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Abstract
Glass art practice is indivisible from the material behaviour of glass at a range of working conditions, providing a direct link with the science of glass and melts. The use of non-standard, non-commercial, or natural glass
compositions in art usually brings with it challenges associated with unexpected or undesirable processes, such as
bubble formation and growth, liquid-liquid immiscibility, heterogeneities, and devitrification. For these reasons,
natural geological compositions, including obsidian, have typically been avoided in glass art, with a few pioneering exceptions. Here, we bring together the results of mutual experimentation, knowledge-exchange workshops,
and successful obsidian and magma use-cases in glass art in order to constrain the usability of obsidian and the
techniques most suitable for rendering the material amenable to glass art practice. We conclude by exploring opportunities for collaboration between volcanologists and glass artists, which we propose would develop both fields
in novel directions.
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1

Introduction

Obsidian is perhaps the best-known natural glass. It is
formed when magma crosses the glass transition without sufficient time for crystallization, and is found in
cooled silicic lavas [e.g. Fink 1983] or ‘high grade’ and
rheomorphic welded ignimbrites [e.g. Andrews and
Branney 2011], at the quenched margins of silicic dykes
and sills [e.g. Saubin et al. 2019], and in volcanic bombs
and pyroclasts [e.g. Gardner et al. 2019]. Obsidian has
been used and traded throughout human history and
pre-history, with wide utility and aesthetic importance
including cutting, decoration, as mirrors, and as spiritual or religious objects [Dixon et al. 1968; Chataigner
et al. 1998; Tuffen et al. 2021]. Additionally, obsidian features in modern popular culture, sometimes as
a material with mysterious properties, such as ‘dragonglass’ in the book and television series Game of Thrones
where is it required to vanquish White Walkers [Martin 1996], or as a component material in the recipe re* Corresponding author: fabian.b.wadsworth@durham.ac.uk

quired to access The Nether—a hellish underworld—
in the video game Minecraft™. Due to the wide range
of reference points interweaving historical, natural,
human-cultural, and imagined-supernatural contexts,
one might expect obsidian to be used widely as a material for art practice, and glass art practice specifically.
However, there appear to be relatively few examples
where this volcanic material has featured in glass art.
We propose that a reason for this is that the material
is typically very challenging to work with, especially in
hot-glass art practice; we use this proposition as a starting point for this investigation.
The push for continual innovation in the glass art
community generally leads to new challenges. While
traditional glassblowing techniques require a very high
level of craft skill [O’Connor 2007], many of the
technique challenges associated with creating intricate
forms of a range of sizes have been surmounted in the
millennia since glassblowing began [Stern and SchlickNolte 1994]. Today, what might be thought of as the
‘new frontiers’ in glass art in terms of techniques, include:
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• the use of digital techniques to assist in design and
with direct glass manipulation [e.g. Klein 2018] including 3D printing of cold or hot glass [Chivers
2015; Kotz et al. 2017];
• the manipulation of increasingly intricate glassgas bubble forms and internal gas manifolds
[Mitchell 2015], challenging what is possible at
small or large scales;
• the use of structure or composition to impose interesting material properties such as high elastic
stability under flexure;
• and the use of new materials that go beyond the
soda-lime-silica or borosilicate standards (e.g. the
reinvigorated use of uranium glass that glows under ultraviolet light* , glass with specific optical or
textural qualities, or glass with specific devitrification rates that create interesting surface phenomena, to name a few examples), with potentially unexpected and interesting results.
Much of the push to innovate along the lines of these
‘new frontiers’ is driven by a push for glass art as sculpture, fine art, and conceptual contemporary art, possibly drawing distinctions with craft art, and the decorative crafting that obsidian is known for in human
pre-history. Although such craft-art distinctions can be
arbitrary and contentious, these are key themes for discussion in the modern glass art movement.
The range of glass-forming materials in industry, science, and nature is staggering [e.g. Martinez and Angell 2001], and yet only a narrow range of compositions are used routinely. The requirements for a glass
to be used widely and routinely in industry and art
include: (1) affordable cost of raw materials; (2) that
the glass melt has a wide temperature range in which
the viscosity remains appropriate for manipulation (the
working range); (3) that the crystallization rate is low
even on slow cooling, averting devitrification [Cummings 1997]; and (4) that the material is widely available or accessible (i.e. in the case of obsidian, given
its scarcity worldwide, this is not a trivial issue). We
propose that materials or techniques can be tweaked
in order to render a wider range of compositions useable by glass artists, including obsidian. By aspiring to
widen the compositional range available—specifically
including natural volcanic compositions—artists may
be able to draw on a wider range of conceptual touchpoints that open up new artistic possibilities and push
further (and in new directions) some of those material
boundaries given above.
Just as there are potential advantages for glass artists
in developing methods by which obsidian might be
used, the wider use of volcanic materials in glass art
may be advantageous for volcanologists and volcano
* See
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science research. Among many such possible advantages, the craft-knowledge associated with experimental glass art has yielded considerable advances in how
bubbly glass materials can be created in bespoke 3dimensional forms [Mitchell 2015]. These techniques
involve the manipulation of gas and glass in such a way
that gas can be effectively vented during fusing of glass
sheets in kilns, leaving trapped gas volumes with designed shapes. This technique among others has the potential to be beneficial to experimental volcanologists
who seek to replicate complex gas-magma forms found
in nature, in order to better understand their properties
and how they evolve in time when hot. In this Research
Article, we explore the ways in which volcanic materials, and obsidian specifically, have been used in glass
art practice, and we aim to draw a narrative link between the science of volcanic materials and the potential for solutions to glass art problems, while not dictating solutions to glass artists ab excelsis† .
1. First, we aim to constrain the working temperature range—as it is defined in glass art—for natural obsidian materials, and to explore the extent to
which this may be a primary factor that has prevented wider usage of obsidian in glass art and
across glass art disciplines (Section 4).
2. Second, we aim to use a particular glass art piece
(‘PEDM’; Figure 1) as a detailed case study, showing how obsidian material challenges can be overcome. This piece was created as an independent
artwork rather than as part of this study. We use
this as an opportunity to demonstrate the extent
to which modern volcanological models for the behavior of obsidian in nature can provide quantitative maps for obsidian treatment in glass art workshops; thereby directly illustrating the science-art
crossover potential here (Section 5).
3. Finally, we aim to examine that science-art intersection and constrain the ways in which volcanologists and glass artists can exchange knowledge for
mutual benefit and direct collaboration (Section 6).
The aims stated here are taken in turn, which means
that we blur the distinctions between methods, results,
and interpretations. For example, in exploring the first
aim, we use some experimental methods and interpret
the results thereof, before moving on to the second aim,
and so on.

2

Terminology, and translating between
glass art and volcanology

In Table 1, we curate a selected list of terminology used
frequently in glass art disciplines. These terms are

https://www.
† Ab excelsis approximately translates as ‘from on high’
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Table 1: A glossary of terms for dialogue between glass artists and volcanologists.
Glass art term and definition
Frit (sometimes called granular glass). Angular crushed glass
particles at diameters <2 mm.
Soak. An isothermal hold time in a furnace or kiln.
Seed. The nucleation or trapping of small bubbles at high temperature.
Stones. Lumps of crystalline material that tend to sink in molten
glass.
Soft/strong glass. Soft glass is one with a low glass transition temperature or low temperature working range relative to
a soda-lime-silica standard art glass. Similarly, a strong glass is
one with a high relative glass transition temperature.
Short/long glass. A short glass has a steep temperaturedependence of viscosity measured at the glass transition temperature, resulting in a ‘short’ working range of temperature. A long
glass has a shallow temperature-dependence of viscosity. This is
equivalent to fragile/strong descriptions used in the main text
[Angell 1995].
Architectural tint or coloration. A tint imparted during float
glass formation on a dense liquid metal. Coloration can occur
during post-float re-heating. Tints can be also be produced postfloat by re-melting the glass and dissolving in additional compounds.
Crawl or creep. The loss of bulk volume during sintering and
casting processes.
Devitrification. The crystallisation of glass between the liquidus and the glass transition interval.
Compatibility. The measure of how close is the thermal expansivity of two glass compositions when fusing them; poor compatibility is manifest as fracture propagation in one of the glasses on
cooling.
Pâte-de-verre. A process of (1) mixing glass particles with a liquid to form a concentrated particle suspension, (2) applying the
suspension to a surface, and (3) firing the surface to evaporate
the liquid and sinter/fuse the particles. The liquid used is typically a cellulose solution or similar.
Powder printing. Sintering/fusing a single or bi-layer of glass
particles on a surface in a given pattern.
Enamelling/Lustreing. Sintering/fusing fine glass powders to
surfaces producing a smooth finish. While enamel is glass- or
ceramic-based, lustres are metal-based.
Fusing. Joining two plates, slabs, or surfaces of glass together by
softening the glass at high temperature.
Crackle. Exploiting differential expansion and viscoelasticity
during glassblowing to produce a crackled surface texture while
hot.
Cord. Streaks in glass, which are undesirable in some situations
(e.g. during glassblowing) but may be produced by design in
other situations.
Veiling. Bubbles trapped in former fracture or suture interfaces.
Squeeze. Reducing the temperature of a pot or crucible of hot
glass in order to remove seed via thermal resorption due to the
increase in solubility of most gases on cooling.
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Analogous volcanology process or term
Analogous to non-porous volcanic ash
particles (albeit with textural differences).
Isothermal hold.
Vesiculation or bubble nucleation and
growth.
Lithics/cumulates/enclaves.
Low/high glass transition temperature
(or low/high general working range) compared with a standard glass (probably a
soda-lime-silica glass).
High/low slope of the temperature dependence of viscosity around the glass
transition temperature.

Metal diffusion.

Densification.
Devitrification.

Differential expansion.

Welding.

Welding/coalescence.
Welding.
Fracture-healing.
Fracture-healing on bubble surfaces.

Diffusive trails behind rising bubbles.
Fracture-healing with trapped vesicles.
Thermal bubble resorption.
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either collated from published sources [Halem 1996;
Cummings 1997; Schmid 1998; Petrie 2019] or via discussion with practicing glass artists. We select terms
that have some analogy in volcanological processes or
volcanic materials, and then provide a loose working
definition of the term.
The terms ‘obsidian’, ‘pitchstone’, and ‘perlite’, bear
inconsistent definitions in published work, and are
each in some way used to relate to volcanic glass.
‘Pitchstone’ and ‘perlite’ often are used to refer to rocks
that may have hydrated substantially by secondary processes (pitchstone), and/or developed a conchoidally
finely cracked texture associated with hydration [perlite; De Campos and Hess 2021]. While these terms are
all generally used for natural silicic glass in the composition region from rhyolite to phonolite [and sub-fields
therein; Tuffen et al. 2021], there are occurrences of usage of ‘obsidian’ to refer to natural glass across the compositional spectrum of glasses in magmatic systems.
Similarly, Studio Drift* use ‘obsidian’ in art to refer to
the quenched glass product of melting waste materials
outside of a volcanic genetic context. Here we restrict
our usage to ‘obsidian’ throughout and use this to mean
silicic volcanic glass only. Furthermore, we suggest that
for most material uses, hydrated pitchstone or hydrated
and cracked perlite may be more challenging to use in
glass art and that young or ‘fresh’ obsidian may be more
readily utilized.

3

Glass art and volcanology

The use of glass as a material in sculptural art is longlived [e.g. Lukens 1965; Kunz and Mills 2021]. However, the so-called ‘studio glass movement’ represents a
relatively recent re-popularization of traditional glassworking methods, along with a rapid expansion of experimental, innovative, and modern methods, often
embracing science techniques and equipment. This
studio glass movement started in the 1960s and is characterised by the use of glass as a medium of artistic
expression. Since this movement, glass has emerged
as a significant part of general art and design practice
worldwide. The use of glass in art could be divided into
(1) architectural glass practice, (2) kiln-formed glass
practice, and (3) hot glass practice [Petrie 2019]. In
general, in terms of the making process, these subdivisions map onto (1) low, (2) medium-to-high, and (3)
high-temperature glass working (specific temperature
ranges constraints are discussed in Section 4). Architectural glass practice covers a broad array of work using flat glass panels or pieces that are printed, painted,
etched, cut, joined, ground, and sandblasted. Kilnformed glass practice involves the use of closed kilns
to heat molds or assemblages of glass to fuse, sinter,
cast, bend, stretch, print, anneal, and enamel glass before cooling again [Cummings 1997; Petrie 2019]. Fi* https://studiodrift.com/work/the-obsidian-project/
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nally, hot glass practice involves the use of molten
glass directly from a furnace and typically involves
glassblowing, but may also involve other manipulation techniques and types of direct casting or pouring,
and lamp- or flame-work. We note that this grouping of glassblowing with casting and lamp- or flamework may not be universally accepted and that, strictly
speaking, these are distinct disciplines; however, for
the purposes of this study, divisions along the lines of
hot- vs. cold-working are convenient as a working classification system. Taken together, glass art practice involves a truly vast array of physical processes, such that
the craft skill of the glass artist is in harnessing or embracing these processes for desired effects. In modern
industrial glass processing and glass production, a similar range of physical processes are at work, although
there are additional processing challenges that come
with large spatial scales of production and the demand
for reproducible precision [Mouly 1969].
In the Earth Sciences, early experimental work by the
first experimental igneous petrologists began in industrial kilns and furnaces not dissimilar to those used by
glass artists [Newcomb 2009]. This is a testament to the
similarities extant between the range of conditions that
can be achieved in a glass artist’s workshop and those
found in volcanoes [Wadsworth et al. 2019a], and to the
similarities of material composition: both the glasses
used in glass art and the melt phase erupted in most
volcanoes on Earth are subsets of the wider silicate
glass family of materials [Cicconi and Neuville 2019;
De Campos and Hess 2021]. While there are important differences—not least the absence of elevated confining pressure conditions in most glass art—there are
striking similarities between many volcanic processes
and many of the glass art processes in all of the architectural, kiln-formed, and hot glass sub-practices. In
all cases the materials readily flow, vesiculate, fracture,
heal, anneal, cool conductively, variably crystallize, and
granulate. While a glass art process may not be an exact replication of a volcanic process in terms of the precise temperatures, pressures or material compositions
used, there often exists a dynamic similarity, such that
it is in the same physical regime, with the same broad
phenomena manifesting in the material behavior. Similarly, this implies that there exists a mathematical scaling between any description of the glass art and analogous volcanic processes in question. A central aim of
this article is to explore that dynamic similarity when
comparing the behavior of obsidian and the behavior of
glass compositions used in hot glass studios.
3.1

Examples of obsidian use in art

Obsidian has been used in glass art in a number of different ways. These examples can be coarsely divided
into cold-worked obsidian, and hot- or kiln-worked
obsidian. In this context, cold-working refers to the
suite of methods by which obsidian would be polished,
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cut, shaped, mounted, and manipulated without the
application of heat sufficient to cause flow. By contrast, hot- and kiln-working refers to glass manipulation through the application of heat sufficient to induce
partial or complete glass flow and the myriad resultant
processes that can result from that change. The coldworking category bears some analogy with the architectural glass category described earlier (Section 3), however, there are key differences discussed here.
Modern cold-working of obsidian is reminiscent of
early obsidian manipulation for the production of jewellery, mirrors, and knapped cutting tools. An example of obsidian cold-worked in art is ‘Monolito’ by Eduard Olbes, in which a large block of obsidian from Hidalgo, Mexico, was polished and shaped into the final
piece (Figure 1A). ‘Monolito’ is an exceptional example
of pristine natural glass apparently free from obvious
surface defects. This is somewhat unusual for obsidian, which is more typically heterogeneous, with microstructural features that reflect the complexities of
its formation mechanism [Tuffen and Dingwell 2005].
By contrast, in ‘Thickens, pools, flows, rushes, slows’
by Julian Charrière (Figure 1B), large pieces of heterogeneous and flow-banded obsidian are set in a gallery
context with cold-worked concave polished sections,
which resemble large volcanic vesicles. Perhaps the
best known cold-worked obsidian is the mirror used by
the 16th century mathematician and occultist, Dr John
Dee, which is thought to have been originally worked
in Aztec culture, Mexico [Ackermann and Devoy 2012;
Tuffen et al. 2021].
Examples of kiln- or hot-worked obsidian include
‘Gravity Pull’ by Matt Durran in which heterogeneous
natural obsidian collected from an unknown volcano
was heated until it vesiculated, before being cooled.
The result of this treatment is to render it positively
buoyant in water (Figure 1C). The creation of Durran’s piece uses the natural process of exsolution of the
dissolved volatiles in obsidian at temperatures above
the glass transition temperature [c.f. Prousevitch et al.
1993; Coumans et al. 2020], in order to manipulate
the glass artistically. Other examples, such as Variation 1 of ‘Variations on an energetic field’ by Lucy
Bleach (Figure 1D) and ‘PEDM’ by Alastair Mackie
(Figure 1E), are created using hot-working methods
specifically designed to avoid the vesiculation that Durran exploited. In the making of ‘PEDM’, crushed obsidian (from Roche Rosse, Lipari, Italy) is heated and
vesiculated to equilibrium, effectively dehydrating it,
before being cooled and re-crushed. The resultant powder is then the raw material for the work. The artist—
Mackie—used a technique to sinter the dehydrated obsidian in a mold of desired shape (explored in detail
in Section 5). In the case of ‘Variation 1’, Bleach sintered obsidian particles mixed with so-called impact
glass [Darwin impact glass; Fudali and Ford 1979] to
completion, resulting in a dense glass sheet.
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3.2

Challenges of obsidian use in art

While there are other examples of obsidian in art,
those given here provide an overview of a range of approaches to obsidian glass art in both cold- and hotworking. The examples also demonstrate that artists
take different approaches to overcoming the challenges
associated with using obsidian. One such challenge is
dealing with the ubiquitous remnant volatile H2 O [Castro et al. 2012; Wadsworth et al. 2020] that renders
typical rhyolitic obsidian supersaturated at 1 bar pressure (atmospheric pressure) and elevated temperatures
&800 ◦C [Liu et al. 2005], and thus prone to vesiculation when heated to working temperatures. In the case
of Durran’s piece (Figure 1C), this material challenge
was used to the artist’s advantage, such that the formation of bubbles and the resultant gas-derived buoyancy
of formerly high-density obsidian, becomes central to
the piece. That is to say, Durran did not attempt to
surmount the material challenges of obsidian, but embraced them instead, utilizing them for conceptual impact to surprise the viewer. By contrast, Bleach and
Mackie found methods by which this same challenge
of the excess H2 O in obsidian could be overcome prior
to the production of a final piece. Mackie applied a premaking processing step to refine obsidian by removing
the excess H2 O; their process is discussed in detail later
(Section 5). Olbes and Charrière took a third approach:
by selecting a piece of starting obsidian that was especially suited to the work prior to beginning the piece,
they were able to minimize the alteration of its state
induced by cold-working. Olbes therefore selected the
piece with the minimum of attendant material issues
to overcome and Charrière selected the pieces with a
natural heterogeneity, which he could offset against the
cold-worked concave components.
Another challenge, encountered in hot-working of
obsidian, is that its working temperature range is rather
different from that of artistic glasses. The paucity of examples of hot-working of obsidian that use traditional
glassblowing techniques likely stems from this difference.

4

Art glass vs. obsidian: The working
temperature range

For all glasses there is a temperature range over which
the glass melt is workable which impacts both commercial production and artistic practice. This temperature range is determined by the viscosity-temperature
relationship and thus the composition of the melt, as
well as the process being used. Too hot, and the glass
melt will flow too quickly for the artist to react or manipulate it; too cold, and the glass will not flow even
under large applied forces from the artist. Therefore,
temperature is a key constraint on the glass artist and
their ability to achieve a given result with a particular
Page 187
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Figure 1: Examples of obsidian in modern glass art. [A] ‘Monolito’ by Eduardo Olbes; cold-worked, polished obsidian. [B] ‘Thickens, pools, ﬂows, rushes, slows’ by Julian Charrière; cold-worked, partially polished obsidian (at
Aargauer Kunsthaus, Aarau, Switzerland, 2020). [C] ‘Gravity’s Pull’ by Matt Durran; partially vesiculated obsidian.
[D] Variation 1 of ‘Variations on an energetic ﬁeld’ by Lucy Bleach; a thoroughly welded obsidian sheet. [E] ‘PEDM’
by Alastair Mackie; obsidian partially welded in a mold.
glass. Similarly, in volcanic eruptions, temperature is a
first-order control on the behavior of magmas at a given
volcano. For many processes the working viscosities of
glass lie between 103 and 108 Pa s [Mouly 1969]. This
range of working viscosities may be wider when considering all of the possible processes that fall under glass
working, including lower temperature processes such
as bending.
For kiln-forming, Cummings [1997] proposes six
stages, each relating to a progressively higher temperature window. In Stage 1 at 450–550 ◦C, the surface
layer of a glass can become ‘mobile’ or relax and enamels and metallic lusters can be bonded to it. In Stage
2 at 550–650 ◦C, unsupported glass will bend under
its own weight and take up simple forms by slumping or folding. In Stage 3 at 650–750 ◦C, glass will deform readily under gravity and can be stretched under the force of a tool or gloved hand. In Stage 4 at
750–850 ◦C, pieces of glass can be fused together and
glassblowing using a blowpipe is possible. In Stage 5
at 850–900 ◦C, so-called inert casting is possible, and
casts or molds filled with glass particles will densify
and take the form of the mold (often with the requirement that the glass is topped up to accommodate the
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decrease in overall volume during sintering/casting).
Finally, in Stage 6 at 900–975 ◦C, so-called mobile casting is possible where casts, molds, containers, reservoirs, and crucibles will fill with liquid glass readily
and areas of relatively tight curvature can be filled directly with molten glass pours. Cummings [1997] suggests that temperatures greater than 975 ◦C are not to
be used, presumably due to effects such as volatilization, crystallization, sticking of glass to molds, thermal
breakdown and brittleness of mold materials, among
others. Similarly, but more coarsely, Volf [1961] propose that for hot-working, 700–900 ◦C is the so-called
‘working range’ (ibid. p.72–74).
While such temperature ranges are useful general
guides for users, they are not universal to all glasses
as different glass melts can have markedly different
viscosity-temperature relationships with the melt viscosity of so-called ‘long’ or ‘strong’ glasses increasing
more slowly with decreasing temperature than that of
so-called ‘short’ or ‘fragile’ glasses. The use of specific temperature ranges in glass art guide texts therefore comes with an assumption that glass artists are using standard compositions that are common disciplinewide (although Cummings’ text does indicate that
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different annealing profiles are required for different Table 2: The bulk composition of the glass used here
glass types). In almost all cases, the composition expressed as weight percent major oxide components.
used for glassblowing will fall into the soda-lime-silica
Obsidian
glass compositional family. Indeed, it is this compoOxide
Cristalica®
sition that is assumed when quoting specific temperacomponent
wt.%a
wt.%b
ture ranges for specific working practices (see above).
SiO2
69.0–71.5
75.17
However, for lamp- or flame-work (i.e. using an oxyTiO2
0.22
acetylene or propane torch to heat and manipulate
Al2O3
1.1–1.5
12.02
smaller rods and pieces of glass), borosilicate glass is ofFeO
3.13
ten used in place of soda-lime-silica compositions. The
MnO
0.11
change in composition from soda-lime-silica to borosilMgO
0.09
icate is sufficient to increase the upper working temperCaO
4.0–4.5
1.66
ature by some 100 ◦C, to >800 ◦C.
Na2O
12.5–12.9
4.58
The rate at which the internal stresses in a glass are
K2O
5.0–5.5
2.88
substantially relieved by relaxation depends on temBaO
2.5–3.0
perature. Stress relaxation takes place in a few minB2O3
1.0–1.5
utes at the glass transition temperature Tg , whereas
ZnO
0.6–1.3
at the strain point the internal stresses are only reSb2O3
0.2–0.5
lieved by relaxation after several hours. The strain
H2Oc
n.d.d
0.14
point is typically taken to correspond to a viscosity
Totals
95.9–102.2
99.86
of 1013.5 Pa s. Therefore, constraining Tg , and the a
Data from Cristalica® datasheet via KutaGlass and for
temperature-dependence of the viscosity µ(T ) around
‘Premium Studio Glass 100’ batch. Note: omitted here are
Tg are two fundamental measurements required to astrace concentrations of Li2 O and Er2 O3 . Normalisation is
sess the workability of a given glass. Other temperanominal given the uncertainty ranges from reproducibility
tures used in glass art—such as the annealing points— effects associated with large batch production.
can be estimated using µ(T ). In this section we inves- b
Data normalised from Tuffen and Castro [2009].
tigate experimentally the flow behavior of obsidian liq- c
H2 O data is consistent with the results presented in
uids at high temperature without suspended bubbles. Tuffen and Castro [2009] but is derived via viscosity deterWe compare this flow behavior with a typical glass used minations made herein.
d Cristalica® is nominally anhydrous, although we note
for glass art purposes under the company name Cristalica® and a standard borosilicate used in glass art.
that trace amounts of H2 O are impossible to avoid during
glass mass production by most techniques.

4.1

The glass transition interval Tg

We used a Netzsch Pegasus 404c simultaneous thermal analysis tool to analyze two glasses: Cristalica®,
and obsidian from Hrafntinnuhryggur at Krafla volcano, Iceland [Tuffen and Castro 2009]. The composition of the glass used here is given in Table 2. A
30–50 mg chunk of each glass was held in a lidded
platinum crucible and heated at a constant rate in argon. Via this technique, we measure the heat flow (in
this case recorded as a voltage in a thermocouple array) at the base of the sample crucible, relative to the
heat flow at the base of an empty reference crucible.
We performed runs with new samples, heating them at
0.4 ◦C s−1 to temperatures around 650 ◦C (Cristalica®)
or 850 ◦C (obsidian), before cooling them at 0.4 ◦C s−1
again. This first heating run results in relaxation of the
glass and eradicates the thermal history associated with
manufacture (Cristalica®) or cooling in nature (obsidian). Then subsequent heating runs were performed on
the same sample at different pairs of heating and cooling rates, designed such that the cooling rate from the
previous run matches the heating rate of the next run.
This thermal analysis allows us to find the onset and
the peak of the glass transition interval below which the
glass is a solid and above which the glass can relax in
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response to applied stresses viscously. This technique
of matched cooling-heating runs allows us to observe
the dependence of the glass transition on the rate of
temperature change [Wilding et al. 1996; Gottsmann
et al. 2002].
In Figure 2, we show the heat flow curves on heating
for Cristalica® and obsidian, omitting the first heating
run. The curves are for different heating rates q. We
use arrows to mark the onset and the peak of the glass
transition interval. We note that the first-order finding
is that Cristalica® relaxes via the glass transition interval at significantly lower temperatures than obsidian,
as we would expect from its composition [Angell et al.
2000].
4.2

Viscosity

The viscosity of silicate liquids can vary over many orders of magnitude across the range of temperatures
typical of both volcanic processes and artistic practice [Angell et al. 2000; Fluegel 2007; Giordano et al.
2008]. For this reason, we deploy a number of techniques to constrain the temperature dependence of viscosity across the relevant range.
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Figure 2: Structural relaxation of [A] synthetic Cristalica® glass used by glass artists, and [B] natural obsidian
from Hrafntinnuhryggur, Kraﬂa, Iceland, measured by differential scanning calorimetry at constant heating rates,
yielding temperature-dependent heat ﬂow curves (see text). In [A] the curves are for 3 heating rates: 0.08, 0.167,
and 0.42 °C s−1 ; in [B] the curves are for 6 heating rates: from 0.167 up to 0.467 °C s−1 . The arrows denote the onset
and peak (from left to right) of the glass transition interval, where the onset is measured as the ﬁrst deviation from
a linear baseline [see Gottsmann et al. 2002]. [C] The window between the onset and peak of the glass transition
interval for Cristalica® (grey) and obsidian (blue). Note that the temperature position of the peak is heating rate
dependent.
First, using semi-empirical models for the relationship between relaxation and viscosity, we can use the
temperature at which the peak of the glass transition
interval occurs (Figure 2) to constrain the viscosity at
the glass transition. Gottsmann et al. [2002] shows that
the viscosity at the glass transition temperature µ|Tg
and the heating rate at which the glass transition temperature is determined are related via a constant c (with
units of Pa K), where c is a weak function of the glass
composition
c
(1)
µ|Tg = .
|q|
Gottsmann et al. [2002] provide an empirical model for
relating c to the composition, showing that c is controlled dominantly by the wt.% cations in the melt
that are excess to the charge balancing roles dictated by the network forming cations. The Gottsmann et al. [2002] empirical model for predicting c
results in c = 6.17 × 109 Pa K for Cristalica® and
c = 2.51 × 1010 Pa K for the obsidian [where the obsidian composition is taken from electron microprobe
measurements presented in Casas et al. 2019]. Equation 1 therefore yields values for µ at T = Tg for the
high-viscosity end of the full working range (Figure 3).
To constrain the viscosity at temperatures above
the glass transition interval, other techniques are required. Here we supplement the data derived from
Figure 2 with constraints using a rotational rheometer in which crushed chunks of each glass are loaded
into large platinum crucibles and held at high temperature (1300 ◦C for Cristalica® and 1400 ◦C for the
obsidian) for 12 hours, ensuring homogenization to
a single-phase liquid. A platinum-coated spindle
[Dingwell and Virgo 1988] is lowered into the melt and
controlled using a Brookfield HBTD which can apply
rotation speeds of 0.5–50 rpm. The apparatus, tech-

Presses universitaires de �rasbourg

nique, and data processing are described by Dingwell
[1989]. The technique involves a series of temperature
reduction steps, rotating the spindle until the measured
torque equilibrates at each temperature before moving
to the next. The equilibrium torque is then proportional to the shear stress, which together with the rotation rate, can be used to compute the shear viscosity. In Figure 3 these data for both the obsidian and the
Cristalica® glass occupy the high-temperature end of
the curves.
At temperatures intermediate between the glass
transition interval and the high temperatures of the
rotational rheometry, we apply a so-called micropenetration technique [Pocklington 1940; Tobolsky and
Taylor 1963]. This involves determining the rate at
which an iridium indenter displaces the melt when a
fixed load is applied. These measurements were applied to the obsidian, which was cut to 3 mm long
plane-parallel discs of 5 mm diameter and polished on
both surfaces. The sample is placed in a Netzsch 402
F1/F3 Hyperion thermo-mechanical analyzer under argon gas flow and the indenter is attached to the vertical
push rod. The viscosity is then determined from
γFt
µ= √
rα 3

(2)

where γ = 0.1875 is a dimensionless constant for a
hemispherical indenter, F is the applied force, t is the
time since contact of the indenter, r is the indenter radius (1 mm in this case) and α is the time-dependent
distance into the silicate liquid [Pocklington 1940; Tobolsky and Taylor 1963]. Viscosity µ is taken at steadystate (large t for which dα/dt becomes constant).
Finally, these data are supplemented with (1) data
from the company datasheet supplied with Cristalica®
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Figure 3: The viscosity of glass melts. [A] The temperature dependence of viscosity of Cristalica® and obsidian. Error bars are given as vertical lines through the
data points where an experimental uncertainty is larger
than the size of the data point. [B] A comparison between the viscosity of the glass melts studied here and
the temperature dependence of viscosity for metaluminous rhyolite (blue region) for 0.1 and 1 wt.% dissolved
water concentration via a constitutive model [Hess and
Dingwell 1996] and the temperature dependence of viscosity for a basaltic composition (green region) using
a model for hydrous Etna composition [Giordano and
Dingwell 2003] for 0.1 and 1 wt.% dissolved water concentration. [C] The normalized viscosity via the method
given by Angell [1995].

glass* , (2) a ‘viscosity curve’ for a standard borosilicate glass [Napolitano and Hawkins 1970], and (3) data
from a cylinder compression technique described by
Gent [1960] and applied at high temperature to the
same obsidian used herein by Wadsworth et al. [2018].
Taken together, the constraints given above provide µ(T ) data covering a wide range of temperature.
To these data, we fit the widely-used Vogel-FulcherTamman equation [Lakatos et al. 1972; Lakatos 1976;
Angell et al. 2000; Giordano et al. 2008]:
!
B
(3)
µ = µ0 exp
T − T0
where µ0 , B, and T0 are all empirical fit parameters;
for glasses of commercial interest standard compositional parameters have been empirically determined
[Lakatos et al. 1972; Lakatos 1976; Fluegel 2007]. Our
fit procedure uses the least squares regression method
on data for log(µ), fitting the logarithmic form of Equation 3. For Cristalica® we find the best fit to Equation 3 with µ0 = 2.73 × 10-4 ± 1.45 × 10-4 Pa s, B =
14230.82 ± 810.06 ◦C, and T0 = 103.74 ± 17.91 ◦C
and for the borosilicate we find good agreement with
µ0 = 0.52 Pa s, B = 9239.12 ◦C, and T0 = 328 ◦C (Figure 3A). For obsidian, there exists a multi-component
viscosity model calibrated for calc-alkaline obsidian,
for which these fit parameters are taken to be a function of the dissolved H2 O concentration in the glass
structure [Hess and Dingwell 1996]. Using the Hess
and Dingwell [1996] model, we find good agreement
between our obsidian data for µ(T ), and the model result for 0.14 wt.% H2 O in the glass. This best-fit H2 O
concentration is, in turn, consistent with direct H2 O
determinations using this same obsidian [Tuffen and
Castro 2009; Ryan et al. 2015; Wadsworth et al. 2018;
Coumans et al. 2020; Seropian et al. 2022; Weaver et al.
2022].
The viscosity-temperature curves for obsidian and
Cristalica® appear to converge in the low temperature
region around 550 ◦C for obsidian with a relatively high
dissolved H2 O concentration of 1 wt.%. However, for
the more common obsidian with a dissolved H2 O concentration around 0.1 wt.%, such as that tested herein,
rhyolitic obsidian has a higher viscosity than Cristalica at any given temperature over the interval investigated (Figure 3A). By contrast, natural obsidian across
the range of dissolved water concentration 0.1–1 wt.%
has a similar range of viscosities for a given temperature to borosilicates, such as those used in lamp- or
flame-work (Figure 3B). Cristalica® shares more similarities, in terms of viscosity-temperature behaviour,
with a basaltic magma, particularly in the range of temperature 600–1000 ◦C (viscosity range approximately
104 < µ < 108 Pa s). The basaltic viscosity-temperature
relationship is found using a hydrous Etna composition
as indicative of a basaltic glass [Giordano and Dingwell
* https://cristalica-studioglass.com/Datenblatt/
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2003]. Unlike obsidian, sub-aerial, terrestrial basaltic
glasses are relatively unstable and prone to crystallization, and so while the comparison is tantalizing,
basaltic glass is unlikely to be of wide utility in glass
art.
4.3

Strong and fragile glass melts: The Angell [1995]
plot

Using the data described in Section 3.2, we can apply a normalization step for comparing µ(T ) of silicate glasses across compositions. Angell [1995] proposed that Tg can be approximated by the temperature
at which the viscosity is 1012 Pa s, and that normalizing all temperature values by this single Tg approximation, renders µ(T ) comparable even for systems with
very different Tg . Here we apply this approach using
the µ(T ) fits of Equation 3 to each dataset (Figure 3A)
to find the value of T that corresponds to µ = 1012 Pa s,
which we take to be Tg . In a plot of logµ(Tg /T ), Angell
[1995] highlighted the difference between an Arrhenian
straight-line relationship and a non-Arrhenian curved
relationship. They termed glass melts that approximately follow a simple Arrhenian relationship across
the entire temperature range ‘strong’ melts, and those
that deviate significantly from a simple Arrhenian relationship ‘fragile’ melts.
In Figure 3C, we show the data from Figure 3A transformed in the manner described above. We find that
a relatively dry (0.1 wt.% H2 O) obsidian glass melt is
strong, while Cristalica® is comparatively fragile, and
the borosilicate more fragile still. The practical application of this analysis is to demonstrate that, while there
is an apparent similarity between the borosilicate and
obsidian compositions compared with Cristalica® (Figure 3A), for a given change in temperature, the relative change in the viscosity of the borosilicate is actually
more similar to Cristalica®. Given that much of active
hot glass work involves changes in temperature during
working, this insight into the relative pace of change
of viscosity as a glass composition moves up or down
temperature is crucial to building an intuitive understanding of the relative workability.
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can use Figure 3A and the solution for µ(T ) for Cristalica® glass from Equation 3 to assign each temperature
range an associated viscosity range. If we then assume
that the viscosity range is in fact the parameter that
controls the workability for a given process (e.g. the
ability to bend or to stretch a given glass), then we can
also use Equation 3 to show what the equivalent temperature range for those processes would be for other
glass melt types: i.e. for the borosilicate or the obsidian
studied here.
In Figure 4, we apply the workflow described here
to define a working range for different glass art processes using Cristalica®, the borosilicate, and the obsidian. This confirms what is shown in Figure 3B, that
the obsidian has a high and large working temperature
range relative to Cristalica®. This increase in the temperatures associated with any particular glass art process is potentially a part of the reason that obsidian has
not been used more widely in glass art. However, because the working range is more similar to a borosilicate glass that is typically used in lamp or flame-work,
we conclude that obsidian may be readily used in such
higher temperature work. Similarly, casting or fusing
processes which occur in a kiln are easily ‘scaled up’
to hotter temperature programs during fabrication, and
may therefore be appropriate for use with obsidian.

5

The science of a case study art piece:
Constraining the technical production
of obsidian art

We take ‘PEDM’ by Alastair Mackie (Figure 1E) as a
case study, which we explore in more detail. We document the process of making that was taken to create
the piece and interpret and constrain the physical processes extant in the making. We posit that this process
represents a form of best-practice for using obsidian in
glass art and is the basis on which we recommend that
casting techniques are well-suited to obsidian as a material, compared with other hot-working techniques.
5.1

Analysis of the making of ‘PEDM’: A work flow
for using obsidian

4.4

Summary: The effective working window of obObsidian from the Roche Rosse deposits (Lipari, Italy)
sidian vs. studio glasses
was used as the raw material for ‘PEDM’. The obsidian
The working range of viscosity for hot glass work de- was broken into chunks a few millimeters across (Figscribed earlier was 103 –108 Pa s [Mouly 1969]. Using ure 5A), and then loaded into alumina crucibles. The
the results given here we can refine this broad esti- crucibles were then heated to 1200 ◦C in a furnace in
mate of the working window and convert it to tem- air and held for 24 hours. After cooling back to room
perature ranges for each glass considered. We take the temperature, the crucibles were cut in half (Figure 5B),
scheme given for kiln-forming [Cummings 1997] as a revealing a highly vesicular, porous glass. This porous
guide to how particular glass art processes (e.g. bend- glass was chipped out of the crucible container using
ing, stretching, fusing etc.) partition into viscosity and hard tools, then crushed to a powder of particles with
temperature windows. For example, if we take the average 10–100 µm diameter (estimated). A test batch
temperature range given for soda-lime-silica glass for of this second powder was then poured into the base of
different glass art processes by Cummings [1997], we another alumina crucible and heated once more to the
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Figure 4: A summary of the working range of Cristalica® (grey), borosilicate (brown), and obsidian (blue) for
each of the six processes described by Cummings [1997]: (1) enameling and lustreing; (2) bending; (3) stretching;
(4) fusing; (5) casting (inert); (6) casting (mobile). The value 1.0 wt.% and 0.1 wt.% for the obsidian refer to the
dissolved water concentration remnant in the glass at the time of working, such that the 0.1 wt.% obsidian refers
to the glass typical of laboratory use, particularly after the processing steps outlined here (see Section 4).
same temperature for the same time. The result was a
shiny pool of black glass (Figure 5C). After this test, the
powder was then loaded into a bespoke mold created
in the shape a hand by the artist. The mold was heated
to 1200 ◦C and held for 2 hours (see Figure 5D for the
post firing mold top). After cooling, the plaster was removed from the mold lining, revealing the final form,
which was polished and finished by the artist.
In the making process involved in forming ‘PEDM’,
there are two key processes that occur, each during
the individual high-temperature steps involved. First,
large chunks are heated and bubbles grow, removing
dissolved H2 O from the obsidian. Second, post-bubblegrowth obsidian is crushed to a finer powder (frit; Table 1) and this is heated in a mold and sintered to a desired degree. This latter process is a type of casting in
which crushed glass is added to a mold and sometimes
topped up during firing to accommodate the volume
loss during sintering.
One of the key challenges that obsidian presents
when used in glass art is that bubbles grow readily. For
most applications, this is an undesirable effect. Even
obsidian with nominally low-H2 O concentrations in the
glass will nucleate and grow bubbles if heated to a temperature sufficient to result in H2 O supersaturation.
For example, when the same obsidian used for viscosity determination (see Section 3) is heated to &1000 ◦C,

Presses universitaires de �rasbourg

bubbles nucleate and grow and a piece of the obsidian
will expand [Ryan et al. 2015; Coumans et al. 2020].
This occurs because the solubility of water at atmospheric bulk pressure is a negative function of temperature, such that as temperature increases, the solubility decreases [Liu et al. 2005]. To avoid bubble formation and growth, an artist could operate at temperatures that are sufficiently low to be below the solubility curve for rhyolitic obsidian, such that the material
is under-saturated in H2 O. However, for the obsidian
tested here, with 0.14 wt.% H2 O (Section 4), this would
mean working at T < 1050 ◦C, which is below the working range for many processes including casting. The alternative approach, used in the making of PEDM, is to
dehydrate the obsidian in a pre-processing step, by allowing bubbles to grow, before cooling and re-crushing
the glass and using that new glass in the piece or work.
This process will also aid homogenization of the material.
5.1.1 A maker’s guide for dehydrating obsidian as a
pre-processing step
Pre-processing obsidian to dehydrate it, as the artist
did during the making of ‘PEDM’, requires that the
glass is held at elevated temperature for sufficient time
to allow complete degassing to equilibrium H2 O conPage 193
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Figure 5: Photographic notes from the experimentation and making process during the production of ‘PEDM’
(Figure 1C). [A] The starting obsidian (from the Roche Rosse lavas, Lipari, Italy) crushed to 2–3 mm chips. [B] The
obsidian chips after a processing step involving heating in alumina crucibles to 1200 °C for 24 hours. [C] The result
of the second heating step in which the product shown in [B] is crushed to a ﬁne powder and then reheated in a
crucible, producing a densely welded obsidian glaze. [D] The top-view of the mold after ﬁring.
tent (in this context ‘degassing’ refers to the exsolution of H2 O into bubbles and the diffusive removal of
H2 O from small particles into the open-system interparticle pore spaces). In order to provide a map for
pre-degassing obsidian ready for use, we use a model
developed by Coumans et al. [2020] which calculates
the rate of growth of bubbles of H2 O that form when
obsidian is heated. The model outputs the timeevolution of the fraction of the material volume that is
gas bubbles—termed φ—based on the input parameters. Key parameters that must be known a priori are:
(1) the bubble number density (the number of bubbles per unit volume N ) that is likely to form during
bubble nucleation; (2) the temperature of the isothermal dwell at which the obsidian will be held (and ideally, temperature-time pathway en route to that isothermal temperature); (3) material property parameters
including the temperature-dependence of the viscosity
(Section 4), the solubility of H2 O, and the diffusivity of
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H2 O in the glass melt; and (4) the initial concentration
of H2 O in the obsidian.
The range of bubble number density found during bubble growth in obsidian in laboratory furnaces
by previous workers is 109 < N < 1011 m−3 [Ryan
et al. 2015; Coumans et al. 2020]; here we select
N = 2.11 × 1010 m−3 [Coumans et al. 2020]. We use
existing constitutive models for the component material parameters of viscosity, H2 O diffusivity, and solubility. For the viscosity, we use the same model [Hess
and Dingwell 1996] that is validated in Section 3. For
the diffusivity and solubility we use the two models for
which there is the best calibration in the context of bubble growth in rhyolitic obsidian [Liu et al. 2005; Zhang
and Ni 2010]. We further follow Coumans et al. [2020]
in assuming that a pre-nucleated population of very
small bubbles exists in the obsidian with initial volume
fraction 10-4 [this is a technical step, shown to be valid
by Coumans et al. 2020].
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5.1.2 Casting: Sintering pre-dehydrated obsidian in a
mold
Viscous sintering is a process by which many particles
of glass partially or wholly amalgamate or fuse to form
a coherent denser body [Rahaman and De Jonghe 1990;
Wadsworth et al. 2016]. The porosity—or the volume
fraction of the material that is composed of gas φ—is
the measure of how ‘complete’ is the sintering process.
Initially, the material is a pile or pack of glass particles with a porosity that is represented by the gas-filled
space between the particles φ ∼ 0.5. But at high temperature, as sintering progresses, the particles fuse together and this gas volume decreases as the particles
move and flow together and inward. The bulk volume
of the whole material decreases at the expense of the
interstitial gas which is pushed out from between the
particles, which explains why sinter casting often has
to be topped up with new particles mid-sinter [Cummings 1997]. First, we must assess the degree of sintering that occurred in ‘PEDM’ by assessing the porosity. We can achieve this by measuring its total volume
V and its mass m, such that the porosity is given by
φ = 1 − (m/V )/ρ0 , where ρ0 is the density of the glass
without any gas phase.
Given the unusual shape and fragility of ‘PEDM’, we
use photogrammetry in order to determine its volume.
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Bubble growth time, λ [s]

We solve the Coumans et al. [2020] bubble growth
model using the downloadable code they provide. We
solve the model in separate individual runs for different temperatures of heat treatment in the range
Tg < T < 1325 ◦C. We repeat this for initial water concentrations 0.1, 0.2, 0.3, 0.4, and 0.5 wt.% initial H2 O,
covering the range extant in most natural obsidian lavas
[Castro et al. 2014; Wadsworth et al. 2020]. For each
run of the model, we output the time at which bubble
growth is complete. We note that the model asymptotes
to an equilibrium state, and define bubble growth as
complete when the modelled volume fraction of bubbles is within 1 % of that of its equilibrium value or
when Tg is reached, before we stop the simulation and
output the final time of the run. This final time—in
seconds—is then the ‘bubble growth time’ λ.
In Figure 6 we plot our results, showing λ(T ) for a
range of initial water concentrations typical of obsidian in nature. We posit that this represents a guide for
makers, such that in order to pre-process their obsidian
prior to subsequent glass art steps, they should ensure
that their glass is exposed to a value of T > Tg for times
t > λ. Put another way, an artist should ensure that
their raw natural glass experiences conditions above
the curves in Figure 6. During the making of ‘PEDM’,
the glass was held for 24 hours at 1200 ◦C, which are
conditions in the ‘fully degassed’ region of Figure 6, indicating that these conditions were sufficient to thoroughly remove the remnant H2 O from the glass, ideal
for subsequent artistic making steps.
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Figure 6: Guide for makers. A quantitative map showing how long obsidian should be held at a given temperature in order to ensure that all the residual water
in the obsidian is removed during the growth of bubbles. The individual curves are given as examples and
represent solutions to the numerical model for bubble
growth in obsidian provided by Coumans et al. [2020]
for ﬁve different typical dissolved water concentrations
in the range 0.1–0.5 wt.%. The ﬁeld T < Tg —demarked
by the dash-dot curve—represents temperatures below
which obsidian will never soften. The dashed curve represents the interconnection of the output value of λ for
the temperature at which the initial H2 O value is at the
solubility of H2 O, meaning that at any temperature below that value, bubbles will not form or grow. For example, see 0.1 wt.% H2 O which terminates against the
dashed curve at around 1150 °C, such that the blue curve
is only valid at temperatures greater than 1150 °C. Therefore, for obsidian with 0.1 wt.% H2 O initially, at temperatures lower than 1150 °C, the obsidian can be used without this pre-processing step. To deﬁne the dashed line
for a more closely spaced number of values of initial
H2 O concentrations than given as solid curves here (to
deﬁne the dashed curve, we use 0.05–0.2 wt.% closely
spaced). The dashed curve also shows that this limit is
not relevant for initial H2 O concentrations greater than
0.2 wt.% H2 O, because the solubility temperature is below Tg .

Two sets of 36 photos, shot with an iPhone 11 (resolution 4032×3024, focal length 4.2 mm, 35-mm, focal length 52, ISO-40, file format .jpg) were used. The
iPhone was kept constant on a tripod at approximately
45° above the sample, while ‘PEDM’ was rotated on a
school protractor. Each set of photos corresponds to
one full 360° rotation with a photo taken every 10° to
ensure a more than 80 % overlap between subsequent
photos. We processed the photos with the commercial
photogrammetry software Agisoft™ Metashape, following the standard software workflow (see the Appendix
for specifics). The output is two point-clouds (.ply
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Figure 7: ‘PEDM’ by Alastair Mackie. Top-left: the original piece (as shown in Figure 1E). The other panels show
different rotations of the 3D model of the object created using photogrammetry (see text for details). The diameter
of the base of the wrist section is 5 cm.
files), which were then scaled, cleaned, and merged
in the open-source software CloudCompare (Version
2.10.2). In preparation for an accurate 3D model the
single merged point-cloud was then processed to reduce noise, doublet points, and tested for the effect
of subsampling. The 3D model was created through
the Poisson surface reconstruction (octree level 12) in
CloudCompare on the final point cloud (2.6 × 106 points)
and its subsampled version (2.5 × 104 points). Finally,
we calculated the volume from these point-clouds using a calibrated length known on the object (the wrist
diameter). The reconstruction of the piece is given in
Figure 7.
The workflow described above resulted in a volume
for ‘PEDM’ of V = 3.024 (± 0.011) × 10-5 m3 . The measured mass of the object is m = 0.06424 kg. Assuming
the solid glass density is ρ0 = 2200 kg m−3 [Wadsworth
et al. 2019b], this results in a calculated porosity of
φ = 0.0344 (± 0.0035), consistent with the thoroughly
sintered, smooth nature of the surface of the piece.
In order to tune the porosity of a piece during casting
by sintering, the mold must be held at a given temperature for a precise time. Similar to the bubble growth
pre-step, this can be predicted a priori using an existing
model for sintering of obsidian materials [Wadsworth
et al. 2019b; 2021]. This sintering model takes as
inputs: (1) the particle size of the frit used in the cast-
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ing (or the distribution of the particle sizes if the full
distribution is known); and (2) the glass viscosity at the
casting temperature, µ. The model also depends on the
interfacial tension between the glass melt and the gas
between the particles, but this is generally found to be
approximately a constant at around 0.3 N m−1 [Parikh
1958; Gardner and Ketcham 2011].
As with the bubble growth step, here we aim to provide a map for sinter-casting of obsidian. This allows us
to both check the model against the conditions at which
‘PEDM’ was fabricated, and to provide a general guide
for others to use in order to make similar pieces from
obsidian. We start from the assumption that the artist is
using an obsidian with a particle size around 10-4 m diameter and with the pre-bubble-growth step described
in Section 5.1.1. We use a model calibrated for the sintering of angular obsidian glass particles in a similar
size range [Wadsworth et al. 2019b; 2021] to contour
a sinter-casting map for the times required to reach a
given desired porosity for any temperature (Figure 8).
We note that the porosity of ‘PEDM’ (φ ≈ 0.03) is the
equilibrium value at the end of sintering [Wadsworth
et al. 2016] and therefore the fact that the conditions at
which the object were made sit above the curves predicted in Figure 8, is consistent with the model prediction.
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Figure 8: A guide for casting obsidian forms using a sintering technique, showing the time required to reach a
given porosity at a given temperature. The map shown
here is for 100 µm particles in the obsidian powder,
typical of normal dry milling techniques, and is computed using a sintering model [Wadsworth et al. 2016],
which was specialized for sintering obsidian particles
[Wadsworth et al. 2019b]. Typical initial packing porosities of 0.5 represent the upper porosity bound, whereas
the equilibrium porosity of 0.03 represents the lower
bound. For casting in the ‘unsintered’ ﬁeld, the result will
be an unconsolidated powder of obsidian. For casting in
the ‘sintered’ ﬁeld, the result will be a sheet of glass with
a low 0.03 porosity (e.g. Figure 1D). For the conditions
of formation of ‘PEDM’, sinter-casting was performed at
1200 °C for 2 hours, which plots in the ‘sintered’ ﬁeld
and is consistent with the measured ﬁnal porosity of
φ ≈ 0.03, which is the limiting upper value for complete
sintering (see Section 5).
5.2

Summary: Using obsidian in glass art

The methods described here for removing gas from obsidian altogether are usable when the pre-processing
bubble growth step is performed at the same temperature or a higher temperature than the sinter-casting
making step. If this is not the case, then remnant
volatiles may remain in the obsidian, and may form
bubbles during the second making step.
The full framework described in Section 5.1 is illustrated in Figure 9. The framework described here for
producing ‘PEDM’ is one way to work with obsidian
in glass art. However, there are other possible methods for using obsidian, some of which are mentioned
in brief here. First, the relatively high temperatures of
lamp- or flame-work would allow manipulation of rods
and pieces of obsidian. In Figure 10 we show an example test piece of obsidian in lamp-work created by some
of the authors. We found that the obsidian is generally
less workable (but still workable) than the borosilicate
glass often used in lamp-work, consistent with the temperature dependence of viscosity (Figure 3). However,
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it was possible to fuse pieces obsidian with borosilicate lamp-work, and no significant incompatibility (see
Table 1) was found between the obsidian and borosilicate glass (Figure 10). Second, Wadsworth et al. [2021]
showed that, if sufficiently small particles are used in
sinter-casting, then diffusive loss of H2 O occurs during
the sinter-casting, and therefore, if a finely crushed subfrit glass powder was used, it is possible that the precasting bubble growth step could be skipped. However, this remains untested in casting and has only
been validated for small sample cylinders of obsidian at
scales of 3 mm diameter [Wadsworth et al. 2021]. There
is clearly opportunity for future experimentation with
obsidian to refine these recipes for making.

6

Discussion

Here we discuss the use of obsidian in glass art from
several viewpoints. First, we discuss the volcanological
context and explore the lessons that could be learned
from the production of ‘PEDM’. Second, we set out the
material and process challenges in the use of obsidian or other volcanic materials in glass art. Third, we
explore the process or act of making itself and consider the extent to which making with obsidian aligns
with current viewpoints about making and makers. Finally, we posit that there are ample opportunities for
knowledge-exchange between glass artists and volcano
scientists, and that the use of obsidian in glass art can
be a case-study in the inter-disciplinary crossovers that
are possible here.
6.1

The making of ‘PEDM’: A microcosm of natural
volcanic processes

The making process used by the artist (independently
from this study) to create ‘PEDM’ was not an experiment in volcanology or volcano science; the goal was to
make glass art from obsidian materials without the addition of any other components such as a flux. However,
in many ways the making steps followed in ‘PEDM’ (see
Section 5) are a microcosm of processes extant in volcanic eruptions. Moreover, the making of ‘PEDM’ is
a direct replica of the processes that are used in volcano science laboratories in order to understand these
volcanic phenomena. Indeed, in the first pre-casting
bubble growth step designed to dehydrate the obsidian, we use the Coumans et al. [2020] model as a guide
for defining the bubble growth time required to reach
equilibrium H2 O—termed λ in Figure 6—and in their
model validation, Coumans et al. [2020] effectively performed identical experiments using natural obsidian
in which obsidian was heated and volume changes induced as a result of bubble growth. Similarly, in analyzing the casting step by sintering, we note the dynamic
similarity between the conditions of casting and experiments performed in the validation of sintering theory
for obsidian [Wadsworth et al. 2019b; 2021].
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STEP 1 - Dehydration of obsidian
Crushed obsidian is loaded into an alumina
crucible and heated in a furnace.

1

Obsidian is broken into
millimeter-chunks.

2

1 cm

1200oC

24 hr

The crucible is heated to 1200oC and held for 24 hours, during which bubbles
grow in the obsidian, dehydrating the obsidian. At high temperatures, the
obsidian particles sinter together.

STEP 2 - Sintering of obsidian particles in a hand-shaped cast

1

2
1200oC

The dehydrated obsidian is
crushed into a powder.

2 hr

1 mm

The powder is then
loaded into a
hand-shaped mold
within a crucible.

The crucible, containing the hand-shaped mold, is heated to 1200oC and held
for 2 hours, no bubbles form because H2O is in equilibrium after step 1.
The powder of particles sinter to form the hand shape within the mold.

The crucible is heated
in a furnace.
Final art piece

Figure 9: An illustrated workﬂow for using obsidian in casting, such as in the production of ’PEDM’. Step 1 involves
the dehydration of natural obsidian in a pre-processing high-temperature step. Step 2 involves the crushing of the
dehydrated obsidian from step 1 in a sinter-casting methodology. See text for details.
In general, magma at depth in the shallow crust from which obsidian is eventually formed contains substantially higher dissolved H2 O than is found in obsidian at Earth’s surface [Wadsworth et al. 2020]. As
obsidian-forming magma is moved from those relatively high storage pressures to the surface, the solubility of H2 O drops, dissolved H2 O becomes supersaturated, and bubbles form as a result [Sparks 1978]. This
process is ‘degassing’ (see Section 5.1.1) and ubiquitous in magmas on Earth, and is directly replicated in
the making procedure used to prepare the obsidian for
making ‘PEDM’. In a volcano, the now bubble-bearing
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magma then undergoes outgassing via some process,
where ‘outgassing’ refers to a process by which the gas
in the bubbles is removed from the magma and ultimately, from the system altogether [Degruyter et al.
2012; von Aulock et al. 2017]. One way to remove
the gas from the bubbles is for the magma to fragment
under high bubble overpressures, causing the bubbly
magma to break apart into fragments of variable size
[Alidibirov and Dingwell 1996; Cashman and Scheu
2015; Gonnermann 2015]. Together, bubble formation
and growth, followed by magmatic fragmentation, removes dissolved H2 O from the liquid component of
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Figure 10: The results of experimentation with volcanic materials at a 2019 ‘In Vulcan’s Forge’ workshop held at
the National Glass Centre, Sunderland, U.K. [A] An example of lamp- or ﬂame-work with obsidian, showing the
surface evidence for bubble formation and growth that is inevitable at high temperatures when a pre-processing
step is not taken (c.f. Figure 6). [B] Fragments of basalt trapped in soda-lime-silica glass, showing the apparent
lack of evidence for serious incompatibility between volcanic materials and standard glasses (c.f. Table 1), which
would manifest as fractures formed during cooling and annealing. The scale bars in the bottom right of the images
represent 1 cm, and are indicative (note that [B] is a perspective image).
the magma into a gas (bubbles) component, and then
removes the gas altogether, leaving behind the liquid
component with now low H2 O values. This is essentially identical to the pre-processing step applied in
the making of ‘PEDM’. Moreover, this is identical to
the method by which obsidian can be rendered usable
at high temperatures without running into unwanted
bubble formation that can cause issues in glass art production.
Obsidian is typically found as part of lavas or fragments in tephra deposits [Fink 1983; Cabrera et al.
2011; Castro et al. 2012; Tuffen et al. 2021], and not as
the blebs of inter-bubble liquid magma that are formed
during fragmentation. Wadsworth et al. [2020] suggested that a common formation mechanism of large
rhyolite lava bodies that cool to obsidian, is by sintering [Schipper et al. 2021]. Indeed, those authors suggest that it is essentially the degassing, outgassing, fragmentation, and sintering cycle that is required to produce low-H2 O obsidian found on Earth [see Wadsworth
et al. 2020, for details of this conceptual cycle/model].
Again, this is the same making procedure used in
‘PEDM’, where the artist and artist-team sintered, or
sinter-cast, the pre-dehydrated chunks of obsidian to
produce a more-dense, but low-H2 O, solid obsidian
piece (Figure 9). Therefore, we propose that the making procedure of ‘PEDM’ is a clear example of where the
processes extant in volcanoes are dynamically identical
to those that are simply necessary for the production of
some glass art with obsidian.

endeavors. With reference to both ‘PEDM’ itself, but
also to the artist-scientist collaborations at the Syracuse Lava Project [Lev et al. 2012; Farrell et al. 2018],
Wadsworth et al. [2019a] proposed that both volcanologists and artists have much to gain from “stepping
into Vulcan’s forge” and working with the magma or
magma-like materials. These opportunities do include
science communication, education, and outreach endeavors, but clearly there are additional opportunities
that may lie closer to the core of the principal goals of
both fields. However, truly bilateral engagement between these communities has not been widely explored,
or, we would argue, explored to the fullest potential.
6.2

Material and process challenges

A principal finding of this work is that there are challenges associated with working with obsidian, which
are not encountered with other glass compositions such
as soda-lime-silica or borosilicate glass. We propose
that this is part of the reason that obsidian is not used
more often in glass art practices. Key popular exemplars of the difficulties of working with obsidian at high
temperature are given in the YouTube™ videos from
How To Make Everything (titles: ‘Can You Melt Obsidian
and Cast a Sword?’* , ‘Melting Dragonglass to Cast an
Obsidian Axe’† ), in which an unspecified fluxing agent
is mixed with crushed obsidian powder prior to melting. Presumably, the flux was thought to be required
to render the molten obsidian sufficiently low viscosity
The process-focused crossover between glass art for pouring, casting, and manipulating at standard kiln
making processes, and volcanic phenomena described
* https://www.youtube.com/watch?v=CA3lIuN_zVE&t=1s
here is a way-in to thinking about the opportuni† https://www.youtube.com/watch?v=uP3a-BweNUc
ties that may exist in the space between these two
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or furnace temperatures and using standard glass- or
metal-working techniques. In a YouTube™ video with
a similar aim from Timon Show (title: ‘Experiment: Obsidian Sword from Lava’* emphasis removed), no flux appears to have been used, but rather the starting material
may not have been a silicic volcanic rock (see frame at
time stamp 0:04 for an image of the starting rock). As
such, the glass produced may be a mafic glass. These
cases highlight the issue: molten obsidian at the Earth’s
surface tends to be extremely high viscosity (Figure 3)
with a high working temperature for most procedures
(Figure 4), presenting challenges to its practical workability without changing its composition via flux.
Similar issues can be found with cold-working obsidian. Obsidian material is not uniform or homogeneous. Julian Charrière’s piece ‘Thickens, pools, flows,
rushes, slows’ (Figure 1B) is a key example where the
surface texture of the obsidian is clearly heterogeneous.
While Charrière was able to cold-work and polish a sequence of smooth bubble-like forms in the obsidian,
these heterogeneities often result in inconsistent material strength or internal fractures that make obsidian
hard to work and polish.
Our analysis of ‘PEDM’ and the preparatory experimentation of the artist and artist team who created
‘PEDM’ demonstrate that challenges associated with
excess H2 O can be overcome by a pre-processing step
of heating and cooling in order to allow H2 O to form
bubbles. Similarly, their making process demonstrates
that while pouring, bending, and stretching work that
are typically used in glassblowing or hot glass work are
not possible at standard working temperatures, casting techniques that exploit the sintering mechanism
can be used in kilns or furnaces that can reach the desired target working temperatures (Figure 4) or if long
timescales of soak at a given lower temperature are allowed (Figure 9). Therefore ‘PEDM’ is a case study
in how to overcome the hot glass material and process challenges associated with using obsidian without
using a chemical fluxing agent and therefore without
changing the composition of the obsidian. Similarly,
waterjet cutting experimentation presented by the Waterjet Channel (title: ‘Obsidian with a 60,000 PSI Waterjet – Obsidian Cube Minecraft IRL’† ) demonstrates that
using precision modern equipment may be a method
by which cold-working obsidian can overcome the friability or fracturing challenges associated with heterogeneous obsidian.
Other material challenges may be encountered, such
as when attempting to use obsidian as a material with
other glasses. The principal issue may surround ‘compatibility’ (Table 1). To test this and as an ‘extension study’ reported here by way of discussion, we
tried various ways in which obsidian may be utilized in
lamp- or flame-work with the borosilicate glass, which
has a relatively similar working temperature range
* https://www.youtube.com/watch?v=adXhws3_IEU
† https://www.youtube.com/watch?v=hv3jeGUv9fY
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(Figure 4). We found no apparent compatibility issues,
and were able to enclose obsidian and basaltic glass
in borosilicate and soda-lime-silica glass (Figure 10).
Indeed, while the working range of temperature between borosilicate and obsidian is similar, the slightly
higher working range for fusing and casting processes
for the obsidian relative to the borosilicate (Figure 4)
renders the obsidian stiffer than the borosilicate at a
given temperature. This difference allowed us to boudinage the obsidian piece inside the lower-viscosity flowing borosilicate (Figure 10). If obsidian is compatible
with other studio glasses, then this opens up further
possibility for mixed-media work and approaches that
may be of particular utility where using obsidian alone
may not be possible or appropriate because of the high
temperatures required.
6.3

The ‘Cloud of Unknowing’‡ and the process of
making

The process of making an art object invariably results
in craft knowledge that cannot always be articulated or
passed on. As Polanyi [1966] puts it, “We can know
more than we can tell,” explaining that the ways of
knowing through experience and practice of craft adhere to the practitioner and remain out of reach of the
fullest explication. This idea then is that there is some
component of a making process that constitutes knowledge held by the maker and the maker only; a material and process knowledge [c.f. McCray 2020]. Bateson [1973] refers to this as knowing from the inside
out or knowing by doing and not by formal instruction, such that the maker is taught by the material as
much as by an instructor. We use these theoretical
ideas of what it is to make something as a starting point
for a discussion surrounding how engagement between
glass artists and volcanologists can be transformative
in terms of knowledge-exchange. Following Polanyi
[1966], we ask if experimentation with obsidian in glass
art studios may result in volcanologists learning from
the obsidian directly via experience with the material?
Ingold [2013] sets up a clear distinction between the
theorist and the craftsperson, which is encapsulated
by the opposition between ‘making through thinking’
(theorist) and ‘thinking through making’ (craftsperson). Ingold [2013] argues that seeing art pieces
as a compendium of objects to be analyzed renders
such analysis disconnected from the making process in
terms of the discoveries that can be made by making. As
Ingold [2013] has it, the scientist’s interest is to learn
about an object and how it formed or was formed, and
‡ ‘Cloud of Unknowing’ is a reference to a piece by co-author
Alexandra Carr, in which the cloud is a response to faith and references the artist’s own methodology in which instinct drives the process of creating both the concept behind the piece and the piece itself (http://www.alexandracarr.co.uk/cloud-of-unknowing-1). The
title draws on a text by the same name (‘Cloude of Unknowyng’ in
Middle English) by an anonymous Christian mystic.
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to unpick the processes that went on during what is actually a quite separate sequence of correspondences between artist-and-material.
The theorist might look at an art object such as
‘PEDM’ and map out the chaîne opératoire: the sequence
of steps involved in a making process. Like Ingold
[2013], Deleuze and Guattari [1988] see art objects not
as this products of a sequence of discrete steps, but as
emerging from a rhizomal flow of motion and thought
intertwined. They note that matter is “in movement,
in flux, in variation” and that makers follow the matter. Interestingly, they use a high temperature process
of making objects in metallurgy as their cornerstone
example. Ingold [2013] similarly uses an analogy of
solids becoming liquids as metaphor for this materialflow concept of making. In glass art, this is more literal than in many making processes [e.g. Ingold 2013,
using the making process of knapping flint as an example]. Bennett [2010] echoes this and sees materials
as effable and in the process of becoming other materials; defining this flux as a ‘life’ in materials that is the
reason that artisans and makers can collaborate with
it. Put another way, making is perhaps seen best as a
journey that changes both the material and the maker
themselves.
In this Research Article, we have undertaken the
theorist’s analysis of chaîne opértoire, and therefore it
may be true that there is a missing component of the
knowledge that can be gained by undertaking the making oneself, that cannot be analyzed or communicated
herein. Indeed, Conneller [2012] warns against the application of analytical techniques or models from one
field (volcanology) as an analysis for another disparate
area of inquiry (art). While, in many ways, the work
of the academic volcanologist is that of the theorist
as imagined by Ingold [2013], there are components
of any experimental science that involve the intuitions
and material work to which Ingold [2013] is referring
when they discuss making in the most abstract sense of
the word. In a volcanology laboratory, solving experimental problems, and producing experimental objects
prior to analysis, is surely a form of the same making
that is embodied in the ‘PEDM’ production sequence
(Figure 9)? However, Wadsworth et al. [2019a] propose
that it is quite a different thing for a volcanologist to
step into the glass art studio and work with obsidian
more freely than perhaps they ever do in a laboratory.
The opposing view of making is one in which the
maker imposes pre-determined form on the natural
world in a constructivist sense [Holloway 1992]. When
weighing these ideas of making and maker, the example of working with obsidian becomes particularly interesting exactly because it is directly a natural product of the natural world. We posit that there is a
range of making approaches exemplified in the examples given in Figure 1, where the axis of the range is the
extent to which there has been human engagement in
the making. The examples of cold-working from Julian
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Charrière (Figure 1B) and Eduardo Olbes (Figure 1A)
or the hot-working of Matt Durran (Figure 1C) have
had relatively little human engagement when compared with ‘PEDM’ (Figure 1E) and ‘Variations on an
energetic field’ (Figure 1D). In the former examples,
there has been little imposition of form [as Holloway
1992, puts it] on the natural obsidian, compared with
the latter examples in which the obsidian has been
wholly transformed and processed as part of the making. However, in all cases, the material challenges explored herein have been ever-present and in the very
undertaking of solving those challenges, we suggest
that the ‘blueprint’ view of making of Holloway [1992]
is less tenable than a view described above in which
the maker negotiates an outcome with the material and
learns from it through making.
The argument that there is much to be gained from
making as a learning process in and of itself, lead us
to conclude that while the technical conclusions of this
article are, we hope, of broad utility, there is added
value to the volcanologist to experiment creatively with
obsidian [Wadsworth et al. 2019a]. We propose that
this presents an opportunity to transform the scientist
to open up new ways of thinking, laterally and multidimensionally. Similarly, it is clear from Section 4 and
the processes involved in ‘PEDM’ that volcanological
models can be used to predict the times and temperatures required for ‘PEDM’ to have been made. Exchanging this knowledge may transform the artist’s practice,
expedite making, and allow new techniques to be leveraged. In many ways, the playing field of discovery is a
level one when it comes to the scaled-up behavior of
obsidian. The flow, fracture, and healing behavior of
obsidian in nature confounds the expectations of scientists [Tuffen and Dingwell 2005; Wadsworth et al. 2017;
Wadsworth et al. 2018; Lamur et al. 2019; Andrews et
al. 2021] and renders art-science collaboration mutually beneficial in many respects.
In the discussion undertaken here we have not drawn
a clear distinction between the craft aspect of making
and the work toward the production of art—work that
can be different and distinct from the practicalities of
making itself. Delineating the practices of craft, art,
and design (and other such categories of creative making) is fraught and contentious. However, in the context of this discussion, it is worth noting that shifting
distinctions are thought to exist in some sense in some
cases, and therefore, the role that material experiences
play in confronting the maker and changing the maker
are perhaps variably applicable depending on the
directness of the engagement between the artist and the
outcome. For examples where that link is less direct,
the conceptual linkages between obsidian, volcanoes,
primordial volatiles of the Earth, and the existing cultural links described in Section 1, are all relevant and
may be benefits of surmounting the challenges of working with obsidian.
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Appendix
Here we describe the methods used to get the volume of
PEDM presented in the main-text. In Table A1, we describe the workflow steps involved in going from a sequence of photos to a final 3D volume-calibrated mesh.
The terminology used in Table A1 is specific to the
software used (Agisoft Metashape and CloudCompare)
and simply details the settings applied in our use-case.
Then in Figure A1, we show some of the results from
some of the steps given in Table A1.
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Table A1: Workﬂow for volume analysis using collections of images.
1. Using Agisoft Metashape
Workflow step
Import photos
Photo quality estimate
Align photos

Build point cloud
Cleaning of sparse point cloud

Parameters

Accuracy: Highest
Generic pre-selection: Yes
Reference pre-selection: Yes
Key point limit: 100,000
Tie-point limit: 10,000
Adaptive camera model fitting: No
Quality: Ultra high
Filtering mode: Aggressive
Gradual selection tool
Reconstruction of uncertainty: 10
Projection accuracy: 10
Reprojection error: 1.01

Data export
2. Using CloudCompare v2.10.2
Workflow step
Scaling, merging, cleaning of
input .ply files
Remove duplicate points
Noise filter

Statistical outlier removal

Subsampling
Poisson surface reconstruction

Result/output
36 photos (2× chunk)
0.77–0.83
Tie points
Chunk 1: 4150 pts
Chunk 2: 4559 pts

Dense point cloud
Chunk 1: 21,393,779 pts
Chunk 2: 23,109,381 pts
.ply files (2x)

Parameters

Result/output

Min distance between points 1E-12
(default)
Neighbour sphere radius 6.1E-6 m
Relative max error: 1
Remove isolated points: check
Number of points for mean-distance
estimate: 6 (default)
Standard deviation multiplier threshold: 1 (default)
Space: 0.0005
Octree depth: 12

6.7M pts
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3M pts

2.6M pts

25k pts
3D
model
(mesh)
with 21M faces (from
2.6M pts) or 83k faces
(from 25k pts)
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Figure A1: [A] Photo location and dense point cloud in Agisoft Metashape. [B] Tie points (feature points) as sparse
point cloud (left), dense point cloud (right) in Agisoft Metashape. [C] Upper and lower point cloud before merging
in CloudCompare. [D] Subsampled point cloud (left) with ~10 % of the number of points from the original (right). [E]
Red highlights the parts with strong interpolation due to no points/no photo coverage. [F] Difference in roughness
of the 3D models (mesh) originating from the subsampled point cloud (left) and the original point cloud (right).

Presses universitaires de �rasbourg

Page 207

