
their δ18O values were still approximately 4–8‰ heavier than local me-
teoric waters (−19‰).

We note in Fig. 10 that an increase inwater, following secondary hy-
dration, leads to an increase in δ18O values, trending towards equilib-
rium. For example, if secondarily hydrated water in glass were in
oxygen isotopic equilibrium at low-temperature (20 °C) with −12‰
water, isotopic fractionations would be +33‰, which would drive the
host silicate to +21‰. This would likely cause the water in the glass
to track an increase in hydration with an upward trend in δ18O.
Cerling et al. (1985) demonstrated this with the bulk δ18O of African
ash by showing a dramatic increase in δ18O with an increase in H2Ot.
We see a similar increase in δ18O with an increase in hydration for our
secondarily hydrated samples, but none of the data for water extracted
from our hydrated glasses ever reaches the 20 °C equilibrium δ18O
values and remain isotopically light. This may be due to: 1) the glasses
not yet being fully hydrated, 2) the secondary hydration process not
being solely an equilibrium process (i.e. kinetic fractionation may also
play a role during secondary hydration), or 3) the glasses are initially
hydrated at higher temperature, which would decrease the isotopic
fractionation between the meteoric water and the water in the glass.
We already know option 3 is the case for the Hrafntinnusker glasses,
which were hydrated at higher temperature, and overlap with their
equilibrium values for 150 °C.

5. Conclusions

1. This study expands the TCEA CO method to determine the δ18O of
H2Om, OH−, and H2Ot of water extracted from volcanic glasses
using rapid thermal extraction and conversion to CO at 1450 °C.
We consider these analyses to be reliable in determining the δ18O
of waters extracted from volcanic glass containing both primary
magmatic and secondary waters, but with per mil precision compa-
rable to previous approaches. However, the TCEA is much quicker
and has easier replication, which permits improving precision and
good standardization using concurrently run standards.

2. Tests of analyzing water together with glass demonstrate no or lim-
ited (b1‰) shifts in the water δ18O values in glass via reaction with
the silicate. The TCEA COmethodmay be preferred to a two-steppro-
cess that involves initial extraction of water and then analysis.

3. Our δ18O of extracted water from phyllosilicates (brucite, biotite,
muscovite, and kaolinite) and their computed 103lnαpyllosilicate-OH

values of −3 to +6‰ are comparable to theoretical calculations
and partial fluorination methods at low temperature, further sug-
gesting minimal analytical effect of water-silicate reaction upon ex-
traction. We note slightly larger 103lnαsilicate-OH and 103lnαsilicate-

H2Ot values for magmatic water in volcanic glasses than for analyzed
phyllosilicates, confirming the sense of isotope partitioning of H2Om

and hydrogen-bound oxygen in silicates. Measured 103lnαsilicate-OH

values range between +2 and +15‰, while 103lnαsilicate-H2Om

values range from−1 to 0‰, in agreementwith the expectedmagni-
tude of fractionations at 850–1050 °C. We also note that the 10-
3lnαsilicate-H2Ot of our glasses decreases with increasing estimated
magmatic temperature.

4. Using our new δ18O data, we calculate that the trends for oxygen iso-
topes of water in magmatic glasses decrease with decreasing water
concentration and temperature. This correlates with decreasing δD
during volcanic degassing, as the departing H2Om in fluid phase is
heavier in D and 18O than the remainingwater in the coexistingmelt.

5. This study also demonstrates that secondary hydration of volcanic
glass, when water is added mostly as H2Om, initially retains low-
δ18O values of ambient meteoric water. Subsequent residence and
hydration causes an increase in δ18OBG and δ18OTotal values, which
is opposite the trend of secondary hydration for hydrogen isotopic
ratios. This shows that the trend of oxygen isotopic ratios during
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secondary hydration may reflect a long-term trend towards water-
silicate glass equilibrium with large a 103lnαsilicate-H2Ot.
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