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Abstract. Using the diffusion couple technique, diffusion of CO, in a leucititic melt from the Colli Albani
Volcanic District in Italy was investigated at temperatures between 1200 and 1350 °C in an internally heated
pressure vessel at 300 MPa. To examine the effect of dissolved H>O in the melt, experiments were performed
for a nominally dry melt (0.18 £0.03 wt % H>O) and for a hydrous melt containing 3.36 +0.28 wt % H;O.
Diffusion experiments were run for 40 to 120 min and terminated by rapid quench. CO; concentration profiles
were subsequently measured via attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR)
and fitted with error functions to obtain individual diffusion coefficients.

For the anhydrous and hydrous sample series, seven diffusion coefficients were determined each. Diffusivity
was found to increase exponentially with temperature for both melts following an Arrhenius behaviour. The
Arrhenius equation for the nominally dry leucititic melt is described by

10000
log Dco, = —1.44 (£0.24) - 7 1.95 (£1.59),

where Dco, is the diffusion coefficient in m?s~! and T is the temperature in K. In the experimental tem-

perature range, HpO has an accelerating effect on CO; diffusion. At 1200°C, diffusivity increases from
1.94 x 1072 m?s~! in the dry melt to 1.54 x 107" m?s~! in the hydrous melt. The Arrhenius equation for
the leucititic melt containing 3.36 &+ 0.28 wt % H,O is given by

10000
log Dco, = —1.09 (£0.30) - — 3.41 (£1.99).

The activation energies for CO, were determined to be 275+47kIJmol~! for the anhydrous melt and
209 + 58 kJ mol~! for the hydrous melt.

The high CO; activation energy in the leucititic melt indicates that the diffusion might be partly attributed to
the carbonate species. At high magmatic temperatures above 1200 °C, CO; diffusivity in the leucititic melt is
only slightly lower than CO» diffusion in rhyolitic and basaltic melts, suggesting that CO, diffusion in natural
melts is relatively independent from the bulk melt composition at such temperatures. CO, diffuses slower than
other volatile components such as halogens and H>O in depolymerized silicate melts. Thus, a fractionation of
volatiles can occur during magma ascent and degassing. The experimental data on CO, diffusion can be used for
modelling the degassing mechanisms of ultrapotassic mafic melts.
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1 Introduction

Volatiles play a crucial role in the eruption dynamics of vol-
canoes. At great depth and under high pressure, volatiles are
soluble in silicate melts. During magma ascent and the as-
sociated pressure decrease, silicate melts can become over-
saturated in their volatiles. Consequently, bubbles can nucle-
ate and volatiles start to degas. Further decompression and
outgassing cause bubble growth and expansion of the fluids
within vesicles. As a result, a fragmentation of the magma
can occur during the eruption (e.g. Zhang et al., 2007). How-
ever, bubble growth rates are limited by transport properties
(i.e. diffusion) of the associated volatile components within
the melt (Sparks et al., 1994). Diffusion data on volatiles at
magmatic temperatures and high pressures are therefore im-
portant for understanding and modelling the degassing and
eruption mechanisms of silicate melts. Compared to H;O,
the diffusion of CO,, the second most abundant volatile in
the Earth’s crust (e.g. Anderson, 1975; Symonds et al., 1994;
Johnson et al., 1994), has however only been studied for a
few natural melt compositions. For example, CO; diffusion
coefficients for foiditic melts are missing. Moreover, the ef-
fect of dissolved H>O on the CO; diffusivity has not been
investigated in great detail.

Carbon dioxide can be present in the form of molecular
CO; and carbonate (CO%‘) within silicate glasses (e.g. Fine
and Stolper, 1985). The carbon speciation in a silicate glass
depends on the bulk composition of the glass: with increasing
depolymerization, the fraction of carbonate increases and the
portion of molecular CO; decreases (e.g. Fine and Stolper,
1985). However, the carbon speciation in a quenched glass
does not necessarily represent the speciation in the corre-
sponding melt at high temperatures. Experimental studies
(Morizet et al., 2001; Nowak et al., 2003; Spickenbom et al.,
2010; Konschak and Keppler, 2014) and simulations (Guil-
lot and Sator, 2011) indicate that the molecular species of
CO; species is favoured as the temperature increases. This
means that depolymerized melts (e.g. basaltic melts) most
likely feature a certain proportion of molecular CO; even
though their quenched glasses only show carbonate groups.
Accordingly, the total diffusive flux of CO; is based on the
individual diffusive fluxes of the two species involved. The
diffusion coefficient for total CO, DCOIZ(M] can therefore be

divided into the individual diffusion coefficients of the car-
bon species D copel and D co?- in consideration of their rel-

ative fractions Xcomol and X co?- (Nowak et al., 2004) ac-
cording to the equation

Dcotz()tal = Dcogml . XCO2m01 + Dcog— . Xcog— . (1)

CO; diffusion data were experimentally obtained for (sim-
plified) natural melts (Watson et al., 1982; Fogel and Ruther-
ford, 1990; Watson, 1991; Zhang and Stolper, 1991; Blank,
1993; Nowak et al., 2004; Baker et al., 2005) and for melts
in the NayO-Al,03-SiO; system (Watson et al., 1982; Sier-
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ralta et al., 2002; Spickenbom et al., 2010). Moreover, CO»
diffusion was investigated by molecular dynamics simula-
tions by Guillot and Sator (2011). The most recent review on
CO, diffusion is given by Ni and Keppler (2013). The experi-
mental studies generally revealed that CO, diffusion does not
heavily depend on the bulk composition of the melt at high
magmatic temperatures. For instance, Nowak et al. (2004)
showed that CO» diffusion in rhyolitic to hawaiitic melts at
1350 °C and 500 MPa is equal within error. In contrast to this,
Sierralta et al. (2002) and Spickenbom et al. (2010) discov-
ered that the addition of Na,O to an albitic melt accelerates
CO, diffusion, indicating a dependency on melt composi-
tion. These examples show that the diffusion mechanism of
CO» in silicate melts is complex: based on the melt compo-
sition and the temperature, specific proportions of molecu-
lar CO; and CO§_ are coexisting in a melt and both species
show different individual diffusion coefficients with molec-
ular CO;, diffusing faster than the carbonate species (Nowak
et al., 2004; Spickenbom et al., 2010).

The aim of this study was the determination of diffu-
sion coefficients for CO, in a synthetic leucititic melt that
is based on an eruption product of the Pozzolane Rosse erup-
tion of the Colli Albani Volcanic District in Italy (Freda et
al., 2011: sample “SULm”). The melt composition is char-
acterized by a low SiO; concentration (=44 wt%) and a
high alkali content (K20 4 NayO > 12 wt %). The explosiv-
ity of the Pozzolane Rosse eruption was supposedly caused
by CO; outgassing due to decompression and leucite crys-
tallization (Freda et al., 2011) and was further enhanced
by the relative high viscosity of the bulk melt composition
(Kleest et al., 2020). Hence, information on CO, diffusiv-
ity is useful for understanding the degassing behaviour dur-
ing the eruption. Furthermore, this melt composition has the
advantage that absorption coefficients for transmission FTIR
(Fourier transform infrared) spectroscopy were already cal-
ibrated (Schanofski et al., 2019) and that a second method
for CO; quantification via attenuated total reflection Fourier
transform infrared (ATR-FTIR) spectroscopy has been estab-
lished (Schanofski et al., 2023).

Diffusion couple experiments were performed in an inter-
nally heated pressure vessel (IHPV) at a constant pressure of
300 MPa. Experiments were conducted at temperatures be-
tween 1200 and 1350 °C and with different water concentra-
tions dissolved in the melt (anhydrous vs. hydrous).

2 Experimental and analytical methods
2.1 Synthesis of starting glass

A leucititic glass was produced by melting oxides (SiO»,
TiO,, Al»O3, Fe, 03, MnO;, MgO) and carbonates (CaCOs3,
Na;CO3, K>CO3) based on the chemical composition of the
leucitite sample “SULm” from Freda et al. (2011). For decar-
bonation, the batch was heated at 1000 °C for 1 h in a Carbo-

https://doi.org/10.5194/ejm-35-117-2023



L. Koch and B. C. Schmidt: CO; diffusion in dry and hydrous leucititic melt 119

lite box furnace. The decarbonated mixture was then melted
at 1600 °C for 1.5h in a Pt crucible in a 1 atm Nabertherm
box furnace. The melt was rapidly quenched by placing the
hot crucible in water. The glass was then ground for 20 min
using a motorized Retsch mortar (RM100). The glass pow-
der was melted again at 1600 °C for 2 h to improve its homo-
geneity and was again rapidly quenched. Subsequently, the
chemical composition of the starting glass was checked with
a Bruker M4 Tornado micro X-ray fluorescence (u-XRF)
spectrometer (X-ray beam spot size: 20 um). The chemical
composition is given in Table 1.

2.2 Synthesis of volatile bearing glasses

Volatile bearing glasses were synthesized in a vertically op-
erating internally heated pressure vessel (IHPV) with a rapid
quench device. It uses Ar gas as pressure medium and has an
intrinsic oxygen fugacity fo, of NNO + 3 & 1. In the internal
furnace, heat is generated by two platinum windings which
are controlled independently by a Eurotherm controller. In
the hot zone of the furnace, temperatures are measured with
three S-type thermocouples over a vertical distance of 3 cm.
The temperature gradient over this distance is typically be-
tween 10 and 15°C. Pressure is measured with a pressure
transducer (accuracy: & 5 MPa).

Au75Pdys capsules (30 mm length, 4 mm outer diameter,
0.2 mm wall thickness) and Pt capsules (30 mm length, 3 mm
outer diameter, 0.2 mm wall thickness) were cleaned with
acetone and annealed with a propane flame. After one side of
the capsules was shut by arc welding using a Lampert PUK
U3 welding apparatus, a mixture of powdered leucititic start-
ing glass and silver oxalate (AgxC>04) was loaded into the
capsules. Silver oxalate serves as the CO, source during the
experiments since it dissociates into CO; and elemental sil-
ver at high temperatures. For capsules of the hydrous sample
series, 3 wt % deionized water was added to the mixture. The
targeted CO, and H,O concentrations for all synthesis cap-
sules are listed in Table 2. The capsules were finally sealed
by welding the second opening. Subsequently, the capsules
were put in a hydrothermal autoclave at a pressure of about
120 MPa at room temperature for 1h to check for leakage.
In the THPYV, the capsules were put into a Pt cup suspended
from a thin quench wire out of PtggRh1¢ (0.2 mm diameter).
Synthesis experiments were run at 300 MPa at temperatures
between 1250 and 1300 °C for time spans between 91 and
117 h. At these experimental conditions, the melts were fluid
undersaturated according to the solubility data for the same
leucititic melt of Schanofski et al. (2019). Synthesis experi-
ments were stopped with a rapid quench: by applying an elec-
tric current to the quench electrodes, the quench wire fuses
and the sample containing cup drops into the cold part of
the pressure vessel. In a similar experimental setting, Benne
and Behrens (2003) determined the cooling rate of the rapid
quench to be about 150°Cs~!.
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All melts were successfully quenched to glasses and
showed no bubbles. The rapid quench caused stress cracks
within all glasses making them extremely brittle. Micro-
scopic examination revealed that the CO»-rich, dry glass
synthesized in a Auy5Pdy5 capsule at 1250 °C (LCT-LK-S-
01) showed few idiomorphic leucite crystals (<0.1 vol %).
Consequently, following synthesis experiments were run at
higher temperatures. The hydrous, CO;-rich sample LCT-
LK-S-05 was affected by quench crystallization, whereas all
other samples were free of quench crystals. The quench crys-
tals were examined via Raman spectroscopy, but the phase
could not be identified because of its small size and weak
Raman signal.

2.3 Diffusion couple experiments

Whereas diffusion couples from other CO; diffusion stud-
ies consisted of a CO;-rich and a CO,-free starting glass
(e.g. Nowak et al., 2004), we used a CO»-rich and a CO;-
poor starting glass for diffusion couples. This approach was
chosen because minimum CO; concentrations of 1700 ppm
are required for a reliable evaluation of ATR-FTIR spectra
(Schanofski et al., 2023) and thus for accurate measurements
of CO; contents at the low concentration side of the diffusion
profiles.

Capsules from synthesis experiments were cut into cylin-
drical pieces with lengths of 1 to 3mm using a Buehler
ISOMET saw with a diamond saw blade. Their sawn surfaces
were lapped stepwise with SiC grinding paper (600, 1200
and 2500 grit size), but the outer capsule material was not re-
moved from the glass cylinders because it stabilized the frag-
ile samples (Fig. 1a). Two cylinders (a CO;-rich and a CO;-
poor one) were brought into contact at their lapped surfaces
(Fig. 1b), and the noble metal jackets were welded together
to stabilize the diffusion couple and to ensure a good con-
tact between the glasses (Fig. 1c). AuysPdys-jacketed diffu-
sion couples were then placed into larger Au;sPdys capsules
(5.5 mm outer diameter, 0.2 mm wall thickness), whereas Pt-
jacketed diffusion couples were put into larger Pt capsules
(4.0 mm outer diameter, 0.2 mm wall thickness). These cap-
sules were subsequently welded shut (Fig. 1d) and brought in
hydrothermal autoclaves to 120 MPa at room temperature for
1 min. By applying the external pressure, the outer capsule
was pressed against the inner cylindrical diffusion couple,
and the encased air got compressed (Fig. le). Subsequently,
this compressed air was released by cutting the outer cap-
sule open with a wire cutter. Afterwards, the capsules were
welded shut again. By this procedure, we reduced the pres-
ence of a mixed fluid phase involving N that could lead
to bubble formation due to changed solubility behaviour of
a CO—Nj or CO—H>0-Nj; fluid phase within the capsule
during the diffusion experiment.

Diffusion experiments were also performed in the IHPV.
For each diffusion experiment, one diffusion couple was at-
tached to a hook-shaped sample holder which got connected
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Table 1. Chemical composition of leucititic glasses given in wt %.

Sample SiOy TiO, Al,O3 Fep 03¢ MnO MgO CaO Na,O K,O  Total
SULm? 4452 (70) 0.95(12) 16.17(30) 10.56 (32) 0.23(8) 3.93(16) 10.78(18) 3.02(20) 8.63(26) 98.79
LCT-LKP 43.99 (6) 0.94 (1) 16.57 (5) 10.69 (6) 0.28 (0) 4.25(8) 10.99 (6) 2.72 (1) 9.57 (4) 100

Note: 20 of repeated measurements given in parentheses (last decimals). 2 Freda et al. (2011): EPMA, five-point analyses. b This study: u-XRF (type calibrated based on 50
in-house standard glasses), six-point analyses (300s per point), X-ray tube: 50kV and 200 uA. ¢ All iron calculated as Fe,O3.

Table 2. Experimental conditions and results of synthesis experiments.

Sample Capsule T t(h) Target HyO TargetCO, HpO glass Notes™®
°O (Wt %) (ppm) (Wt %)

Anhydrous sample series

LCT-LK-S-01 AuysPdps 1250 117 0 6000 0.14 (1) Let

LCT-LK-S-02  AuysPdps 1250 117 0 2000 0.14 (1)

LCT-LK-S-03 Pt 1300 91 0 6000 0.21 (2)

LCT-LK-S-04 Pt 1300 100 0 2000 0.23(2)

Hydrous sample series

LCT-LK-S-05 Pt 1275 93 3 5000 321(22) QC

LCT-LK-S-06 Pt 1275 93 3 3000 3.51(17)

* Let: Leucite; QC: quench crystallization.

Figure 1. Photomicrographs of (a) glass cylinders with their lapped
surfaces facing upward (encased by Pt capsule; the glass on the right
side is affected by quench crystallization), (b) Pt-jacketed glass
cylinders with their lapped surfaces facing against each other, (c)
a welded diffusion couple (see welding points in the central area),
(d) diffusion couple placed in a larger Pt capsule and (e) Pt cap-
sule with diffusion couple after pressurization in the hydrothermal
autoclave at 120 MPa.

to the quench wire. The suspended sample was located in the
hot zone of the furnace at the height of a thermocouple. Be-
fore heating, pressure was increased to about 190 MPa to pre-
vent volatile degassing during the heating process once the

glass transition temperature (Tglz) is exceeded. Temperature

was then automatically increased at a rate of 40°C min~!

until the target temperature was reached (target temperatures
were between 1200 and 1350 °C). During heating, the tar-
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geted pressure of 300 MPa was reached and exceeded at tem-
peratures between 800 and 1100°C (and therefore above
Tglz; Kleest et al., 2020) because of thermal expansion of
the Ar gas. Excessive gas was released stepwise by open-
ing an outlet valve. Temperature was kept constant once the
targeted temperature was reached. From this point, diffu-
sion experiments were run for different durations between
40 and 120 min (nominal run-time tyom). The experiments
were stopped by a rapid quench. To quantify the diffusion
during heating and cooling experimentally, three zero time
experiments were performed. The experimental approach is
similar to the procedure of normal diffusion experiments, but
after reaching the targeted temperature, diffusion was imme-
diately stopped by a rapid quench. Thus, zero time samples
only experienced CO, diffusion during the heating process
and the rapid quench.

All diffusion couples were successfully quenched to
glasses. In contrast to previous synthesis experiments, hy-
drous samples were not affected by quench crystallization
due to faster cooling rates of the smaller sample masses.
However, diffusion samples that were run at the lowest
experimental temperatures (sub-liquidus) had crystals that
formed during the experiments and not during the rapid
quench (sizes above 1pum and partly idiomorphic). Anhy-
drous glasses (experimental temperatures < 1250°C) fea-
tured leucite and magnetite. LCT-LK-D-d04 (1200 °C) was
affected heavily (30 vol % to 40vol % crystals in the CO»-
rich part), whereas LCT-LK-D-d07 (1225 °C) and LCT-LK-
D-d02 (1250 °C) showed fewer crystals (up to 5vol %). In
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1 mm

Figure 2. Reflected light mosaic image of the diffusion sample
LCT-LK-D-d05; the glass has many quench cracks demonstrating
the fragility of the sample; the red dotted line schematically dis-
plays the diffusion profile that was measured for this sample (size
and distance of measuring points are not true to scale); see Fig. Sa
for the corresponding diffusion profile.

the case of the hydrous sample series, only LCT-LK-D-
w02 (1200°C) was affected by crystallization of magnetite
(= 1vol %). Again, all glasses showed stress cracks caused
by the rapid quench (Fig. 2). The diffusion couples could
therefore not be unwrapped from their capsule material be-
cause they would have broken into pieces.

2.4 Quantification of H,O in the synthesized volatile
bearing starting glasses

H,O concentrations of synthesized leucititic glasses were
analysed with a Bruker Hyperion 3000 IR microscope at-
tached to a Bruker Vertex 70 FTIR spectrometer. The spec-
trometer and microscope were constantly flushed with dried
air to reduce spectral noise from atmospheric HyO and CO».
The microscope was equipped with a liquid N cooled MCT
(mercury cadmium telluride) detector covering the mid- to
near-infrared spectral range. For quantification, the princi-
ples of the Lambert-Beer law were used.

Single glass fragments or slabs cut from the capsules were
ground and doubly polished with 1 um diamond paste. IR
spectra were measured in the mid-infrared (MIR) range us-
ing a KBr beam splitter and a Globar light source. One hun-
dred scans per spectra were collected with a resolution of
4cm™! in the spectral range from 6000 to 600cm~!. At
least three spectra were measured for each sample to ob-
tain an average H,O concentration. The fundamental stretch-
ing band of OH at 3570 cm ™! was used for quantification of
nominally dry glasses. Here, a two-tangent baseline between
3800 and 2500 cm™! was applied and the peak height was
determined. A molar extinction coefficient of 3579 = 65+
5L mol ™! cm~! was used (based on molar extinction coeffi-
cients for basaltic compositions; e.g. Yamashita et al., 1997).
Spectra of HyO-rich glasses (hydrous sample series) were
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also measured with the MIR setup of the spectrometer. They
featured the absorption of the combination band of molecular
H,0 at 5200cm™~! as well as the absorption of the combina-
tion band of OH at 4500 cm™!. Total water concentrations
were determined by evaluating both absorption bands. Spec-
tra were corrected using a polynomial baseline that was fitted
through the minima of the spectra (for details see Schanofski
et al., 2019). The molar extinction coefficients of Schanofski
et al. (2019) for the same leucititic composition were used for
quantification: 5299 = 1.00£0.09 L mol~! cm™! (H,0™°!)
and &4500 = 0.42 £0.02 L mol~! cm™! (OH). Sample thick-
nesses were measured with a Mitutoyo digital micrometre,
which has an accuracy of &= 3 um. Densities were determined
using a Mettler Toledo balance equipped with a density de-
termination kit where glass samples were weighted in air and
in ethanol.

2.5 Quantification of CO; in the diffusion samples

CO, diffusion profiles were measured with the ATR objec-
tive of the IR microscope. The ATR method (attenuated total
reflection) is based on the interaction between the IR beam
and a sample in total reflection (Fahrenfort, 1961). One ad-
vantage of this method is that it allows one to analyse sam-
ples that reached total absorption in transmission FTIR spec-
troscopy for the absorption bands of interest. Moreover, no
doubly polished sample wafers are required. This becomes
relevant when samples contain many cracks and are too brit-
tle to be cut and doubly polished like our leucititic glasses.
ATR-FTIR spectroscopy has already been used for the quan-
tification of volatiles in silicate glasses (e.g. HoO: Lowen-
stern and Pitcher, 2013; CO,: Schanofski et al., 2023) but
also for the quantification of HyO and CO; in apatite (Ham-
merli et al., 2021).

For an ATR measurement, a crystal with a high refractive
index n is pressed onto the sample. The incoming IR beam
passes through the ATR crystal and gets totally reflected at
the crystal-sample boundary. Here, the IR light interacts with
the sample forming an evanescent wave that penetrates the
sample. The Bruker ATR objective has a Germanium crystal
(n = 4.01) with a circular interface (diameter: 100 um) and a
rectangular IR beam size of about 30 by 30 um. For pressing
the Ge crystal onto the sample surface, five different force
levels are available.

At first, diffusion couples were cut in half, parallel to the
cylinder axis using a WELL 3242 diamond wire saw (wire
thickness 130 um). For each diffusion couple, one half was
embedded in epoxy resin, ground using SiC grinding paper
(grit size 600, 1200 and 2500) and finally polished with 1 um
diamond paste. The embedded samples were fixed on the IR
microscope sample stage using carbon adhesive tape. For de-
termination of CO; diffusion profiles, line profiles parallel
to the direction of diffusion were measured using variable
point spacing (30 to 70 um). Areas with cracks within the
glass were avoided since the Ge ATR crystal can be harmed
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by roughness (Fig. 2). Consequently, diffusion profiles of-
ten showed gaps because of the quench cracks in the leuci-
titic glasses. Zero time samples were prepared and analysed
similar to normal diffusion samples. The analyses were per-
formed in the MIR range using a KBr beam splitter. For
each spectrum, 32 scans with a resolution of 4cm~! were
collected in the range from 4000 to 600 cm™'. All measure-
ments were performed using force level 3, corresponding to
about 5N. The background was measured repeatedly after
every fourth point analysis using the same analytical condi-
tions.

All ATR spectra featured a carbonate doublet between
1600 and 1300 cm™~!. Evaluation was done using the quan-
tification method of Schanofski et al. (2023): the spectra were
corrected by a two-tangent baseline and the peak height of
the 1430 cm™! CO§_ absorption band was determined ac-
cordingly (Fig. 3). The 1430 cm™! absorption band was al-
ways used for evaluation because the 1510 cm™! absorption
band can be influenced by the absorption of the bending
vibration of molecular HO at 1640cm™!. Since the peak
height also depends on the contact between ATR crystal
and the sample surface, the absorption was normalized to
the peak area of the absorption band of tetrahedral coordi-
nated cations 7-0 (with T = Si*t, AT, Fe3t) at 970 cm !,
which represents the aluminosilicate network. Here, a two-
tangent baseline with base points at 1200 and 790 cm™~! was
applied (Fig. 4). More details on the normalization procedure
can be found in Schanofski et al. (2023). The total CO, con-
centration can then be calculated using the correlation coef-
ficient of Schanofski et al. (2023) according to

A1430 - 10000

-0.4394, 2)
Intg7

Cco, =
where Cco, is the concentration of CO; in wt %, A143 is the
absorption of the carbonate band at 1430 cm™~! and Intgg is
the integral of the T—O band at 970 cm™".

3 Mathematical methods for determining diffusion
coefficients

3.1 Evaluation of diffusion profiles

For every diffusion sample, CO, concentration vs. distance
plots were compiled based on the ATR measurements. Since
CO, diffusion is independent from its total concentration
(Watson et al., 1982) and the concentration vs. distance plots
showed a symmetrical shape, diffusion could be described
by the equation for concentration independent diffusion in a
semi-infinite medium (Crank, 1975)

(Chigh — Clow) X —Xx

ig ow/) erfe ( 0) ’ (3)
2 24/ D -t

where C(x, t) is the concentration of CO; in wt % at an x-

coordinate x in mm after a time ¢ in s, Cjow 1S the CO7 con-

centration in the COz-poor medium in wt % at g, Chigh is the

C(x,1) =Ciow +
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Figure 3. ATR-FTIR spectra of CO;-rich glasses (LCT-LK-S-03:
anhydrous; LCT-LK-S-05: hydrous); the dashed lines mark the TT
baselines that were applied to evaluate the peak heights of the car-
bonate doublet; spectra are offset for clarity.

L " L 1
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Figure 4. ATR-FTIR spectra of CO5-rich, anhydrous glass; the
dashed lines mark the TT baseline that was applied to integrate the
peak area of the 7—0 band for normalization.

CO; concentration in the CO; enriched medium in wt % at
to, xo is the x coordinate of the contact plane of both me-
dia in mm and D is the diffusion coefficient in mm? s~'. The
software Table Curve 2D Version 5.01 (Systat Software Inc.)
was used for fitting the diffusion profiles using Eq. (4):

C(x,t)=a+b-erfc((x;6)). “)

The software determines the best fitting numeric values for
the parameters a, b, ¢ and d. Finally, the fit parameter d pro-
vides the diffusion coefficient D through Eq. (5):

d2

=1 &)
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Figure 5. CO; diffusion profiles of (a) an anhydrous diffusion sam-
ple (LCT-LK-D-d05) and (b) a hydrous diffusion sample (LCT-
LK-D-w06); distance = 0 mm marks the initial contact plane of the
melts; the grey lines represent the fitted complementary error func-
tions from which the diffusion coefficients were extracted; error
bars are representative for 20 errors of repeated measurements.

The obtained fit parameter and calculated diffusion coeffi-
cients are given in Table 3. Figure 5a and b exemplarily show
concentration vs. distance plots for an anhydrous and hy-
drous diffusion experiment. All diffusion profiles are com-
piled in the supplementary material (Figs. SI-S17).

3.2 Correction of the heating time

Diffusion already occurs during the heating process in the
IHPV before the targeted temperature is reached and the
nominal run-time #,om is recorded. The effective time of dif-
fusion during the heating process fheaiing Was therefore cal-
culated for every diffusion experiment with an iterative pro-
cedure described by Nowak and Behrens (1997). However,
instead of using the experimentally determined diffusion co-
efficients in the final calculation step, the diffusion coeffi-
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cients were extracted from the preliminary Arrhenius equa-
tions (based on diffusion coefficients that are not corrected
for the heating time). By this, the results are not biased by
the deviations of each diffusion coefficient from the Arrhe-
nius equation and the calculated fheating values increase with
increasing experimental temperature. The calculation proce-
dure was only performed once because further iterations only
caused insignificant changes in fheating and D respectively.
The validity of the iterative procedure was furthermore
tested with the zero time experiments for the anhydrous sam-
ple series. The diffusion profiles of these zero time samples
were also fitted with Eq. (4) to obtain the d parameter (see
supplementary material for zero time profiles). The zero time
approach is based on the relation between the length of a dif-
fusion profile and the effective run-time of the experiment
(Zhang and Behrens, 2000). This relation is expressed by

(ddiff ) 2 _ (theating + fnom) (6)

dp Iheating

where dgifr is the d parameter obtained from the diffusion
profile of a normal diffusion experiment with the nominal
run-time fpom in s; do is the d parameter from the zero time
experiment at the same temperature, pressure and heating
rate; and fheating 18 the diffusion time during heating and cool-
ing in s. Therefore, fheating Can be calculated

Inom
Theating = ————5 - (7N

2
() -
As a result, fheaing Was obtained for three experimental tem-
peratures (1250, 1275 and 1300 °C). These experimentally
determined values were in good agreement with the itera-
tively obtained values (same order of magnitude; maximum
deviation of 40s; see Table 4). The theaing values from the
iterative procedure were finally used to correct all diffusion
coefficients by adding fheating to the nominal run-time #yom of
the initial experiment (resulting in z.fr) and recalculating the
diffusion coefficient using Eq. (5).

3.3 Calculation of errors

Errors of determined diffusion coefficients are based on the
uncertainties of different experimental and analytical param-
eters. For estimating the absolute errors of the diffusivities,
the mathematical approach of Bchm and Schmidt (2013) was
used. In total, four relevant error sources were considered.
For the effective run-time ¢ of all diffusion experiments,
an uncertainty of +60s was assumed. Another uncertainty
is based on the mathematical fit of the diffusion profiles. The
error is represented by the standard error Ad of the fit param-
eter d which is given by the fitting software individually for
every profile. An uncertainty in temperature AT of + 10°C
was assumed for every diffusion experiment. A fourth error
source is given by the uncertainty of the length of a diffusion
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Table 3. Experimental conditions and results of the CO, diffusion experiments.

Sample Capsule T  thom Leff d Ad COz max COjp min logDco, Amax10gDco,  Amin logDco, xehift  Notesd
€O (9 () (mmP (mmP®  (Wt%)°  (wt%)°¢ (Dinm’s™!)  (Dinm’s7!)  (Dinm?s7h)  (um)
Anhydrous sample series (0.18 £ 0.03 wt % H,0O)
LCT-LK-D-d04  AuysPdps 1200 3600 3693 0.194 0.036 0.50(11)  0.153) —11.59 0.15 0.20 <50 Lect, Mag
LCT-LK-D-d07 Pt 1225 3600 3696  0.199  0.015 049 (1)  0.22(1) —11.57 0.09 0.10 <50 Lect, Mag
LCT-LK-D-d01  AuysPdps 1250 7200 7299  0.420  0.017 049(2) 0.14(2) —11.22 0.05 0.06 750 D
LCT-LK-D-d02  AuysPdps 1250 3600 3699  0.212  0.011 048 ((3) 0.20(1) —11.52 0.09 0.10 <50 Lct, Mag
LCT-LK-D-d03  AuysPdys 1250 0 - 0.040 0.003 046(2)  0.19(1) - - - 50 ZT
LCT-LK-D-d06 Pt 1275 3600 3702 0312  0.016 048 (1) 0.19(2) —11.18 0.07 0.07 200
LCT-LK-D-d08 Pt 1275 0 - 0050 0.004 057(3) 0.17(1) - - - 50 ZT
LCT-LK-D-d05  AuysPdps 1300 3600 3705  0.297  0.013 048 (2) 0.21(2) —11.22 0.08 0.09 <50
LCT-LK-D-d09 Pt 1300 0 - 0058 0.005 056(3) 0.17(3) - - - <50 ZT
LCT-LK-D-d10 Pt 1325 2700 2809 0.320 0.016 054(2) 0.17(3) —11.04 0.08 0.09 50
LCT-LK-D-d11 Pt 1350 2790 2902  0.521 0.030 055@) 0.17@4) —10.63 0.12 0.13 <50
Hydrous sample series (3.36 £ 0.28 wt % H,O)
LCT-LK-D-w02 Pt 1200 4500 4615  0.481 0.054 043(1) 0.30(3) —10.90 0.11 0.13 450 Mag
LCT-LK-D-w07 Pt 1215 3600 3717 0.629  0.050 0.57(2) 0.35(2) —10.57 0.07 0.08 200
LCT-LK-D-w03 Pt 1225 3600 3719 0.537  0.044 042(2) 0.29(2) —10.71 0.08 0.09 <50
LCT-LK-D-w0l Pt 1250 2700 2822 0488  0.061 045(2) 032@4) —10.68 0.11 0.14 50
LCT-LK-D-w04 Pt 1275 3600 3726  0.692  0.041 050(2) 0.32(1) —10.49 0.07 0.08 400
LCT-LK-D-w06 Pt 1275 2400 2526 0.694  0.051 044 (2) 031(2) —10.32 0.07 0.08 <50
LCT-LK-D-w05 Pt 1300 3600 3730  0.791 0.057 0453) 0.29(2) —10.38 0.08 0.08 350
LCT-LK-D-w08 Pt 1325 2520 2654 - - 035(2) 0.10(3) - - - >1000 F

4 Diffusion profile fit parameter from which D is calculated (see Eqgs. 4 and 5). b Standard error of the fit parameter d which is used for error calculation (see Sect. 3.3). © CO, max and CO, min determined from average CO, values in
CO,-rich and CO,-poor parts of diffusion couples; 20 of repeated measurements given in parentheses (last decimals). d D: discarded experiment; Lct: leucite; Mag: magnetite; ZT: zero time experiment; F: failed experiment (D is not

determinable).
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Table 4. Determined diffusion times of the IHPV heating process.
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Experiment T  thom Iheating (iterative)  heating (zero time)
(°C) (s) (s (s)
Anhydrous sample series
LCT-LK-D-d04 1200 3600 89 -
LCT-LK-D-d07 1225 3600 92 -
LCT-LK-D-dO1 1250 7200 95 65
LCT-LK-D-d02 1250 3600 95 134
LCT-LK-D-d06 1275 3600 99 96
LCT-LK-D-d05 1300 3600 102 142
LCT-LK-D-d10 1325 2700 105 -
LCT-LK-D-d11 1350 2790 108 -
Hydrous sample series
LCT-LK-D-w02 1200 4500 115 -
LCT-LK-D-w07 1215 3600 117 -
LCT-LK-D-w03 1225 3600 119 -
LCT-LK-D-w01 1250 2700 122 -
LCT-LK-D-w04 1275 3600 126 -
LCT-LK-D-w06 1275 2400 126 -
LCT-LK-D-w05 1300 3600 130 -
LCT-LK-D-w08 1325 2520 134 -
profile. If the measured profile is not strictly parallel to the 4 Results

direction of diffusion or if the initial cutting and polishing
were already oblique to the direction of diffusion, it will re-
sult in an overestimation of the diffusion coefficient because
the distance of the measured profile is elongated. This error
source only affects the negative error of D since the length of
the measured profiles is always longer than the length of an
ideal profile. A maximum deviation of 10° between the mea-
sured profile and the actual diffusion direction was assumed.
New absolute diffusion coefficients were calculated using
minimum and maximum values of f.r and d for every diffu-
sion profile using Eq. (5). The effect of uncertainty in tem-
perature on the diffusion coefficient was estimated using the
constructed Arrhenius equation. Here, maximum and mini-
mum values for D were calculated for every diffusion exper-
iment by extracting such diffusion coefficients for minimum
and maximum temperatures. To evaluate the uncertainty in
diffusion profile length, the distances of all diffusion pro-
files were recalculated and finally all profiles were refitted.
As aresult, a new d parameter was obtained from which new
minimum diffusion coefficients were calculated with Eq. (5).
By this, three maximum and four minimum diffusion coef-
ficients were obtained for every diffusion experiment (indi-
vidual errors given by the difference between these coeffi-
cients and the initial diffusion coefficients). Finally, positive
and negative errors (Amax D and Apin D) were calculated by
error propagation (given as logarithmic values in Table 3).
As described above, all these calculations were done for ev-
ery experiment and every diffusion coefficient respectively.
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4.1 Synthesis experiments

The dry leucititic glasses were not completely water free.
Due to the adsorption of atmospheric water on the starting
materials (glass powder and silver oxalate), small amounts
of water were added to the capsules. Moreover, water is
formed by reduction of iron during the experiment be-
cause of the presence of hydrogen within the autoclave (e.g.
Botcharnikov et al., 2006). The determined H,O concentra-
tions in the synthesized glasses are given in Table 2. The
nominally dry sample series showed an averaged water con-
tent of 0.18 0.03 wt %. Water concentrations of water bear-
ing samples were higher than the amount of water orig-
inally loaded into the capsules. Again, adsorption of wa-
ter on the starting materials and reduction of iron by hy-
drogen increased the total H;O concentration. Moreover, a
discrepancy in water content between both water enriched
glasses was found: LCT-LK-S-06 (CO;-poor) showed about
3000 ppm more total H>O. This results in an averaged wa-
ter concentration of 3.36 £0.28 wt % for diffusion couples
of the hydrous sample series.

Maximum and minimum CO; concentrations obtained
from diffusion profiles should represent the CO, concentra-
tions of the CO;-rich and CO;,-poor starting glasses from
synthesis experiments. Since different starting concentra-
tions in diffusion couples from the same starting glass were
detected, CO, was not homogenously distributed within the
capsules of the synthesis experiments. Higher concentrations
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were detected in diffusion couples that consisted of glass
blocks from the upper part of the synthesis capsules (the up-
per part corresponds to the capsule part that faced upward
in the IHPV). This implies that the experimental time for
synthesis experiments (3 to 4d) was not sufficient to com-
pletely homogenize CO» in the melt at fluid undersaturated
conditions. Consequently, CO, concentrations of the synthe-
sized glasses are not given as average values but the indi-
vidual starting CO, concentrations for each diffusion exper-
iment are listed in Table 3.

Sierralta et al. (2002) found a zoning of CO; and H,O
in glasses synthesized in Pt capsules. H>O was enriched at
the capsule rims, whereas CO, was enriched in the capsule
centre. In contrast to this, no such zoning of CO, and H,O
was observed in our samples. Both volatiles showed a homo-
geneous distribution in the glasses within error. Pt-jacketed
glass cylinders were therefore suitable for diffusion experi-
ments.

Considering the experimental duration of 91 to 100h for
synthesis experiments in Pt capsules and the high initial iron
concentration of the starting glass, loss of iron from the melt
to the platinum of the surrounding capsule was expected. u-
XRF analyses confirmed that a fraction of iron was lost dur-
ing synthesis experiments of dry melts in Pt capsules. Fe,O3
concentrations of 9.57£0.09wt% and 9.66 £ 0.05 wt %
were determined for LCT-LK-S-03 and LCT-LK-S-04 (ini-
tial Fe;O3 concentration: 10.69 &£ 0.06 wt %). Contrarily, no
decrease in Fe;O3 was measured for hydrous glasses in Pt
capsules using p-XRF. Furthermore, no iron gradients be-
tween capsule centre and capsule wall were detected for
dry and hydrous glasses, indicating that a steady state was
reached during the experiments. Further iron loss during dif-
fusion experiments is unlikely due to the short experimental
duration and the apparent steady state between iron concen-
tration of melt and capsule material.

4.2 Diffusion couple experiments

For the nominally dry and hydrous melt series, seven
valid diffusion coefficients were obtained each. The dif-
fusion coefficient from experiment LCT-LK-D-dO1 (anhy-
drous; 1250 °C) was not used for further evaluation because
of the large melt movement and the associated error source
(see discussion of error sources in Sect. 5.1). Experiment
LCT-LK-D-w08 (hydrous; 1325°C) is considered as a fail
because no diffusion coefficient could be determined from
the concentration profile due to convection and the resulting
melt movement as well as bubble formation.

Figure 6 shows the diffusion coefficients (log D) plotted as
a function of inverse temperature (Arrhenius diagram). For
both sample series, CO; diffusivity increases with increasing
temperature. The addition of 3.36 wt % H»O has an acceler-
ating effect on CO, diffusion in the leucititic melt. For in-
stance, CO; diffusivity is 0.75 log units faster in the hydrous
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Figure 6. Arrhenius diagram for COy diffusion in leucititic melt;
the grey lines represent the linear Arrhenius equations.

melt (3.36 £ 0.28 wt % H,0) compared to the nominally dry
melt (0.18 £0.03 wt % H,O) at 1300 °C.

The data points of each sample series were fitted with a lin-
ear equation (Arrhenius equation). The Arrhenius behaviour
for diffusion is generally described by the exponential equa-
tion

E

D=Dy-e ®T, ®)

where D is the diffusion coefficient in m* s™!, Dy is the dif-
fusion coefficient in m? s~! at infinite temperature, E 5 is the
activation energy in Jmol~!, R is the universal gas constant
(8.3145J K~ mol~") and T is the temperature in K. Equa-
tion (8) can be modified to a linear equation when diffusion
coefficients are plotted in an Arrhenius diagram (logD vs.
1/T):

—En 1
10gD_R~1n10'T+10gD0' )
The term 137-1_511\() corresponds to the slope of the linear equa-
tion, and logDy is given by the intersection with the y axis.
Consequently, the activation energies for CO, and the Dy
values can be calculated (Table 5). For the nominally dry
melt, the activation energy for CO, is 275+ 47 kImol !,
whereas it is 209 + 58 kJ mol~! in the hydrous melt. Accord-
ingly, water seems to decrease the activation energy of CO»;
however, given the large uncertainties of E 4, which were cal-
culated using the standard errors of the slopes, a definite dis-
tinction is not possible.
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Table 5. Activation energies of CO, and Dy values for the leucititic melt.

Sample series  Ea (kJmol™!) AEA (kIimol™!) Dgm?s™!) Dgmax (m?s~!) Dy min(m?s™1)
Anhydrous 275 47 11x1072 44 %1071 2.9 x 1074
Hydrous 209 58  39x1074 3.5x 1072 44 %1076

5 Discussion
5.1 Experimental uncertainties and error sources

Deviations of experimentally determined diffusion coeffi-
cients from the Arrhenius equations partly exceed the calcu-
lated individual errors. A similar observation was made in
other CO, diffusion studies. Based on the scatter of their
data, Spickenbom et al. (2010) suggested errors of about
£ 0.15 log units for individual diffusion coefficients even
though their calculations produced smaller errors. Applying
such error bars to the diffusion coefficients presented here
leads to a better intersection between Arrhenius equations
and data points. It illustrates that further experimental error
sources must exist.

For our experiments, melt convection presents an experi-
mental uncertainty which is hard to quantify and difficult to
consider during error calculation. Shifts of diffusion inter-
faces (discrepancy between initial glass interface and mean
CO; concentration) were observed for several diffusion sam-
ples. It indicates that convection or some sort of melt move-
ment occurred during the experiment. By comparing the co-
ordinates of mean CO; concentrations (extracted from diffu-
sion profiles) with the coordinates of the initial glass inter-
face (identifiable from small offsets between the two capsule
jackets), the displacement distance xgpife Was determined for
all samples (Table 3). The highest displacements were ob-
served for the diffusion samples LCT-LK-D-d01 (= 750 pm)
and LCT-LK-D-w08 (>1mm). Accordingly, both samples
were discarded. Other samples that experienced more moder-
ate shifts of 50 to 450 um were used for further evaluation. A
strong intermixing of melts is excluded since diffusion pro-
files always showed a symmetric shape. We therefore believe
that the measured concentration profiles only represent the
diffusional transport of CO5.

Crystallization of leucite and magnetite at sub-liquidus
conditions in some of our experiments will also impact the
diffusion mechanism of CO;. The chemical composition of
the residual melt gets changed slightly, and crystals might act
as some sort of barrier for diffusing molecules or ions. The
temperature range for experiments is limited by the furnace
of the IHPV towards higher temperatures. Therefore, experi-
ments affected by crystallization were not discarded to cover
a temperature range of at least 100 to 150 °C for a reliable fit
of the Arrhenius equations.

Heterogeneities such as inhomogeneous distribution of
H;0 or CO; in the synthesized glasses present another er-
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ror source for the diffusion experiments. Imperfect prepa-
ration of diffusion couples could cause problems such as
oblique contact between the glasses or the encasement of
large amounts of ambient air and atmospheric H,O.

An analytical error source is given by convolution of CO;
concentrations in diffusion profiles due to the relatively large
spot size of 30 um of the ATR setup. Convolution will re-
sult in an overestimation of the diffusion coefficients because
the diffusion profile is elongated (Ganguly et al., 1988). Like
Schmidt et al. (2013), we used equation 20 from Ganguly et
al. (1988) to estimate the effect of convolution on the diffu-
sion coefficients:

D e\
—=1-8-{=),
D, Xc

where D is the true diffusion coefficient, D, is the diffusion
coefficient obtained from the fitted profile, ¢ is the standard
deviation of the intensity distribution and x. is the half width
of the diffusion profile. Based on the observations of Ni and
Zhang (2008) we assumed that the spatial distribution of the
ATR-IR signal is also Gaussian and that the true spatial res-
olution is 1.5 times the spot size diameter (45 um), which
corresponds to the full width at half maximum (FWHM).
The standard deviation of the spatial distribution ¢ then cor-
responds to about 19.2 um (¢ = FWHM /2.35). According
to Eq. (10) we overestimate the diffusion coefficient for the
sample with the shortest diffusion profile (LCT-LK-D-d04)
by about 2 % (0.01 log units). The uncertainties due to convo-
lution are therefore negligible. Since the profiles of the zero
time experiments are almost 1 order of magnitude shorter
than the profiles of normal diffusion experiments, their length
is overestimated more drastically. The calculated theating val-
ues from the zero time approach (Table 4) therefore represent
maximum values. This also demonstrates the preferred appli-
cation of the iterative calculation of fheating.

(10)

5.2 Effect of H,O on CO; diffusion

Water was found to increase the diffusivity of CO,. For
the experimental temperature range, CO; diffuses almost
1 order of magnitude faster in a leucititic melt contain-
ing 3.36 £0.28 wt% HO than in a nominally dry melt
(0.18 = 0.03 wt % H»0). Similar observations were made by
Watson (1991) and Sierralta et al. (2002), who also exam-
ined the effect of water. At 1250°C, the effect of water
in the leucititic melt is very similar to the water effect in
an albitic melt measured by Sierralta et al. (2002): about
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Table 6. CO; activation energies for different anhydrous silicate melts.

Melt

Ex (kImol~1)

AEx (kImol~l) P (MPa)

Data points

Reference

Trachytic
Rhyolitic
Basaltic

Leucititic

100
145
249
275

- 1200
8 50to 105
30 1500
47 300

~N B~ O

Baker et al. (2005)
Blank (1993)
Watson et al. (1982)
This study

4wt% H,O causes an increase in diffusivity by 1 order
of magnitude. In contrast, Baker et al. (2005) did not find
an accelerating effect of water on CO, diffusion in a tra-
chytic melt in their preliminary calcite dissolution experi-
ment at 1200 °C. Zhang and Ni (2010) noted that this result
could however be imprecise due to the inadequate analytical
method (CO, quantification with electron microprobe using
the “difference from 100 %" technique). Therefore, it is in-
ferred that dissolved water generally accelerates the CO, dif-
fusion in silicate melts. Assuming that dissolved water forms
OH groups within the melt structure, more non-bridging oxy-
gen is formed and the melt gets depolymerized upon addition
of water (increasing NBO/T: 0.509 for the nominally dry
leucititic melt and 0.825 for the hydrous leucititic; NBO/T
calculated after Mysen (1988) assuming that dissolved H,O
only forms OH groups and that the molar fraction of Fe,O3
is equal to the molar fraction of FeO). As a result, molecules
and ions can diffuse more easily through the melt structure.

Watson (1991) found that the presence of water lowers the
activation energy for CO; diffusion in the rhyolitic obsid-
ian melt. This finding coincides with the trend observed for
the leucititic melts even though our calculated activation en-
ergies intersect within the error range. Since the activation
energy can be described as an energetic barrier that must be
overcome to start a chemical reaction or diffusion, it gives
information on how strongly CO» is incorporated within the
melt structure (not necessarily bonded). A lowered activa-
tion energy therefore indicates that CO; is incorporated less
strongly in the melt structure and that more diffusive path-
ways are available in the presence of water because of the
melt depolymerization.

An accelerating effect of water was also observed for dif-
fusion of other volatile components in silicate melts. For in-
stance, halogens diffuse faster in hydrous phonolitic melts
(Balcone-Boissard et al., 2009; Bohm and Schmidt, 2013)
compared to their anhydrous analogues. Even for water it-
self, a higher water concentration in the initial melt accel-
erates the diffusivity of total HyO (e.g. Zhang and Stolper,
1991; Nowak and Behrens, 1997; Zhang and Behrens, 2000;
Schmidt et al., 2013). These results support the validity of
the experimental data on the effect of H;O on CO» diffusion
in the leucititic melt.
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Figure 7. Arrhenius diagram for CO; diffusion in natural melts;
rhyolite and HyO from Watson (1991); rhyolite from Blank (1993);
basalt from Watson et al. (1982); trachyte from Baker et al. (2005).

5.3 Comparison with CO; diffusion in other natural
silicate melts

A comparison of CO, diffusivity in the leucititic melt with
diffusivity in rhyolitic, basaltic and trachytic melts is shown
in Fig. 7. An extrapolation of the Arrhenius equations implies
that CO; diffuses slightly slower in the leucititic melt com-
pared to the basaltic melt in the temperature range of the ex-
perimental data (1200 to 1500 °C). Below 1325 °C, CO, dif-
fusion in the leucititic melt is also slower than in the rhyolitic
melt. At 1300 °C for instance, diffusion in the rhyolitic melt
(extrapolated) is about 1.2 times faster than in the leucititic
melt. Above 1325 °C, diffusion in the leucititic melt exceeds
diffusion in the rhyolitic melt. However, a clear distinction is
not possible when the uncertainties of each Arrhenius equa-
tion (especially upon extrapolation) are taken into account.
Based on these observations, one can assume that CO, dif-
fusion is relatively insensitive to the bulk melt composition
when looking at high temperatures. A comparison with diffu-
sion in the trachytic melt from Baker et al. (2005) is difficult
since the Arrhenius equation is only based on two data points
and our data demonstrate that there can be a certain scatter.
The Arrhenius equations for hydrous melts shown in Fig. 7
illustrate the strong effect of dissolved H,O on diffusion. Its
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effect clearly exceeds the influence of the bulk melt compo-
sition. Sierralta et al. (2002) showed that Na,O also strongly
accelerates CO, diffusion (albitic melt + NayO). The trends
for HyO and Na;O therefore contradict the general observa-
tion that CO, diffusion does not depend on the melt composi-
tion. Consequently, depolymerization due to the addition of
H,0 and Na,O affects the CO, diffusion behaviour differ-
ently than a general change from polymerized (rhyolitic) to
depolymerized (basaltic) melts. Nowak et al. (2004) argued
that the observed COY! diffusion is an interplay between
CO; speciation and the individual diffusivities of the two
species (see Eq. 1). For a fundamental change in melt com-
position (from rhyolite to basalt), the two effects compensate
each other (Nowak et al., 2004). The observed increase in
CO,, diffusivity due to the addition of HyO (or Nay;O) could
therefore potentially be explained by an increase of the indi-
vidual diffusivities (COT°! and CO%‘) due to depolymeriza-
tion of the melt structure (but a constant carbon speciation) or
by a change of the carbon speciation in the melt (increasing
coyel /co3).

The Arrhenius equations for leucititic and basaltic melts
show steeper slopes than the Arrhenius equations for rhy-
olitic and trachytic melts, indicating a higher activation en-
ergy for CO, diffusion in the depolymerized systems (Ta-
ble 6). Carbonate ions are bound to the silicate network (e.g.
Fine and Stolper, 1985; Kohn et al., 1991), whereas CO,
molecules are arranged in interstitial places, and thus they
are only weakly associated to the silicate network (e.g. Guil-
lot and Sator, 2011). Spickenbom et al. (2010) suggested that
CO, diffusion in depolymerized melts could be attributed
to an interconversion mechanism of CO§_ and COj: struc-
turally bound carbonate converts into a CO; molecule which
moves through melt “doorways” and reconverts into carbon-
ate, which is incorporated into the melt structure. Conse-
quently, more energy is required for total CO; diffusion. An
elevated activation energy could therefore indicate that CO,
is at least partly present in the form of carbonate in the de-
polymerized melts.

5.4 Comparison with diffusion of other volatiles and
implications for magma degassing

Besides CO,, natural silicate melts contain several volatile
components such as water and halogens (e.g. Anderson,
1975). The comparison of diffusion coefficients for different
volatile components is important because the rate of diffu-
sive bubble growth is directly proportional to the diffusion
coefficient of the diffusing species (Sparks et al., 1994). Pro-
found differences in diffusivities could cause a fractionation
of the volatile components in the degassing fluid phase (Wat-
son et al., 1982). Unfortunately, there is no published diffu-
sion data available for leucititic melts. H>O diffusion is con-
strained for basaltic and differentiated melts (e.g. Zhang and
Stolper, 1991; Zhang and Behrens, 2000). Sulfur and halogen
diffusion are also experimentally investigated for such melt
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Figure 8. Arrhenius diagram for diffusion of different volatiles in
depolymerized melts at anhydrous conditions; H>O diffusion in a
basaltic melt from Zhang and Stolper (1991); F and Cl diffusion in a
basaltic melt from Alletti et al. (2007); S diffusion in a basaltic melt
from Freda et al. (2005); CO; diffusion in a leucititic melt from this
study; Arrhenius equations for H>O, F, Cl and S are extrapolated to
the temperature range of our study for better comparison.

compositions (e.g. Freda et al., 2005; Alletti et al., 2007). We
therefore compare the determined CO; diffusion in the leuci-
titic melt with volatile diffusion in basaltic melts at anhy-
drous conditions (Fig. 8). The comparability of the diffusion
data is limited since different melt compositions and experi-
mental techniques are compared. Moreover, Arrhenius equa-
tions were extrapolated to the temperature range of our study,
which further increases the uncertainties in diffusion coeffi-
cients. Nevertheless, the comparison demonstrates some gen-
eral trends for mafic melts.

The diffusion of H>O (at low total water concentrations)
is more than 1 order of magnitude faster than CO, diffusion,
and it therefore marks the largest difference. The halogens
F and CI diffuse roughly half an order of magnitude faster
than CO,, whereas S diffusion is similar to CO, diffusion.
Assuming that the diffusivity of these volatiles in a basaltic
melt is similar to diffusion in the leucititic melt, a diffusive
fractionation (especially between CO, and H,O or between
S and H;O) could occur due to decompression and bubble
growth during fast magma ascent. Alletti et al. (2007) de-
veloped a model for the behaviour of volatiles during bub-
ble growth in a basaltic melt. The model shows that the
fluid composition of bubbles should remain constant during
steady-state degassing. During fast bubble growth however,
the volatile ratios of the fluid change as a function of bub-
ble growth rate due to different diffusivities and partition-
ing coefficients of the volatiles. Given the slow CO, diffu-
sivity (this study) and the strong partitioning of CO; into
the vapour phase (e.g. Lesne et al., 2011), CO, will be rela-
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tively enriched in the gas phase during slow bubble growth,
whereas its portion will decrease at higher bubble growth
rates. For instance, a high CO; / F ratio in the emitted gas
of an active volcano would indicate slow bubble growth,
whereas a decreasing CO; /F ratio would indicate faster
bubble growth and increased volcanic activity.

Pichavant et al. (2013) and Le Gall and Pichavant (2016a,
b) observed an anomalous degassing behaviour for CO,
in their decompression experiments. CO, concentrations in
their run products exceeded the equilibrium solubilities of
CO; at final pressure indicating a disequilibrium degassing
mechanism. Pichavant et al. (2013) identified the slow diffu-
sion of CO; (compared to H,O) as the driving force for this
phenomenon. Our data further confirm the slow diffusivity
of CO, and imply that disequilibrium degassing could also
occur in the leucititic melt. Large degrees of CO; supersatu-
ration could be maintained during magma ascent, promoting
the explosive eruption behaviour of the Colli Albani melts.
Disequilibrium degassing and diffusive fractionation should
therefore be considered for monitoring and interpreting gas
emission of active volcanoes (Pichavant et al., 2019).

6 Conclusions

The first data set for CO, diffusion with reliable Arrhenius
relations determined at constant conditions (pressure, oxygen
fugacity, experimental and analytical approach) for an anhy-
drous and hydrous melt is presented here. The diffusivity in
the leucititic melt increases exponentially with temperature
and shows Arrhenius behaviour. Dissolved H>O in the melt
accelerates diffusion of CO; by about 1 order of magnitude
at water concentrations of 4 wt %. The data confirm that the
diffusion of CO, in nominally dry melts is not heavily depen-
dent on the melt composition. So far, there is no satisfactory
explanation as to why CO, diffusion is insensitive to the bulk
melt composition but is strongly affected by dissolved H,O.

The study further demonstrated that the ATR-FTIR
method is a suitable method for spatially resolved CO, quan-
tification in silicate glasses. It presents a good alternative to
the traditional transmission FTIR spectroscopy when sam-
ples are too brittle for polishing too-small thicknesses or
when absorption bands reach total absorption due to high
concentrations.

Data availability. The raw data are stored at the Department of
Mineralogy at the University of Gottingen. All diffusion profiles
are either part of the paper or shown in the Supplement.
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