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Abstract:

The evaporation of volatile and moderately volatile elements from silicate glasses is an

important topic in geosciences, environmental, and materials science. Glasses that contain

volatile elements are used in a wide range of experimental studies, but the synthesis of volatile

bearing glasses at high temperatures as well as the choice of starting materials is challenging.

Here we present a new method for the synthesis of 15-20g moderately volatile and volatile

element bearing boron-aluminosilicate glasses using a two-stage melting process. Results show

that the glasses contain between 7000 and 10000 pg/g Zn, Cu, or Te and ~3000 pg/g S. In-situ

analyses with scanning electron microscope (SEM) and electron microprobe analysis (EPMA)

confirm that all glasses are homogenous for major and trace elements within the analytical

uncertainties.

Introduction:

Silicate glasses and melts are ubiquitous phases, both in geological systems on Earth and other

planetary bodies !. Natural silicate glasses contain volatile elements (e.g., S, Cl, H) which play

a key role in several geological processes such as element transfer in subduction zones, volcanic

degassing, contamination of atmospheres, or ore-forming processes 2. The behavior of volatile

and moderately volatile elements, such as Cu, and Zn during evaporation from silicate melts is

an active field of research -2 but neither the geochemical character (i.e., siderophile, lithophile,
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chalcophile, or atmophile) of these elements nor the behavior of these elements during

evaporation as a function of temperature and oxygen fugacity is well understood. Additionally,

complexing elements such as S or Cl may affect the volatility of these metals 1°.

Furthermore, silicate glasses are commonly used as starting materials in experimental

geosciences or reference materials for microanalytical methods ''-13. However, as silicate

glasses are usually prepared at high temperatures, most glasses were prepared in simplified

chemical compositions and hence did not contain volatile elements. However, as natural silicate

melts and glasses can contain several weight percent of volatile and moderately volatile

elements, a novel method for the synthesis of large amounts of volatile element bearing boron-

aluminosilicate glasses is clearly needed. Furthermore, most reference materials that are

employed for microanalytical studies in the geosciences, environmental, and materials sciences

are glasses that are either free of volatile elements or seriously zoned in volatile elements 15,

New homogeneous glasses with known volatile element concentrations would be beneficial to

a large community of scientists that are concerned with microanalysis of geological materials.

The aim of this study is to identify a method with which large amounts (~15-20g) of

homogenous and undegassed volatile-bearing glasses can be prepared. The glasses may serve

as reference materials for microanalysis, and as starting materials for evaporation- and

degassing experiments. Hence we set out to prepare large amounts of volatile-rich silicate
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glasses using several starting material compositions with varying experimental strategies. The

synthesized glasses contain Cu, Zn, Te, and S, and were characterized for homogeneity and

composition using different analytical techniques.

Experimental Strategy

Volatile-rich starting material glasses can be synthesized at high pressures, e.g., using internally

heated pressure vessels '©, or the piston-cylinder apparatus °!'7. However, high-pressure

synthesis of glasses yields only small amounts (at best in the order of a few 100 mg) of

undegassed and homogenous glass, which is probably not enough material for a systematic

series of evaporation experiments or as reference material for microanalysis.

Hence we decided to explore the possibility to prepare volatile-element bearing glasses at

atmospheric pressures in conventional noble metal crucibles. However, initial tests in

haplobasaltic melt compositions yielded glasses that were heavily zoned in the volatile

elements, with almost complete degassed glass zones at the top of the crucible and less degassed

glasses towards the bottom of the crucible (Figure. 1a below). This observed zonation of the

glass in the crucible increases with run duration, temperature, and decreasing viscosity of the

melt. Hence we set out to identify suitable melt compositions, run durations, and temperatures

to prevent evaporative loss of volatile elements from the glass. Our ultimate goal was to prepare
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a volatile-element bearing glass in the crucible which has only a thin degassed layer on top and

a large reservoir of undegassed glass below (Figure 1b).

a) b)

[— only top degassed

homogenous, undegas-
sed

Figure 1. (a) Initial experiments in haplobasaltic compositions resulted in a strongly zoned

glass, with low concentrations of the volatile elements at the top of the crucible (yellow area)

and higher concentrations of volatile elements towards the bottom of the crucible. (b) An ideal

experiment: the glass contains high concentrations of volatile elements, only a thin layer of

glass at the very top of the crucible has lost elements due to evaporation but most of the glass

is undegassed and homogeneous.
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Experimental and Analytical Methods:

Starting materials

Initially, we prepared glasses in a haplobasaltic composition at the anorthite (CaAl,Si,Og) —

diopside (CaMg,Si,0¢) eutectic at AnzgDigy '8. Starting material mixtures were prepared using

reagent-grade MgO, Al,O;, and SiO, (Sigma Aldrich, GmbH, Germany), and CaCOj; (Alfa

Aesar GmbH, Germany). To release any adsorbed water or hydroxides, MgO was previously

fired at 1000°C for more than 12 hours and subsequently stored at 110°C in a drying cabinet.

As initial tests showed that the liquidus temperature of 1275°C of this composition in the system

Ca0-MgO-Al,05-SiO, was too high to prevent evaporative loss of volatile elements, we added

B (using boric acid (H;BO3) (ABCR-GmbH, Germany) to further decrease the liquidus of the

system.

Glass synthesis

We used a Linn HighTherm VMK1800 (Linn GmbH, Germany) box furnace to prepare our

glasses. Temperatures within the furnace are monitored and controlled by a Pt;oRh3y — Pto;Rhg

(type B) thermocouple connected to a Eurotherm 2416 (Schneider Electric Systems, Germany)

controller. The furnace is pre-heated to the given temperature at least 30 minutes before the

ACS Paragon Plus Environment



oNOYTULT D WN =

95

96

97

98

99

100

101

102

103

104

105

106

experiments to ensure it is thermally equilibrated and that temperature variations within the

furnace are negligible.

Starting material compositions (Table 1) were homogenized using an agate mortar with ethanol

for one hour and stored in a drying cabinet (50°C) to evaporate any residual ethanol. Because

Ca was added to the mix as CaCOj3; and B,O3 as H3;BOs;, the starting material mixture was fired

at 1000°C for 3 hours to decarbonate the CaCO; and to convert the H;BO; to B,O5 1°. The

resulting mixture was reground under ethanol to a fine powder, and the resulting mixture was

vitrified in a Pt crucible (this is the “stage 17 of our glass preparation procedure, see flowchart

(Figure 2) below) at 1200°C for 30 minutes, and subsequently quenched by tipping the bottom

of the crucible into the water bath and fully dropping it in after a few seconds.

ACS Earth and Space Chemistry

Table 1. starting material compositions (in g)

Sulfur-containing Sulfur-free
Starting material PPGO7 PPG09 PPG11.2 CRGO1 PPG11
CaCoO, 5.5380 5.5380 5.7409 5.9264 5.9318
MgO 1.4936 1.4934 1.5481 1.5286 1.5279
Al,0; 2.1253 2.1254 2.2019 21734 2.1745
SiO, 6.9591 6.9590 7.2113 7.1177 7.1170
H;BO; 3.1826 3.1826 3.2991 3.2551 3.2552
CaSO, 0.3152 0.7008 0.3381 - -
TeO, - - - 0.1538 -
CuO - 0.3152 - - -
Cu,0 - - - - -
ZnO - - 0.2023 - 0.272
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The colorless “stage 17 glass then was crushed and ground to a fine powder using the agate

mortar and ethanol again for one hour. The glass powder was doped with the respective element

(as oxides for Cu, Te, and Zn and CaSQO, for S). Note that the choice of the phase as which the

volatile element is added to the starting material, is enormously important for the glass

synthesis: Initial experiments showed that the glasses that were prepared with compounds such

as elemental S, lost all S during the glass-making procedure and we speculate that the

evaporative loss of S probably happened before the actual glass had formed. A much better

choice is sulfate as the S-source in the starting material, and our results show that the glasses

are not degassed in S. Similarly, the use of metal oxides (e.g. ZnO) is better than Zn from

standard solutions or metallic Zn. Trace elements and “stage 1 glass were then homogenized

for at least one hour in the agate mortar with ethanol and dried under red light.
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/ ¢ Homogenization of oxides a)
30 min
y  Decarbonation of CaCO; b) c)
180 min
. 1000°C
: * Pulverization of decarbonated mixture d)
60 min
e Melting of stage 1 glass e) f)
30 min
\ .1200"C
* Pulverization of stage 1 glass g)
>40 min
¢ Adding respective volatile compound
h /| e« Homogenization of stage 1 glass and
ssomin | VOlatiles g)
e Melting of stage 2 glass h)
7 min

1200°C

Figure 2. Flowchart showing different steps for glass synthesis with runtimes, temperatures

(left), and corresponding photos of the synthesis (right). To ensure a homogenous starting

material, pulverization of the decarbonated and partly sintered mixture (c), as well as the

homogenization of volatile compounds with the first stage glass (e-g) is extremely important

for a successful synthesis.

Starting compositions were placed into a Pt crucible under slight compression with a pestle to

minimize pore space in the starting material and consequently gas bubble formation during

vitrification. The mixture is subsequently vitrified at 1200°C for 7 minutes and quenched in
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1

2

3

4 127  cold water again. We found that 7 minutes runtime proved to be the best compromise to allow
5

6

7 128  for homogenization of the melt and to prevent volatile element loss due to evaporation.

8

9

10129 The stage 2 glass, in contrast to the stage 1 glass, appears opaque and white-colored by the fact
14 130  that the low melting duration of the final vitrification is too short to let all leftover air escape

17 131  through the melt.
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Analytical methods:

The glasses were mounted in epoxy resin, polished, carbon-coated, and first examined using a

JEOL 6510 LA scanning electron microscope (SEM). Major element concentrations of all

phases were determined with a 5-spectrometer JEOL JXA 8530F electron microprobe analyzer

(EMPA) at the Institute fiir Mineralogie at the Westfalische Wilhelms-Universitit Miinster

(WWU). All glasses were measured with 15kV acceleration voltage, a beam current of 60 nA,

and beamsize of 10um. Counting times were 120 s on peak and 60 s on the background for B,

S, Cu, Zn, and Te. All other elements were measured with 20 s on the peak and 10 s on the

background. A set of well-characterized synthetic and natural reference materials were used for

standardization. Precision and accuracy were monitored by measuring secondary standards that

were not used for calibration.

Table 2. EMPA measurement conditions and reference materials

Bkg. Bkg.
Element Diff. Crystal Peak Pos. Position.L  Position. U Ref. material
nm mm mm
B LDE2 195.807 25 25 Ast_BN
Al TAP 90.868 5 5 H_DistheneR8
Mg TAP 107.731 2.8 4 U_OlivineSanCarlos
Si PETJ 228.169 3 2 U_Hypersthene
Ca PETJ 107.379 5.5 4.5 H_DiopsideST48
Cu LIFH 107.013 1.5 2 H_Kupferkies
Zn LIFH 99.685 3 3 Ast_Willemite
Te LIFH 105.04 3.5 7.5 Ast_Te
Te PETL 105.548 3.5 7.5 Ast_Te
S PETL 172.073 3.5 3 Ast_Pyrite
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145  Tellurium measurements were performed on two spectrometer crystals to increase counts per

146  second.
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Results:

Textural observations

The S-, Zn-, and Te-bearing glasses were white or slightly cloudy, whereas the Cu-bearing glass

had deep blue color, probably caused by Cu?*. Initial characterization of the glasses with SEM

shows that the cloudy nature of some glasses is due to small gas bubbles, which were

homogeneously distributed within the glass (Figure 3). However, we find that the bubbles are

formed from air within the starting material powder due to incomplete sintering, and not from

evaporating volatile compounds during the melting process. This interpretation is supported by

the fact, that the glass composition does not change in the vicinity of the bubbles for any

element. We observed no leftover oxide grains or other impurities within the bubbles or the

glass. The Te-bearing glass (CRGO1) is less cloudy due to fewer gas bubbles. The bubble

formation was minimized by compression of the powder in the crucible before melting. The

CuS glass (PPG09) was frothy but homogenous because of the decomposition of 2CuQO into

Cu,0 and 20,

ACS Paragon Plus Environment
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Figure 3. Backscattered electron images (BSE) of PPG09 (a), PPGO7 (b), and CRGO1 (c)

glasses. Observed bubbles are a relic of leftover air in the starting material. There is no change

in composition closer to bubbles. The difference in shape and size is explained by different

depths of the bubbles relative to the polishing surface. Smaller particles inside the bubbles are

not condensed volatile element grains, but particles of the polishing pastes that were used during

sample preparation. Small white circles in the CRGO1 glass (c) show ablation craters from

Laser-ablation ICP-MS measurements.
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Major and minor element analysis
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Figure 4. Major and minor element composition of synthesized boron-aluminosilicate glasses

(EMPA analyses). The x-axis shows randomly picked glass analyses from different crucible
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Figure. 4 shows element abundances in the glasses. Major and minor elements are

homogeneously distributed within the glass. The top and bottom parts of the glasses in the

crucibles were analyzed separately (see Figure 5) to assure that no evaporation occurred during

the melting process. Both, upper and lower crucible parts show the same elemental abundances

within the analytical error for all elements measured. Slightly varying concentrations, (e.g. S

concentrations in the bottom right diagram) are probably caused by not fully homogenized

starting mixtures.

Table 3. EPMA measurements

CRGO1 PPGO7 PPG09 PPG11.2

av. (] av. o av. o av. o
SiO, 41.78 0.38 4497 0.263 45.28 0.24 43.89 0.167
AlL,O; 13.34 0.069 14.10 0.077 14.06 0.070 13.58 0.048
MgO 7.51 0.048 7.44 0.052 7.40 0.025 9.61 0.030
CaoO 19.89 0.084 20.71 0.123 20.76 0.080 20.38 0.088
B0, 15.38 0.28 10.45 0.28 10.48 0.36 9.36 0.31
TeO, 0.95 0.04 - - - - - -
SO; - - 0.86 0.098 0.77 0.062 1.22 0.08
Zn0O - - - - - - 1.30 0.028
CuO - - - - 0.92 0.029 - -
Sum 98.85 98.53 99.66 99.33

Chemical analyses of the glasses were performed using EPMA, and average values (av) are given
together with analytical uncertainties (o) as the standard deviation of all measurements.
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Figure 5. Vertical profiles through the ca. 6 cm high Pt crucibles. EMPA analysis shows no

evaporation of elements in the upper or uppermost parts of the crucible.
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Discussion

We find that the successful synthesis of large amounts (i.e. several grams) of volatile-bearing

silicate glasses critically depends on the choice of volatile element compound in the starting

material. The volatile-element compound needs to be stable at high temperatures (have a high

melting point and high solubility in silicate melts) but it must also dissolve rapidly in the silicate

melt and diffuse quickly within the melt, as our results show that short (7min) melting duration

for the final glass is optimal. Our results show that the starting material compounds TeO,,

CuO/Cu,0, CaS0Oy, and ZnO give the best results. Previous runs where elemental Sulfur, SeO,,

and Se standard solution (such as those used in ICP-MS analyses) were used in the starting

material led to complete degassing of these elements in the glass. Note that the major element

composition, melt viscosity and run temperatures were kept constant in all these runs so that

the degassing of these starting materials is only ascribed to low decomposition temperatures

and/or instability of the starting material compounds at high temperatures. Alternatively to the

use of sulfate, our results show that S may be added as a sulfide, but this requires glass synthesis

under highly reducing conditions below the iron-wustite buffer (IW), where S has a high

solubility in silicate melts ?°. Similarly, Se and Te-bearing glasses may be prepared at reducing

conditions <IW, using selenide and telluride compounds.
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Conclusions

We present a new two-stage method for the synthesis of large amounts of homogenous, unzoned

glasses with high amounts of volatile elements such as S, Cu, Te, and Zn. These glasses may

be used as starting materials for evaporation experiments, or reference materials for

microanalyses with EMPA or LA-ICP-MS.
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No. B,0; Al,O; MgO Sio, Cao SO, Zn0 CuO TeO, Total
1 10.86 14.16 7.51 45.12 20.53 0.65 - - - 99.24
2 10.34 14.19 7.50 45.22 20.55 0.72 - - - 98.57
3 10.57 14.12 7.39 45.18 20.62 0.77 - - - 98.92
4 10.28 14.05 7.47 45.00 20.66 0.78 - - - 98.44
5 10.21 14.12 7.34 45.45 20.65 0.80 - - - 98.52
6 10.04 14.01 7.45 45.17 20.61 0.81 - - - 98.65
7 10.34 14.15 7.40 45.13 20.56 0.81 - - - 98.09
8 10.97 14.16 7.43 44.77 20.58 0.82 - - - 98.71
9 10.55 14.19 7.48 45.26 2091 0.84 - - - 98.83
10 10.62 14.08 7.48 44.79 20.71 0.85 - - - 98.53
11 10.43 14.21 7.50 44.98 20.63 0.87 - - - 98.24
12 10.47 14.10 7.46 44.86 20.67 0.88 - - - 99.23
13 10.12 14.14 7.49 44.84 20.73 0.88 - - - 98.43
14 10.97 14.06 7.36 45.22 20.75 0.88 - - - 98.39
15 9.93 14.10 7.51 44.49 20.94 0.91 - - - 98.57
16 10.32 14.21 7.41 44.89 20.66 0.94 - - - 97.81
17 10.71 13.96 7.39 45.05 20.84 0.97 - - - 98.73
18 10.26 14.05 7.42 44.35 20.75 0.98 - - - 98.20
19 10.58 14.01 7.43 44.68 20.88 0.99 - - - 97.88
20 10.44 13.95 7.36 45.00 20.88 1.08 - - - 98.62

Mean 10.45 14.10 7.44 44.97 20.71 0.86 98.53

Std. 0.28 0.08 0.05 0.26 0.12 0.10 0.37
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Table.5: Electron microprobe analyses of sample PPG11.2
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No. B,0; Al,O; MgO Sio, Cao SO, Zn0 CuO TeO, Total
1 9.21 13.65 9.66 43.74 20.58 0.95 1.34 - - 99.13
2 9.71 13.67 9.62 44.05 20.28 1.14 1.27 - - 99.74
3 8.95 13.52 9.57 43.97 20.40 1.31 1.25 - - 98.97
4 9.23 13.50 9.56 44.25 20.29 1.21 1.29 - - 99.33
5 9.59 13.61 9.63 44.11 20.26 1.22 1.26 - - 99.68
6 9.39 13.54 9.62 43.73 20.31 1.30 1.29 - - 99.18
7 9.61 13.57 9.65 43.77 20.52 1.22 1.30 - - 99.64
8 9.36 13.52 9.55 43.79 20.40 1.29 1.32 - - 99.23
9 9.54 13.60 9.63 44.05 20.45 1.21 1.29 - - 99.77
10 9.86 13.55 9.60 43.95 20.32 1.29 1.35 - - 99.92
11 9.67 13.51 9.62 43.76 20.31 1.26 1.27 - - 99.40
12 9.34 13.60 9.59 43.74 20.41 1.25 1.29 - - 99.22
13 9.12 13.60 9.61 44.12 20.51 1.22 1.31 - - 99.49
14 9.67 13.63 9.62 44.05 20.33 1.15 1.30 - - 99.75
15 9.00 13.59 9.61 43.96 20.32 1.20 1.31 - - 98.99
16 8.93 13.61 9.58 43.63 20.44 1.24 1.34 - - 98.77
17 9.71 13.59 9.6 43.75 20.37 1.19 1.27 - - 99.48
18 8.62 13.60 9.57 43.90 20.46 1.20 1.34 - - 98.69
19 9.24 13.52 9.58 43.82 20.29 1.19 1.32 - - 98.96
20 9.38 13.53 9.64 43.71 20.42 1.37 1.30 - - 99.35
Mean 9.36 13.58 9.61 43.89 20.38 1.22 1.30 - - 99.33
Std. 0.31 0.05 0.03 0.17 0.09 0.08 0.03 - - 0.34
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Table.6: Electron microprobe analyses of sample PPG09
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No. B,0; Al,O; MgO Sio, Cao SO, Zn0 CuO TeO, Total
1 9.63 14.00 7.4 45.24 20.71 0.74 - 0.88 - 98.60
2 10.62 13.99 7.39 45.12 20.62 0.71 - 0.89 - 99.33
3 10.4 13.99 7.4 45.23 20.86 0.85 - 0.96 - 99.69
4 10.52 14.08 7.40 45.39 20.79 0.81 - 0.88 - 99.87
5 10.24 14.14 7.42 45.63 20.9 0.69 - 0.89 - 99.91
6 10.3 14.05 7.36 45.78 20.88 0.73 - 0.89 - 99.99
7 10.9 13.99 7.41 45.21 20.75 0.83 - 0.93 - 100.02
8 10.79 14.08 7.36 45.06 20.67 0.80 - 0.93 - 99.69
9 10.47 14.01 7.39 44.89 20.72 0.72 - 0.97 - 99.17
10 10.88 14.00 7.44 44.89 20.79 0.83 - 0.93 - 99.76
11 10.5 14.04 7.36 45.14 20.7 0.79 - 0.94 - 99.47
12 11.13 14.02 7.38 45.11 20.78 0.79 - 0.91 - 100.12
13 10.16 14.05 7.38 45.21 20.76 0.80 - 0.89 - 99.25
14 10.38 14.01 7.38 45.42 20.74 0.87 - 0.94 - 99.75
15 10.32 14.06 7.41 45.13 20.62 0.81 - 0.92 - 99.26
16 10.06 14.12 7.41 45.21 20.67 0.68 - 0.91 - 99.06
17 11.06 14.16 7.42 45.71 20.81 0.69 - 0.92 - 100.77
18 10.07 14.28 7.42 45.59 20.88 0.64 - 0.88 - 99.76
19 10.49 14.06 7.38 45.44 20.75 0.81 - 0.96 - 99.88
20 10.75 14.06 7.45 45.16 20.81 0.751 - 0.95 - 99.93
Mean 10.48 14.06 7.40 45.28 20.76 0.77 - 0.92 - 99.66
Std. 0.36 0.07 0.02 0.24 0.08 0.06 - 0.03 - 0.46
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1

2

Z 252  Table.7: Electron microprobe analyses of sample CRGO1

2 253

7 No. B,0; Al,O, MgO SiO, Cao SO; Zn0 CuO TeO, Total
8 1 15.08 13.42 7.56 42.27 19.89 - - - 0.99 99.21
?o 2 15.14 13.35 7.50 42.03 19.80 - - - 0.98 98.80
11 3 15.47 13.44 7.59 41.49 19.86 - - - 0.92 98.77
12 4 15.3 13.33 7.54 41.21 19.83 - - - 1.00 98.21
13 5 15.08 13.41 7.55 41.24 20.07 - - - 0.94 98.29
1‘5‘ 6 15.49 13.33 7.51 42.09 20.03 - - - 0.91 99.36
16 7 15.59 13.24 7.47 41.70 19.86 - - - 1.00 98.86
17 8 15.14 13.33 7.50 41.79 19.85 - - - 0.89 98.50
18 9 15.21 13.29 7.45 41.88 19.88 - - - 0.91 98.62
;g 10 15.81 13.22 7.56 41.96 19.72 - - - 0.88 99.15
2 11 15.63 13.22 7.43 42.02 19.94 - - - 0.91 99.15
22 12 15.55 13.30 7.47 41.13 19.88 - - - 0.97 98.30
23 13 15.31 13.37 7.49 41.49 19.95 - - - 1.00 98.61
;‘5‘ 14 15.26 13.33 7.49 41.68 19.79 - - - 1.00 98.55
2% 15 15.50 13.43 7.59 42.29 19.84 - - - 0.97 99.62
27 16 15.15 13.44 7.54 41.65 19.80 - - - 1.01 98.59
28 17 15.20 13.37 7.52 41.49 19.90 - - - 0.97 98.45
gg 18 16.26 13.39 7.55 41.81 20.02 - - - 0.98 100.01
31 19 15.19 13.25 7.42 41.74 19.87 - - - 0.94 98.41
32 20 15.27 13.36 7.48 42.64 19.93 - - - 0.92 99.60
2431 Mean 15.38 13.34 7.51 41.78 19.89 ] - ] 0.95 98.85
35 std. 0.28 0.07 0.05 0.38 0.08 - - - 0.04 0.49
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