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Abstract: Melt inclusions (MI) trapped in igneous phenocrysts provide one of the best tools available for characterizing
magmatic processes. Some MI experience post-entrapment modifications, including crystallization of material on
the walls, formation of a vapor bubble containing volatiles originally dissolved in the melt, or partial to complete
crystallization of the melt. In these cases, laboratory heating may be necessary to return the MI to its original
homogeneous melt state, followed by rapid quenching of the melt to produce a homogeneous glass phase, before
microanalyses can be undertaken.
Here we describe a series of heating experiments that have been performed on crystallized MI hosted in olivine,
clinopyroxene and quartz phenocrysts, using the Linkam TS1400XY microscope heating stage. During the ex-
periments, we have recorded the melting behaviors of the MI up to a maximum temperature of 1360◦C. In most of
the experiments, the MI were homogenized completely (without crystals or bubbles) and remained homogeneous
during quenching to room temperature. The resulting single phase MI contained a homogeneous glass phase.
These tests demonstrate the applicability of the Linkam TS1400XY microscope heating stage to homogenize and
quench MI to produce homogeneous glasses that can be analyzed with various techniques such as Electron
Microprobe (EMP), Secondary Ion Mass Spectrometry (SIMS), Laser ablation Inductively Coupled Plasma Mass
Spectrometry (LA ICP-MS), Raman spectroscopy, FTIR spectroscopy, etc.
During heating experiments, the optical quality varied greatly between samples and was a function of not only the
temperature of observation, but also on the amount of matrix glass attached to the phenocryst, the presence of
other MI in the sample which are connected to the outside of the crystal, and the existence of mineral inclusions
in the host.
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1. Introduction

Melt inclusions provide perhaps the most direct method to
study magmatic processes and the evolution of magmatic
systems [1, 2], and the number of publications that men-
tion melt inclusions has increased dramatically in recent
years [3]. In fact, the only direct way to determine the
volatile content of the melt in a magma body before an
eruption is by measuring the volatile contents in MI. It is
widely accepted that the concentration of volatiles (H2O,
CO2, SO2, etc.) in a magma chamber beneath a volcano
determines the magnitude and style of the volcanic erup-
tion, and many studies have focused on measurement of
the volatiles in MI [1, 4]. These analyses assume that
the MI represents the quenched melt that was trapped at
magmatic conditions and has undergone no changes dur-
ing cooling. Depending on the MI pressure-temperature
path before and during natural quenching [5–8], the MI
may partially or totally crystallize, and/or some of the
volatiles that were originally dissolved in the melt may
exsolve during cooling to form a vapor bubble. Some
volatiles may also diffuse out of the MI following trap-
ping, but this process is beyond the scope of this study
and is not discussed further.
Depending on the type of information sought and the
analytical technique to be used (e.g., electron micro-
probe analysis, EMP, or secondary ion mass spectrometry,
SIMS), it may be necessary to re-homogenize the MI be-
fore analysis in order to obtain compositional data that are
representative of the melt at the time of trapping. Vari-
ous techniques have been used to successfully homogenize
MI, including heating in one-atmosphere furnaces [9–12],
heating in high-pressure (cold-seal or internally-heated)
vessels [13–16], heating in piston cylinder apparatus [17–
19], and heating in a microscope-mounted high temper-
ature stage [8, 9, 20–23]. Each of these techniques has
advantages and disadvantages, as described by [15, 24].
One of the major advantages of using a microscope-
mounted heating stage to homogenize MI is that the
MI can be observed continuously during heating from
room temperature to homogenization. This approach al-
lows information such as the temperature of first melt-
ing and the temperatures (and order) of disappearance
of various phases to be observed and measured (Fig. 1
in [15]), and prevents overheating of the MI because heat-
ing can be stopped at the moment of homogenization.
Importantly, homogenization of the MI using a micro-
scope mounted heating stage allows workers to determine
if phases present after quenching represent phases that
were still present at the highest temperature to which the
MI were heated, or if they represent phases that nucle-
ated from the melt during quenching. This information is

critical to understanding whether or not the MI trapped a
single melt phase, if heating rates were sufficiently slow
to maintain equilibrium between the phases in the MI,
and if quenching rates were sufficiently fast to prevent
new phases (crystals and vapor bubbles) from nucleating
during cooling. As described in [7, 8, 25], in order to reho-
mogenize the melt to obtain the original volatile content
of MI, many researchers have used a heating stage with a
rapid quenching system mounted on an optical microscope
(e.g. the Vernadsky stage, [26]). Some earlier high tem-
perature stages, such as the Linkam TH1500 which was
the precursor model to the stage described here, offered
only relatively slow cooling by turning off power to the
heater. In this and similar stages, it was often not pos-
sible to quench the MI without significant crystallization
on the walls, or without crystallizing daughter minerals or
nucleating a vapor bubble in the inclusion.
In this study, several experiments have been performed us-
ing the new Linkam TS1400XY heating stage to assess its
suitability for the homogenization of MI and subsequent
quenching of the homogeneous melt to a glass, and the ex-
amination of the optical viewing quality during these pro-
cesses at elevated temperature. Samples studied are from
the Toba Tuff eruption (Sumatra), from the Solchiaro erup-
tion on the Island of Procida (Southern Italy), and from
the Sarno eruption at Monte Somma-Vesuvius (Southern
Italy). The geology and petrologic characteristics of the
Toba Tuff [27–29], Solchairo eruption [30] (and references
therein) and the Sarno eruption [31, 32] have been de-
scribed previously, and the interested reader is referred
to these sources for additional information.
The three samples used for this study were gently crushed
using a wooden pestle to avoid damaging phenocrysts, and
crystals were selected and mounted on glass bars and
polished using the method described by [33]. Quartz phe-
nocrysts were selected from pumice fragments of the Toba
Tuff deposits, olivine and clinopyroxene phenocrysts were
extracted from scoria ejected from the Solchiaro volcano,
and finally clinopyroxene crystals were selected from nod-
ules of the Sarno eruption. Only crystals containing par-
tially or totally recrystallized MI were selected.

2. Description of the hardware and
analytical conditions
The Linkam TS1400XY heating stage (Fig. 1a, c) consists
of a platinum winding encased in ceramic (Fig. 1b) to pro-
duce a tube furnace that is large enough to accommodate
5 mm× 5 mm samples with a thickness of up to ≈0.5 mm.
If inert gas is not circulated through the furnace during
heating, the highest temperature achievable is 1400◦C;
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however, we highly recommend that inert gas is circu-
lated through the furnace during operation, especially for
iron-bearing host phases, as described below.

The temperature inside the furnace of the Linkam
TS1400XY stage is controlled by the T95-LinkPad system
controller that includes a touch-screen controller, which
can be operated with either a stylus or using one’s fingers
(Fig. 1d). With this digital controller, the temperature
can be regulated manually, similar to other microscope-
mounted heating stages, but can also be programmed be-
fore each experiment with a known and constant heating
rate. Ramps can also be programmed, whereby the sample
is held at a temperature for some period of time before
heating is continued, as was described by [12]. During
heating experiments, a constant flow of an inert gas is
usually introduced into the heating stage to prevent ox-
idation of the analyzed sample [24]. If He is circulated
through the furnace to avoid oxidation of the sample at
high temperature, the highest temperature reached dur-
ing heating experiments was 1260◦C. If Ar is circulated
through the stage instead of He, the highest temperature
achieved during heating experiments was 1360◦C. In this
study, we used Ar gas at a flow rate of 0.5 (± 5%) liter/min
to prevent oxidation. With these conditions, even though
we programmed the stage to go to a temperature higher
than 1360◦C, the temperature “plateaued” at ≈1360◦C.
Before each experiment, the heating stage was calibrated
using the melting temperatures of NaCl (801◦C) and Au
(1064.2◦C). The difference between the known melting
temperatures of the calibration standards and the mea-
sured temperature was always <10◦C.

Samples are placed on a sapphire plate that is mechani-
cally connected to a metal frame which allows the sample
to be moved into and out of the furnace (see Fig. 1b). Once
the sample is inserted into the ceramic tube furnace and
the lid is placed on to the stage, the sapphire plate can
be moved ≈6 mm in the X and Y directions to locate and
monitor inclusions during heating. The earlier version of
this stage, the Linkam TH1500, did not permit the sample
to be moved in the X and Y directions after the lid was
placed onto the stage. The Linkam TS1400XY heating
stage is provided with a spring mechanism connected to
the sapphire slide (Fig. 1a, 1c). The spring mechanism
allows the user to remove the crystal from the ceramic
furnace rapidly to quench the MI after homogenization is
achieved. When the sample is removed from the furnace
using this technique, it is placed on top of a water cooled
metallic platform that reduces the sample temperature to
a few hundred degrees in a few seconds. The quench rate
with the Linkam TS1400XY stage was determined to be
≈240◦C/s from 1400 to 800◦C, and ≈230◦C/s from 1400 to
600◦C, based on numerous quenching tests. This quench

rate is slower than that reported for the Vernadsky stage
(1–2 seconds to quench from as high as 1500◦C to room
temperature [26]), but was fast enough to quench the MI
tested in this study. The heating rates that can be ac-
commodated by the Linkam TS1400XY range from 1 to
200◦C/min.

Various workers used different heating rates and proto-
cols (continuous versus stepped heating) to homogenize
silicate melt inclusions and it does not appear that any
single rate or method is applicable to all MI in all differ-
ent host phases. The method that is most appropriate for
a given set of MI should be established based on kinetic
experiments [5] that consist of heating (followed by cool-
ing) the same MI at different heating rates (from faster to
slower), and recording the homogenization temperature for
each heating rate. As reported in Fig. 2 by [5], in kinetic
experiments, the homogenization temperature decreases
with decreasing heating rate until, eventually, the homog-
enization temperature approaches a constant value, even
though the heating rate decreases. For each host phase,
the “correct” heating rate is that which corresponds to the
heating rate at which the homogenization temperature be-
comes constant. When faster heating rates are used, the
recorded homogenization temperature will be higher com-
pared to the homogenization temperature determined with
slower heating rates (∼40◦C difference in Fig. 2 by [5]).
However, when slower heating rates are used, the likeli-
hood that the MI composition will be modified by diffusion
of components into or out of the MI increases [24]. A com-
plete discussion of the procedure to determine the “cor-
rect” heating rates and homogenization temperatures is
beyond the scope of this study, and the reader is referred
to [5, 12]. We did not perform kinetic experiments on the
MI in this study because the goal of the study was not to
determine the "correct" homogenization temperature. The
goal was to examine the behavior of MI during heating
to produce a homogeneous melt phase, and to determine
if the homogenized MI could be quenched quickly enough
to maintain a homogeneous melt (glass) to ambient condi-
tions, without the formation of a vapor bubble or crystals.
The heating schedules used for heating experiments on
crystals from the samples studied are reported in Table 1.
It should be noted that the heating rates used in this study
(Table 1) are comparable to heating rates used by other
workers (1 to 3◦C/min near the homogenization temper-
ature [12, 16, 34]). In some cases, after homogenization,
the temperature was held constant for about 10 minutes
to photograph the MI before quenching.

For the experiments described here, the Linkam
TS1400XY was mounted on an Olympus BX60 petro-
graphic microscope and 10X and 40X objective lenses
were used for viewing and photographing the inclusions.
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Figure 1. The Linkam TS1400XY heating stage. 1a) The Linkam TS1400XY stage mounted on a microscope during a heating experiment, with
the temperature at ≈1350◦C. The quenching spring is on the right side of the heating stage as indicated by the arrow. The bright spot
immediately beneath the objective lens is the reddish glow from the furnace at this high temperature. 1b) The Linkam TS1400XY with
the lid opened. It is possible to observe the ceramic furnace, the sapphire plate with the metallic frame, and the XY control wheels.
This photo is modified from: http://www.mccronemicroscopes.com/store/catalog.asp?item=356&categoryid=48.1c) Technical drawing of the
Linkam TS1400XY heating stage. All the measurements reported are in mm. Important to note is the quenching spring connected
to the X-direction wheel (courtesy of V. Kamp). 1d) T95-LinkPad system controller. Additional technical information and images are
available at the Linkam website (http://www.linkam.co.uk/).

Table 1. Heating schedule used for experiments on crystals from the
Solchiaro, Sarno and Toba Tuff eruptions.

Temperature ◦C Heating rate ◦C/min sample
25 - 900 100 Solchiaro and Sarno

900 - 1000 50 Solchiaro and Sarno
1000 - 1100 25 Solchiaro and Sarno
1100 - 1200 10 Solchiaro and Sarno
1200 - 1360 5 Solchiaro and Sarno

25 - 600 100 Toba Tuff
600 - 700 50 Toba Tuff
700 - 800 25 Toba Tuff
800 - 850 10 Toba Tuff
850 - 1000 5 Toba Tuff

3. Results

In most of the experiments described here, it was possi-
ble to completely homogenize the MI and, importantly,
to quench the melt to a homogeneous glass after ho-
mogenization (Figs. 2-5). A few of the MI could not be
heated to homogenization, either because the optics de-
teriorated before homogenization was achieved or, in one

case, because the crystals began to fracture and break
into smaller pieces owing to the high internal pressures
generated in the volatile-rich MI during heating. For such
samples, it is necessary to heat the MI in a pressurized
vessel to eliminate or minimize decrepitation and/or leak-
age [14, 15, 24, 35].
In experiments performed on crystallized MI in quartz from
the Toba Tuff in Sumatra, it was always possible to com-
pletely homogenize and quench the MI to a bubble-free,
homogeneous glass (Fig. 2). More importantly, during the
heating experiment, the MI behavior was easy to mon-
itor because the viewing optics remained very good up
to the highest temperature required for homogenization
(<1000◦C) (Fig. 2). The behavior of the MI in quartz from
the Toba Tuff is expected to be characteristic of MI in
quartz from most environments, based on the cumulative
experiences of the investigators in this study.
MI in olivine and clinopyroxene from the Solchiaro erup-
tion on Procida Island (Southern Italy) commonly con-
tain one or more solid phases as well as one or more
vapor bubbles. These MI homogenized between 1060 and
1340◦C. A range in temperatures could be related to sev-
eral factors. It is well known that there is a positive cor-
relation between the size of the MI and the temperature

http://www.mccronemicroscopes.com/store/catalog.asp?item=356&categoryid=48. 1c
http://www.linkam.co.uk/
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Figure 2. Heating experiment performed on quartz phenocryst from the Toba Tuff eruption in Sumatra. The MI is around 15 µm in diameter
and has a sub-rectangular shape. A) At room temperature (25◦C), the MI contains one vapor bubble and three unidentified daughter
crystals. From B to E) From 750◦C to 925 ◦C the volumes of the vapor bubble and of the three daughter crystals progressively decrease
as these phases dissolve back into the melt. F) At 963◦C the MI consists of only a homogeneous silicate melt phase. G) The MI contains
a homogenous glass at ambient conditions after quenching from 963◦C.

Figure 3. Heating experiment performed on MI in an olivine phenocryst from scoriae of the Solchiaro eruption of the Phlegrean Volcanic Dis-
trict (PVD) in Southern Italy. The MI has an ellipsoidal shape. A) At room temperature (25◦C), the MI is partially crystallized and
nearly opaque. Some daughter crystals are visible at the olivine host – melt inclusion interface. B) At 900◦C, daughter crystals at
the olivine/inclusion interface are smaller relative to those at room temperature. C) At 1040◦C it is possible to observe some vapor
bubbles, solid and melt phases. D) At 1125◦C most of the melt inclusion consists of a silicate melt phase. E) At 1255◦C the MI is
completely homogenized and contains only a melt phase. Note that at this temperature the MI assumes a negative crystal shape. Also,
the “wrinkles” at the melt/crystal interface may indicate that the MI was overheated and that the host phase has begun to melt. F) After
quenching from >1260◦C to ambient temperature the MI contains a homogenous glass. During the quenching, some crystallization of
olivine at the olivine/glass interface may have occurred.
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Figure 4. Heating experiment performed on MI contained in an olivine phenocryst from scoriae of the Solchiaro eruption of the Phlegrean Volcanic
District (PVD) in Southern Italy. The MI has a sub-negative crystal shape with smooth olivine/inclusion interface. A) At room temperature
(25◦C), the MI is totally crystallized and may be mis-identified as an opaque solid inclusion (e.g., spinel) during petrographic examination.
There are no features visible to suggest that this is a melt inclusion. B) At 1110◦C a melt phase can be observed near the olivine/MI
interface. The inner part of the MI remains dark. C) As the temperature increases (e.g., 1130◦C), the melt region expands toward the
center of the MI. D) At 1185◦C the black spots in the interior of the MI appear to assemble to form larger vapor bubbles. The MI tends
to a more negative crystal shape as the temperature increases. E) At 1205◦C a few vapor bubbles are observed and most of the MI
consists of silicate melt. F) At 1245◦C the MI consists of silicate melt and a single vapor bubble in the center of the MI. G) During heating
from 1300 to 1340◦C the bubble does not dissolve into the melt and the bubble size does not change. At 1340◦C the MI was no longer
visible as the field of view became dark and with a reddish glow. H) After quenching from 1340◦C to room temperature, the MI contains
a homogenous glass plus a vapor bubble that is likely of primary origin. Note the difference between the MI before the experiment and
after quenching. The glass composition can be analyzed for major, trace and volatile elements, while the bubble can be analyzed for
volatiles using Raman spectrometry.

of homogenization, because the larger the inclusion, the
greater the energy necessary to melt the crystal around
the MI [7]. However, in these experiments there was no
correlation between the size of MI and the temperature
of homogenization, suggesting that MI size was not re-
sponsible for this temperature range. Rather, the tem-
perature range reflects differences in melt composition re-
flecting trapping at different times during evolution of the
magma. Thus, more primitive MI entrapped in more prim-
itive olivine/clinopyroxene show homogenization temper-
atures that are much higher than MI entrapped in more
evolved phenocrysts (e.g., Fo-poor olivine) [30]. Further-

more, phenocrysts may not be linked genetically and thus
MI analyzed may have formed in totally different environ-
ments within the magma body, and/or at different times.
For this study, petrographic analysis of the phenocrysts
and MI was not conducted because the purpose of this
study was not to determine a melt petrogenesis, but rather,
to test suitability of the Linkam stage for homogenizing
and quenching MI.
Some experiments on recrystallized MI from Solchiaro
produced homogeneous glassy MI with no vapor bubble
(Fig. 3) after quenching from high temperature (1060 to
∼1300◦C). In a few experiments, the sample was heated to
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approximately 1340◦C but complete homogenization was
not achieved. During heating to that temperature, the field
of view became progressively darker and a reddish glow
developed, making it difficult to observe the behavior of
the MI during continued heating. Darkening and devel-
opment of the reddish glow generally became noticeable
and caused the optics to degrade to the point where the
MI could no longer be observed over a temperature range
of about 50◦C. At lower temperatures, the optics were gen-
erally excellent, with the quality of the optics depending
mostly on two factors: the thickness of the phenocryst and
the relative area of the sample represented by solid and/or
melt inclusions, with the optical quality being inversely
related to the inclusion content. Also, the optics improved
if the crystal was free of matrix glass. As previously noted
by [15], groundmass adhering to phenocrysts affects the
optics because it consists of dark recrystallized glass that
generally melts before the MI has completely homoge-
nized and flows around the crystal (or through fractures
in the crystal) causing the optics to deteriorate. In order
to remove matrix glass from the crystals before heating ex-
periments, some authors have suggested that the samples
should be placed in concentrated hydrofluoric acid solu-
tion for several seconds [15, 36], but this was not done for
the phenocrysts studied here.

In some cases, the MI were heated to relatively high tem-
perature and all of the solids in the MI melted, but the
vapor bubble did not completely dissolve back into the
melt before the optics deteriorated and it was no longer
possible to observe the MI behavior. When the MI was
quenched from a temperature slightly higher than that at
which the MI could no longer be observed (blind quench-
ing), the single bubble that (presumably) remained in the
MI grew larger as the MI cooled due to the effect of the
greater thermal contraction of the melt relative to the host
(Fig. 4). Because the MI could not be observed to the
point of complete vapor bubble disappearance, it is not
clear if the bubble did indeed disappear but renucleated
during cooling, or if the bubble never completely disap-
peared and simply grew larger during cooling. Moreover,
the bubble in these MI may represent a trapped vapor
bubble (i.e., the MI trapped a volatile-saturated melt plus
a vapor bubble) and, thus, the bubble should not be ex-
pected to dissolve back into the melt. Another interpre-
tation (especially for relatively larger MI) could be that
the internal pressure in the MI is now less than the inter-
nal pressure at the moment of the entrapment owing to the
compressibility of the host phase. Because the host phase
is heated at one atmosphere pressure during the experi-
ments, the confining pressure is lower than the pressure at
which the phenocryst trapped the MI. Therefore, the vol-
ume of the host phase, and the “cavity” represented by the

Figure 5. Heating experiment performed on a melt inclusion in
clinopyroxene from a nodule from the Sarno eruption at Mt
Somma-Vesuvius in Southern Italy. The Sarno eruption is
considered to be the largest volume eruption in the history
of Somma-Vesuvius [31]. A) At room temperature (25◦C),
the MI is partially crystallized. Some daughter crystals
or vapor bubbles are visible. B) At 1170◦C the size of
the daughter crystals/vapor bubbles has decreased sig-
nificantly. C) At 1200◦C MI contains only silicate melt. F)
After quenching from 1200◦C to room temperature, the MI
contains a homogenous glass.

MI, is slightly greater than that at the time of trapping,
resulting in lower internal pressure in the MI during lab-
oratory heating and, concomitantly, lower volatile solubil-
ity in the melt phase. A final explanation for the fact that
the bubble remained at the highest temperature to which
the MI could be heated and observed is that the actual
homogenization temperature is higher than this tempera-
ture. However, in our experiment, the latter interpretation
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is unlikely owing to the widespread melting of the host
observed at these high temperatures (e.g., >1320◦C).
In half of the experiments performed on clinopyroxene-
hosted, recrystallized MI from nodules from the Sarno
eruption of Monte Somma-Vesuvius (Southern Italy), it
was possible to quench the MI to a homogeneous glass
without re-nucleating vapor bubbles (Fig. 5). Similar to
samples from Solchiaro, some of the MI could not be moni-
tored completely up to the temperature of homogenization
owing to the deterioration of the optics above a certain
temperature. Crystals from the Sarno eruption are rich
in solid and recrystallized MI. For this reason, the op-
tics deteriorated at a lower temperature, compared to the
experiments performed on olivines from Solchiaro, which
contain relatively few melt and solid inclusions. For the
Sarno clinopyroxene-hosted MI, the optics remained rel-
atively good up to ≈1260◦C; above this temperature they
deteriorated rapidly with further heating.

4. Discussion of advantages and
limitations of the Linkam TS1400XY
stage
The most important advantage of using a microscope-
mounted heating stage (such as the Linkam TS1400XY)
relative to one atmosphere furnaces and high pressure
autoclaves is that the MI can be observed continuously
during the heating/cooling experiments [15]. For example,
the appearance/disappearance of a microscopically rec-
ognizable phase is possible during heating experiments
using these types of devices, but is not possible when
the MI is heated in a furnace. Also, the temperatures at
which phase changes occur in the MI can be determined
with better precision using a microscope-mounted heat-
ing stage, compared to a large volume furnace. As noted
by [15] the ability to monitor the behavior of MI from the
Red Mountain, Arizona, porphyry copper deposit contin-
uously during heating, made it possible for those workers
to determine that quartz, plagioclase and probably apatite
were three minerals on the liquidus when the melt inclu-
sions were trapped, and that the melt was H2O-saturated.
These workers were also able to distinguish between MI
that trapped only a melt phase, and those that trapped
melt ± crystals ± vapor, and to eliminate those MI that
trapped multiple phases from any subsequent analyses.
Compared to some other microscope-mounted heating
stages, the Linkam TS1400XY stage offers several ad-
vantages. Firstly, the Linkam TS1400XY heating stage
is a “turn key” digitally controlled system (e.g., the T95-
LinkPad; see Fig. 1d), while some other heating stages
require the user to design and build a system to control

and monitor the temperature. Thus, compared to some
other commercially available stages, the Linkam system
may be better for someone who does not have access to
machining and/or electronics facilities. The digitally con-
trolled system allows one to set heating/cooling cycles,
which, as described above, can be used to establish heat-
ing rates to determine the “correct” temperature of ho-
mogenization. These cycles adopted during kinetic exper-
iments are easier to perform when the heating rates are
controlled electronically rather than manually. Secondly,
we found it easier to load crystals into the furnace of the
Linkam TS1400XY stage than it is to load crystals into
the somewhat confined platinum furnace of the Vernad-
sky stage. Thirdly, the position of the crystal under the
microscope can be moved during the heating experiment
without the need to move the entire heating stage. In this
way, more MI in a single grain can be monitored while
viewing the sample at high magnification during heating
experiments by moving the crystal in X-Y space during
observation. Finally, in the Vernadsky stage the analyzed
crystal is placed onto a metal frame and thus photography
during the heating experiment may be compromised, while
in the Linkam TS1400XY stage the analyzed crystal sits
on a sapphire slide which is transparent to light, result-
ing in relatively good optics during most of the heating
sequence.

As reported above, even though the quench rate with the
Linkam TS1400XY stage is slower than that of the Vernad-
sky stage (≈240◦C/s from 1400 to 800◦C, and ≈230◦C/s
from 1400 to 600◦C), the quenching rate was fast enough
to quench the MI tested in this study. The most significant
limitation of the Linkam TS1400XY heating stage identi-
fied in this study is the poor visibility that sometimes re-
sults during high temperature operation. This effect was
not observed for MI hosted in quartz, but was only ob-
served with olivine and pyroxene-hosted MI that require
higher temperatures to achieve homogenization. In our
experiments involving olivine from Solchiaro, the optics
degraded to the point where the MI were not recogniz-
able at a temperature around 1340◦C. For experiments on
clinopyroxene from the Sarno eruption, the visibility de-
teriorated to the point that it was not possible to observe
the behavior of MI at a temperature around 1260◦C. In
most cases, the deterioration in the optics was manifested
by the sample becoming darker and with a reddish glow
that increased in intensity as the temperature increased.
The deterioration in optical quality during heating MI in
olivine and clinopyroxene is influenced by (1) the pres-
ence of matrix glass adhering to the phenocryst, (2) the
presence of MI connected (open) to the crystal surface,
because they may “boil” during heating, releasing melt
to the outside of the crystal, and (3) the high abundance
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of solid/melt inclusions in the sample. In addition, we
noticed that the optics improved as the sample became
thinner. Our observations suggest that during heating the
infrared energy (“light”) generated by the hot furnace ce-
ramic is reflected in all directions, leading to deterioration
in the optics during high temperature experiments. The
presence of matrix glass, solid and melt inclusions in the
sample, and melt on the exterior of the crystal all serve to
enhance this reflection. If a microscope-mounted digital
camera is used during heating experiments, the visibility
may be improved. Also, the optical issue may be solved
in the future by using a confocal method of observation
(e.g., spinning disc or laser confocal; V. Kamp, personal
communication). In addition, it should be emphasized that
the degradation of the optics at a high temperature is not
unique to the Linkam TS1400XY heating stage, but also
occurs with the Vernadsky stage (and probably with other
high temperature microscope stages). The effect is less
significant in the Vernadsky stage because of the smaller
size of the furnace and because the sample is not encased
(or surrounded) by ceramic material.
In summary, the following suggestions can be adopted in
order to improve the optical quality during heating experi-
ments using the Linkam TS1400XY. First of all, as much of
the matrix glass as possible should be removed from the
crystals before heating experiments are conducted (e.g.,
using concentrated hydrofluoric acid solution as suggested
by [15, 36]). Secondly, the host crystals should be as thin
as possible because, as explained above, less material
reflects less light (infrared energy) generated in the fur-
nace at high temperature. Thirdly, a microscope-mounted
digital camera should be used to improve the visibility,
especially at high temperature when it becomes difficult
to make any observation looking through the microscope
lens. Finally, the optics may be improved by using a differ-
ent optical imaging technique, such as confocal spinning
disk or a confocal laser scanning microscope.

5. Summary

Tests confirm that the Linkam TS1400XY heating stage
is capable of heating MI to homogenization and quench-
ing to produce a homogenous glass. This method produces
glassy MI that can be analyzed using various microanalyt-
ical techniques that require a single, homogeneous phase
for quantitative analysis to determine the compositions
(especially the volatile contents) of the pre-eruptive melt.
Experiments performed on recrystallized MI that homog-
enize at less than ∼1100◦C are optimal for observing the
heating/cooling behavior of MI. Thus, for felsic melts and
most intermediate composition melts, optical conditions

during heating/cooling experiments are generally quite
good. For mafic melt compositions, or samples with crys-
tals that are rich in matrix glass, or contain opened MI or
mineral inclusions, the optical quality may deteriorate to
the point where the inclusion is no longer visible during
heating experiments, and cannot be observed to complete
homogenization.
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