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Abstract

Transport properties of natural silicate melts at super-liquidus temperatures are reasonably well understood. However,
migration and transport of silicate melts in the Earth’s crust and at its surface generally occur at sub-liquidus temperatures
and in settings where the melts undergo crystallization under various cooling and/or decompression conditions. In such
dynamic situations the occurrence of processes such as the release of latent heat during phase changes, viscous heating, ther-
mal advection and -inertia, and changing heat capacity, all represent potential influences on the state, and thereby on the
physico-chemical behavior of the system. To date, rheological data at sub-liquidus temperatures are scarce and cooling-
rate dependent, disequilibrium rheological data are virtually absent. In fact, no in situ thermal characterization of liquid
or multiphase mixtures during rheological experiments, under either static or dynamic thermal conditions has been presented
to date.

Here we describe a new experimental setup for in situ thermal characterization of cooling/crystallizing lavas during viscos-
ity measurement at temperatures up to 1600 °C. We use this device to recover in situ, real-time, observations of the combined
rheological and thermal evolution of natural, re-melted lava samples during the transient disequilibrium conditions charac-
teristic of lava flows and shallow crustal magma migration and storage systems in nature.

We present the calibration procedure and the method employed to recover the thermal evolution of an experimental sam-
ple during flow in varying shear regimes, assess the experimental uncertainty and show the ability of the apparatus to measure
the release of latent heat of crystallization during transient rheological experiments. We further report the results from a first
experimental study on the rheological and thermal evolution of a basaltic lava undergoing continuous cooling at a series of
different cooling rates and discuss the implications of the results for magma migration and lava flow emplacement.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http:/
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

1.1. Disequilibrium transport conditions in natural
environments

The rheology of lava and magma is one of the key
parameters governing the emplacement of lava flows and
the migration of melts in the Earth’s crust. Both pahoehoe
and ‘A’a flows are spatially restricted in their flow paths by
the increasing strength of a growing crust, and/or high vis-
cosity zone (Calvari and Pinkerton, 1998; Kauahikaua
et al., 1998; Hon et al., 2003; Cashman et al., 2013;
Castruccio and Contreras, 2016). The influence of the
dynamic rheology of lava on its style of emplacement
becomes especially evident in the late stages of the flow,
where its resistance to flow becomes stronger and its exte-
rior is subjected to folding and fracturing. Viscosity gradi-
ents resulting from the differential cooling of the lava
surface and its interior play a significant role in the genera-
tion of flow-directing features like levees and lava tubes
(Sparks et al., 1976; Lipman and Banks, 1987) as well as
the sealing of dikes through heat loss at the contact with
the country rock (Giordano et al., 2007).

Measurements of the flow properties of natural lavas in
the field have been previously reported in the literature
(Shaw et al., 1968; Pinkerton and Sparks, 1978; Pinkerton
and Norton, 1995). Albeit being crucial measurements for
benchmarking of experimental data, these do not allow
for a systematic study on the evolution of flow properties
in temperature or shear rate space.

Maximum temperatures in lava flows and active lava
tubes may reach beyond 1280 °C (Flynn and Mouginis-
Mark, 1994; Kauahikaua et al., 1998). Such extreme tem-
peratures, seemingly unexpected for lavas commonly erupt-
ing at lower temperatures (generally between 1100 and
1200 °C and below), may be reached through combustion
of gases released by the magma (Peterson and Swanson,
1974; Kauahikaua et al., 1998) or by viscous heating
(Costa and Macedonio, 2005b).

Cooling rates of basaltic lavas, measured at the surface
and within active lava channels during emplacement at a
variety of locations (dominantly Hawaii, due to the rela-
tively easy access and availability of supporting infrastruc-
ture), range from 0.01 to 15 °C/min (Flynn and Mouginis-
Mark, 1992; Hon et al., 1994; Cashman et al., 1999; Witter
and Harris, 2007). Cooling rates have also been evaluated
through theoretical studies based on the flow geometry
and crystal structures of komatiites lavas at 1-21 °C/min
(Huppert et al., 1984). These values, most of which are rep-
resentative for the exterior part of lava flows, can be taken
as maximum cooling rates and are lower in the interior of
the lava flow.

Narrow and shallow dikes may undergo cooling rates
from few degrees per hour to more than 50 K/min, as the
magma is introduced into a fracture; see Giordano et al.
(2007) for the case of the Nyiragongo 2002 eruption. Cool-
ing rates then decrease as a function of the size of the dike
and time. After the transient stages (a few hours) magma in
narrow dikes undergo cooling rates of the order of ca.
5 K/min or less.

The importance of disequilibrium effects on the crystal-
lization kinetics and textural development of silicate melts
has been recognized for decades (Walker et al., 1976;
Pinkerton and Sparks, 1978; Coish and Taylor, 1979;
Gamble and Taylor, 1980; Lofgren, 1980; Long and
Wood, 1986; Hammer, 2006; Giordano et al., 2007;
Arzilli and Carroll, 2013; Vetere et al., 2013). Yet, only a
few experimental studies investigating the cooling- or
shear-rate dependence of the transport properties of crys-
tallizing silicate melts have been presented to date (Shaw
et al., 1968; Kouchi et al., 1986; Ryerson et al., 1988a;
Giordano et al., 2007).

In this manuscript we present viscosity measurements
and differential thermal analysis data from experiments car-
ried out under disequilibrium, mimicking natural condi-
tions. The goal is to more accurately describe the flow
properties of lavas and magmas under dynamic thermal
conditions, pertinent to nature.

1.2. Experimental measurements of subliquidus rheology in
magmatic systems

Concentric cylinder viscometry represents a widely-
applied technique for measuring the viscosity of silicate
melts at super-liquidus temperatures (Dingwell and Virgo,
1988; Dingwell, 1989; Webb and Dingwell, 1990; Mauro
et al., 2009). In combination with either low temperature
measurements, e.g. via micro-penetration viscometry
(Hess et al., 1995; Hess and Dingwell, 1996) or estimation
of the melt viscosity by application of a shift factor to scan-
ning calorimetry data (Stevenson et al., 1995; Gottsmann
et al., 2002; Giordano et al., 2008a), these data can be used
to interpolate the temperature-dependent viscosity of a pure
liquid at sub-liquidus temperatures (Hess et al., 1995; Hess
and Dingwell, 1996; Gottsmann et al., 2002; Russell et al.,
2002, 2003; Hui and Zhang, 2007; Giordano et al., 2008a).
Recent studies have applied these experimental methods to
measure the rheological evolution of silicate melts subjected
to isothermal sub-liquidus conditions, where crystallization
takes place (Ryerson et al., 1988a; Stein and Spera, 1992;
Hoover et al., 2001; Sato, 2005; Ishibashi and Sato, 2007;
Ishibashi, 2009; Vona et al., 2011, 2013; Robert et al.,
2014; Sehlke et al., 2014; Chevrel et al., 2015; Sehlke and
Whittington, 2015; Campagnola et al., 2016; Soldati
et al., 2016). However, non-isothermal rheological data
on natural melts are virtually absent in the literature.

Concentric cylinder viscometry uses the torque exerted
by the liquid on a spindle inserted into a melt while rotated
at a constant rate to determine the viscosity of the sample.
Accurate calibration of temperature measurements at these
experimental conditions (P =1 atm; 7T = ~ 900-1600 °C)
requires the insertion of a thermocouple (commonly PtRh
Type S or B) into the sample. To date, this has been hin-
dered in rotational viscometry, as data transmission relied
on wired connections, compromising the highly sensitive
torque measurement needed for accurate viscosity
determination.

In temperature-stepping experiments (i.e. stepping
between isothermal conditions) this issue can be overcome
by calibrating the sample temperature against the furnace
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temperature; e.g. (Dingwell, 1986). This becomes increas-
ingly difficult during constant cooling rate experiments as
thermal inertia can affect the measurement system. Crystal-
lization, viscous heating, redox foaming, heat advection
and changing heat capacity may also influence heat loss
from the sample and therefore its thermal state. Further,
static temperature calibration (without stirring) cannot
assess the presence and magnitude of viscous-heating effects
potentially acting at high viscosities or high shear rates
(Hess et al., 2008; Cordonnier et al., 2012) or the release
of latent heat of crystallization, e.g. (Settle, 1979; Lange
et al., 1994; Blundy et al., 2006) at sub-liquidus conditions
and varying shear rates.

In this manuscript we introduce a newly designed spin-
dle that enables direct measurement of the temperature
and its vertical gradient within an experimental sample dur-
ing concentric—cylinder viscometry through the use of wire-
less data transmitters. This represents a significant
expansion of experimental capabilities for the accurate
description of high temperature rheology, enabling accurate
measurements under transient disequilibrium conditions.

Furnace control
thermocouple

i %4— Rheolab QC
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We present experimental data from viscosity and temperature
calibrations of the setup as well as data from experiments on
natural samples that assess the release of latent heat during
crystallization of a sample under constant cooling conditions.

The conditions imposed in the presented experiments,
starting at super-liquidus temperatures and imposing cool-
ing rates between 0.5 and 5 °C/min cooling, represent the
rapid to intermediate cooling rates which are present in
the interior of high aspect ratio (i.e. sheet-like) lava flows
and the lava carapace as well as the conditions of migrating
magmas at shallow depths.

2. EXPERIMENTAL APPARATUS
2.1. Spindle design and setup

The new spindle is used in combination with the exper-
imental setup described in Dingwell (1986) and Dingwell
and Virgo (1987) which consists of a Deltech®, bottom-
loading, box furnace with an upper temperature limit of
1700 °C (Fig. 1). The furnace has a hole in the top
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Fig. 1. Sketch of the new spindle and supporting hardware. (Not to scale) Left: A cross section through the experimental setup. The sample is
loaded from the bottom of the furnace and is contained in a PtgyRh,, crucible housed in an insulating brick in the hot zone of the furnace. The
spindle is introduced into the sample through a hole in the top of the furnace. The furnace temperature is controlled via an independent
thermocouple suspended in the hot zone. Right: The alumina spindle (1) is connected to the Rheometer head using jointed rods. The final
jointed rod (2) is connected to the two UWTCI wireless data transmitters (3). The entire spindle setup rotates during measurement and,
therefore, data transmission does not compromise the torque measurements. The enlargement shows a sketch of the tip of the alumina rod
that is cut open at its end and at 30 mm height in order to house the thermocouple welding beads.
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insulation plate that allows introduction of the spindle used
for viscosity measurements into the sample. This setup is
located at both the Earth and Environmental Sciences
department of the University of Munich and, similarly, at
the Geomatlab of the Earth Sciences department of the
University of Turin.

The spindle is attached to an Anton Paar Rheolab QC®
rheometer head with a torque range of 0.25-75 mN-m and a
rotational velocity range of 0.01-1200 rpm. It is composed
of an § mm diameter alumina ceramic rod with four 1.5 mm
diameter holes along its long axis. These holes house the S-
type thermocouple wire. Given the crucible diameter of
26.6 mm this geometry results in a gap width of 9.3 mm.
The ceramic rod was cut open at 30 mm from its lower
end in order to host one of the two S-type thermocouples.
The second S-type thermocouple weld is located at the
lower tip of the spindle, where the separating wall between
two channels was ground back slightly (Fig. 1). After instal-
lation of the thermocouples, the measuring end of the spin-
dle, that is to be inserted in the sample melt, is sheathed
with Pt tubing and welded shut. This avoids contamination
of the sample or the thermocouple during the measurement.
A 0.2 mm alumina ceramic plate is installed on the inside of
the base of the end cap as well as the side wall near the sec-
ond thermocouple. This ensures electrical and mechanical
insulation of the thermocouple weld from the Pt-cover. This
Pt-cover is secured to the alumina rod with 0.5 mm Pt wire,
using a thin bore through the spindle center. The thermo-
couple wires, electrically insulated by thin (1.5 mm diame-
ter; 0.1 mm wall thickness) ceramic tubes, are led out of
the top of the spindle and connected to an OMEGA®
UWTCI1 wireless data transmitter. These data transmitters
are attached to a light weight bar that is rotating on the
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spindle axis (Fig. 1). This setup has no influence on the tor-
que measured by the rheometer head.

2.2. Calibration procedure

The temperature readings of both thermocouples
within the spindle were calibrated against an external,
Pt-sheathed, type-S thermocouple inserted directly into
the melt for temperatures between 950 and 1450 °C. Cal-
ibration was performed by dropping the furnace tempera-
ture in steps of 50 °C and equilibrating the sample for a
minimum of two hours. The accuracy of the temperature
reading was within the measurement uncertainty of a
type-S thermocouple of +1 °C. We do, however, find that
there is a stable thermal gradient within the sample of
<4 °C, where the top of the sample is slightly hotter than
its bottom. This thermal gradient is largest at low temper-
atures (below ~1100°C) and decreases to <2.5°C at
higher temperatures. The gradient is stable on the time-
scale of hours to days and is a result of the setup geom-
etry (with the top of the crucible being more directly
exposed to the thermal radiation of the heating elements
of the furnace, see Fig. 1). This geometry is optimized
to achieve a minimal thermal gradient, while maintaining
mechanical integrity (i.e. a stable and secure crucible fit in
the ceramic-brick). The temperature calibration results are
summarized in Fig. 2A. The temperatures of both top and
bottom thermocouple are plotted together with the set
point of the furnace controller (controlled by a type B
thermocouple located within the furnace; see Fig. 1).

The spindle head used in these experiments is cylindrical
(60 mm long; 8 mm diameter). Experiments are conducted
by immersing the spindle into the melt over a length of
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Fig. 2. Summary of the calibration data. (A) Temperature calibration. The dashed line shows the furnace set temperature (controlled by a
type-B thermocouple located in the hot zone of the furnace). Solid lines show the measured sample temperature at the top and bottom
(triangles and stars, respectively) of the sample. Note, that there is a small (<4 °C) thermal gradient within the sample that decreases with
increasing temperature. Also, note that the average sample temperature is higher than the furnace set temperature for values below 1200 °C,
whereas above 1200 °C the sample is slightly cooler than the set temperature. (B) Raw data from the torque-viscosity calibration. Each symbol
represents a steady torque value measured at the respective constant rotation-rate and a constant melt viscosity of the calibration standard.
Increasing shear rate results in constantly decreasing slope of the torque-viscosity relationship. Linear fits to this data, forced through the
origin, are used to convert the measured torques to sample viscosity (or apparent viscosity for suspensions). R? values for these fits are higher

than 0.9988.
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45 mm. The torque-viscosity-calibration was performed
over a temperature range from 970 to 1450 °C at rotation
rates from 0.3 to 40 rpm (Fig. 2B), corresponding to
strain-rates of ca. 0.07-9.3s~!. The torque reading of the
device is calibrated (at a range of rotation rates) to the vis-
cosity of the DGG-1 standard melt (Fig. 2B) for which the
viscosity-temperature relationship is accurately known
(Meerlender, 1975). Consequently, using linear fits to the
calibration data, a torque measurement at a certain rota-
tion rate corresponds to the viscosity of an unknown melt.
The R? values of these linear fits (while forcing the fit
through the origin to capture the largest possible error)
are larger than 0.9988.

The maximum influence of the temperature gradient of
<4 °C within the sample (described above) on the viscosity
calibration is assessed by determining its effect on the vis-
cosity of DGG-1 at various temperatures. We use an aver-
age temperature reading of the two thermocouples to
calculate the melt viscosity of DGG-1 and based on these
calculations we can ascribe an accuracy of the viscosity
measurement of better than +0.04 log units.

2.3. Differential thermal analysis during concentric cylinder
rheometry

Our newly built setup allows in situ measurements of
the sample temperature over the entire course of the
experiment. Temperature sampling rate is set at 5 Hz dur-
ing all experiments. Type-S thermocouples have an inher-
ent measurement uncertainty of +1 °C and the noise in
the recorded data has, therefore, been smoothed by calcu-
lating the moving average over 60 data points. A sample
experiment on a basaltic melt undergoing crystallization is
shown in Fig. 3A. The data show that when imposing a
constant cooling rate to the box furnace controller, the
sample shows an initial thermal lag (highlighted with a
gray circle in Fig. 3A). This delay is the result of the ther-
mal inertia of the melt within the experimental crucible
and the ceramic brick housing the crucible. After passing
through the thermal lag, the sample enters a phase of
constant cooling at the same rate as set for the furnace
but at slightly elevated absolute temperature. Crystalliza-
tion of the basaltic sample occurs at temperatures below
1200 °C and the measured temperature departs to higher
values than expected for a linear cooling path (see insert
in Fig. 3A).

In order to estimate the intensity and nature of this
departure, we extrapolate the linear cooling path of the melt
(at super-liquidus temperatures discarding those data points
affected by the initial thermal lag) using a linear model and
then normalize the recorded sample temperatures to this
model (Fig. 3A). Data for both the basalt and DGG-1 are
reported in Fig. 3B. The DGG-1 sample, which does not
crystallize under the imposed conditions, follows the extrap-
olated model within the measurement uncertainty of the
thermocouple, whereas the crystallizing basaltic sample
departs significantly from the linear model. The data in
Fig. 3B validate our extrapolation technique and all results
will be reported as a AT between the crystallizing melt and
the extrapolated cooling model from here on.
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Fig. 3. Thermal characterization of the sample. (A) Example of a
thermal path for a constant cooling rate experiment where the
sample undergoes crystallization. The initial thermal lag between
furnace and sample is highlighted in the top left. Inset in panel A
shows a zoom on the release of thermal energy with respect to the
linear extrapolation of the super-liquidus cooling path. Note the
deviation from linear cooling towards the end of the experiment,
representing the relative heating of the sample with respect to its
imposed cooling conditions. Albeit small, the deviation is signif-
icant. This becomes more apparent when normalized to the cooling
model of the liquid. (B) Results from the differential thermal
analysis. A comparison between tests performed on a non-
crystallizing DGG-1 standard sample (dashed line) and a crystal-
lizing basaltic sample (solid line) show how accurately the
differential thermal analysis approach resolves the release of latent
heat of crystallization.

3. SAMPLE PREPARATION AND EXPERIMENTAL
METHOD

3.1. Sample composition and geologic relevance

We chose a primitive basaltic melt for these experiments
(see Table 1 for the chemical composition). This composi-
tion is representative of a large fraction of melts erupted
at divergent continental margins, representing ~80% of
all volcanism on Earth. Fig. 4 shows a TAS diagram, where
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Table 1

Chemical analysis: Weight% oxides for the experimental sample
before and after the crystallization experiments, normalized to
100%.

Oxide Pre Post
SiO, 48.86 48.92
TiO, 1.86 1.88
Al,O3 13.29 13.19
Fe 03 15.01 14.94
MnO 0.00 0.00
MgO 6.81 6.85
CaO 11.87 11.85
Na,O 2.26 2.29
K,0 0.04 0.08
P,0s 0.00 0.00

Na,0 + K,0 (wt%)
(-]

i ., ;-‘, Basaltic g
3 : Picro-Basplt, Basalt” ",  Andesite ) ) ) ) )
39 41 43 45 47 49 51 53 55 57 59 61 63 65 67 69
Si0,, (wt%)

Fig. 4. TAS diagram. TAS diagram of the sample composition
(white dot) and ~9500 geochemical analyses of samples from
divergent margins and Large Igneous Provinces. The example data
stem from the north- and central-Atlantic Igneous-provinces, the
Deccan traps, the east African rift and the Parana-Etendeka flood
basalts. Geochemical data was taken from the GEOEC database
(Sarbas and Nohl, 2008) of the University of Mainz and color
coded for data density. Note, that the sample chosen for these
experiments plots near the center of the highest data density for
these geologic settings.

the experimental melt composition is plotted in reference to
~9.500 geochemical analyses of rocks from the north- and cen
tral-Atlantic-igneous-provinces, the east African rift, the Dec-
can traps and the Parana-Etendeka flood basalts. The data are
taken from the GEOROC database of the University of Mainz
(Sarbas and Nohl, 2008) and are color coded for data density.
The dominant fraction of the geochemical analyses from these
examples of divergent margin settings and flood basalt pro-
vinces plot around the composition of the experimental sam-
ple. Further, both the cooling- and shear-rates imposed
during the experiments are common to lava and magma
emplacement in these geologic settings. The presented data
can, therefore, be used in the interpretation of globally relevant
magmatic and volcanic processes in these settings. We do
acknowledge however, that the range of cooling- and shear-
rates present in nature, e.g. during lava flow emplacement
(Wright and Okamura, 1977; Harris et al., 2005, 2007,
Witter and Harris, 2007), spans a wider range than what is
technically possible to reproduce in the laboratory.

3.2. Sample preparation

The rock samples are crushed and powdered using a jaw
crusher and carbide ring-mill to create rock powders suit-
able for melting. The powders are then melted in large
(100 ml), thin-walled, Pt crucibles. Melting is performed
in a Nabertherm® MoSi, box furnace at 1250 °C in batches
of ~10 g, added to the crucible every 5 min. This avoids
overflow of the melt due to foaming. Rock powders vesicu-
late during synthesis and produce a bubbly melt that loses
most of its vesicles after 20 min at 1250 °C. Vesiculation
is likely due to a combination of the presence of moisture
in the rock powder, the exsolution of volatiles from the par-
tially glassy rock and the liberation of oxygen bubbles as
the melt undergoes a change in redox state at high temper-
ature (Kress and Carmichael, 1991). Once completely filled,
the crucible is left in the furnace for about an hour in order
to allow for the melt to degas. Degassing is completed after
this time and no visible bubbles remained in the melt or on
its surface. The samples are quenched to glasses by pouring
them onto a steel plate. The glasses are then crushed and re-
melted into PtgyRh,g cylindrical crucibles of 51 mm height
and 26.6 mm diameter for rheological investigations.

3.3. Concentric cylinder experiments

The samples are stirred at a constant temperature of
1294 °C (corresponding to a furnace set point of 1300 °C)
for several hours to ensure chemical and thermal homo-
geneity, which is confirmed by a steady torque and constant
temperature reading. The furnace temperature is then
decreased in steps of 20 °C and held until a steady temper-
ature and torque reading is achieved for each step (typically
45 min). These data are used to recover the samples’ super-
liquidus viscosity at each temperature step.

The same basaltic sample used to measure pure liquid
viscosity at isothermal conditions is also used for sub-
liquidus experiments. Measurements are performed by
imposing a constant cooling rate of 0.5, 1, 3 and
5°C/min and a mean initial shear rate of 4.642s~! (corre-
sponding to 20 rpm). During the cooling experiments the
measured torque constantly increases as a function of the
apparent viscosity of the suspension. In order to ensure
mechanical stability of the crucible in its ceramic holder,
a torque limit of 5 mN-m is set and the shear rate is auto-
matically dropped to 2.321, 1.857, 1.393, 0.928, 0.464,
0.232, 0.116s7! (10, 8, 6, 4, 2, 1, 0.5 rpm, respectively),
every time this limit is reached.

After each constant cooling rate experiment, and before
running the next one, the sample is re-heated to 1294 °C for
a minimum of two hours and homogenized by stirring at
the initial shear rate (4.642 s™!) in order to ensure melting
of the crystalline phases formed during previous experimen-
tation. Thermal equilibration is reached after ~1 h and re-
melting of previous crystalline phases is confirmed by the
recovery of a steady torque measurement equivalent to
the value of the pure melt over more than an hour.
Mysen and Virgo (1978) report complete redox equilibra-
tion in droplet-sized samples of iron rich silicate melts to
occur within less than 30 min, whereas Dingwell and
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Virgo (1987) and Dingwell (1991) find that for sample of
the same volume as used in this study, complete equilibra-
tion may take up to 24 h for samples with slightly higher
iron contents than the ones used here. Chevrel et al.
(2013) measured iron-rich basaltic analogs for Martian
melts and report equilibration after 24 h. We therefore
assume that, initially, redox equilibrium is achieved during
the super-liquidus melt viscosity determination, which
lasted more than 24 h at atmospheric conditions. Subse-
quent crystallization experiments last between 0.5 and less
than 6.5h (at lower temperatures, i.e. higher viscosities
and slower redox equilibration) and we therefore assume
that the melt’s redox state re-equilibrated to the initial,
pre-experimental state within the two hours spent at high
temperature under constant stirring. This assumption is
supported by the observation that torque values measured
after rehomogenization between and after all experimental
runs stabilize with a reproducibility of 0.005 mN-m
(~1.5% of the measured value). The sample used for all
the constant cooling rate experiments is re-melted and
quenched to a glass after the end of the last cycle.

The composition of the samples before and after viscos-
ity measurements is determined by Electron Microprobe
Analysis (EMPA) at the University of Torino, Department
of Earth Sciences using a Cambridge S-360 equipped with
Oxford INCA Energy 200 and X-act SDD Detectors.
Energy dispersive spectra are recorded and processed using
Oxford Instruments INCA® analyzer software. The probe
is operated at 1.22 nA with a 15 keV acceleration voltage
using a defocussed 10 um diameter spot to avoid loss of
volatile elements (such as K, Na and Cl). Normalized anal-
ysis results are presented in Table 1; analytical totals are
99.24% and 98.54% for the pre and post experimental glass,
respectively. Data presented here have standard deviations
for all elements less than +2.5%.

3.4. Estimation of low temperature viscosity

In order to reconstruct the full range of temperature-
dependent viscosity of the melt, we use the model of
Giordano et al. (2008b) to estimate the melt viscosity at
lower temperatures. This model has been shown to work
well for estimating the viscosity of basaltic compositions
(Ishibashi, 2009; Giordano et al., 2010; Vona et al., 2011;
Chevrel et al., 2013).

The effect of the changing residual melt composition on
the viscosity is estimated to be within 0.01-0.03 log units at
900 °C and less at higher temperatures (0.2 log units at the
rheological cut-off). These results are based on calculations
of the residual melt composition, starting from the compo-
sition of the original sample. We used MELTS software for
estimations of the composition of a dry melt at 1130 °C and
a crystal fraction of 53.5 vol.% as well as for a dry melt at
1150 °C and a crystal fraction of 37.5 vol.%. These temper-
atures correspond to the interval where we observe the lar-
gest deviation in viscosity (i.e. most intense crystallization)
in our experiments. We then model the residual melts
viscosity-temperature relationship using Giordano et al.
(2008b). The difference in viscosity between the original
and residual melt increases with decreasing temperature.

These model results are in good agreement with values mea-
sured by Vona et al. (2011) and Giordano et al. (2010) who
estimated values of 0.06-0.18 log units difference between
original and residual melt viscosities for experiments on
basaltic melts from Stromboli and Etna.

Measured and modeled values for the high temperature
viscosity are accurate to less than 0.2 log units. We there-
fore use 0.2 log units as the uncertainty on the low temper-
ature viscosity estimates recovered from the GRD model
for interpolation of the viscosity data over the entire exper-
imental temperature interval.

4. RESULTS
4.1. Liquid viscosity

The results of the pure liquid viscosity measurements for
high temperature viscometry and low temperature model
estimates are summarized in Table 2 and plotted in
Fig. 5A together with the fit parameters for a Vogel-Ful
cher-Tammann (VFT) equation (Tammann and Hesse,
1926) fitted to these data. This VFT fit describes the theo-
retical behavior of the melt in viscosity-temperature space
if no crystallization were to occur. No constant torque
reading was achieved for temperatures below 1214 °C, sug-
gesting slow crystallization of the sample. Since these data
would no longer be a measure of pure melt viscosity but
of a melt plus crystal suspension, data for temperatures
below 1214 °C were discarded. This observation is in rea-
sonable agreement with equilibrium liquidus temperature
of ~1196 °C estimated for this composition using the
MELTS software (Gualda and Ghiorso, 2015).

4.2. Dynamic crystallization experiments

Fig. 5B shows a summary of the apparent viscosity mea-
surements at different cooling rates and the VFT-fit curve to
the pure liquid data (dotted line). Above the liquidus

Table 2

Summary of liquid viscosity measurements (high temperatures) and
model estimates of the low temperature viscosity of the melt (stars)
as well as VFT-fit parameters.

Temperature (K) log 10 viscosity Associated uncertainty

(Pas) in log units

1567 0.96 0.02
1547 1.06 0.02
1528 1.16 0.02
1507 1.29 0.02
1488 1.40 0.02
938" 12.26 0.20
944" 11.95 0.20
946" 11.84 0.20
966 10.89 0.20
975" 10.49 0.20
978" 10.37 0.20
A —3.80

B 4226.45

C 676.75
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Fig. 5. Absolute viscosity data. (A) High temperature melt
viscosity measurements, low temperature viscosity estimates and
VET-Model of the theoretical viscosity-temperature relationship of
the sample. (B) Summary of the absolute viscosity measurements
from dynamic crystallization experiments at varying cooling rates.
Note that all samples follow the VFT model up until the point
where the presence of crystals becomes significant enough to
influence the flow behavior of the sample. The temperatures of this
initial departure, as well as the “cut-off” temperature where the
system’s apparent viscosity exponentially increases towards infin-
ity, are decreasing with increasing cooling rate.

temperature, all data follow the pure liquid viscosity trend.
At temperatures below the liquidus, the experimental data
deviate from this trend at different degrees of undercooling,
depending on the applied cooling rate. This departure from
the VFT-fit (representing the theoretical viscosity-
temperature evolution of the crystal free liquid) shifts to
higher temperatures with decreasing cooling rate. Data
for cooling rates of 3 and 5 °C/min follow the liquid trend
to the lowest cut-off temperatures among those recorded
during our experiments. These data initially deviate along
the same path. At lower temperatures the experiment
cooled at 5°C/min remains at lower apparent viscosities

than the one cooled at 3 °C/min. When the cooling rate
decreases further, the deviations become more pronounced
and the data diverge more drastically. All datasets show a
stage of decreasing acceleration of this departure that is dis-
cussed in detail in (§ 4.3). Using the VFT-model (§ 4.1) for
the temperature dependent viscosity of the theoretical pure
liquid we calculate the suspensions’ relative viscosity. This
is done by normalizing the data of the crystallization exper-
iments to the VFT-fit using the following equation to
recover the system’s relative viscosity:

n.\'

(s (1)
where 7,, 7, and #; are the relative viscosity, the viscosity of
the suspension (i.e. liquid plus crystals in the crystallizing
sample) and the liquid viscosity, respectively. This enabled
us to resolve the crystallization-induced departure from
the original pure liquid properties in greater detail than
by just considering the variations in absolute viscosity.
The results of the rheological and thermal measurements
during all constant-cooling experiments are summarized
in Fig. 6A-D. The experimental data of the crystallizing
system as it changes from a pure liquid to a liquid—solid sus-
pension are reported both in terms of absolute and log rel-
ative viscosity in Table 3.

The temperature-dependent viscosity of the melt, when
subjected to varying cooling rates, initially follows the trend
of the pure liquid data (and extrapolated VFT fit for the
supercooled liquid), resulting in a zero (0) log (relative vis-
cosity). Once the crystallinity (via nucleation and growth of
crystals) becomes high enough to measurably influence the
viscosity the data deviate from zero. At this point the
apparent viscosity of the suspension increases with respect
to the theoretical liquid as a result of increasing crystal con-
tent and changing composition of the residual melt. The lat-
ter has been estimated to be below 0.03 log units, as
discussed above (§ 3.4). The relative viscosity initially
increases slowly with decreasing temperature for all experi-
ments (Fig. 6A-D). This increase steepens rapidly as tem-
perature decreases further. However, this steepening is
retarded for thermal intervals of varying widths (plateau
width increases with decreasing cooling rate). This effect
is most prominent for cooling rates of 5, 1 and
0.5 °C/min (Fig 6A, B and D). Decreasing temperature
further, the relative viscosity increases again strongly until
the measurement limit of the experiment is reached. These
changes in relative viscosity are directly linked to the inten-
sity of crystallization, as increases in relative viscosity result
from a larger fraction of crystals impeding flow. These
changes in crystallization intensity recorded in the viscosity
data become even more evident when plotting the deriva-
tives of the relative viscosity as a function of temperature
(Fig. 7). The onset (local minimum) and center (local max-
imum) of the plateaus in the relative viscosity are resulting
from a decrease in crystallization intensity (e.g. lowering
crystal growth rates over the respective temperature inter-
vals). They occur at decreasing absolute temperatures with
increasing cooling-rate. These discontinuous variations in
the crystallization-driven increase of the apparent viscosity
of the suspension can, with the new experimental device, be
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Fig. 6. Evolution of relative viscosity and temperature of crystallizing samples. Summary of rheological (black dots) and thermal (black line)
evolution of the sample plotted as relative viscosity and -temperature for each imposed cooling rate. Note that the initial rheological and
thermal departure and the “cut-off” temperature are directly coupled and are decreasing with increasing cooling rate. Note also, that decreases
in the release of thermal energy are linked to a plateau in relative viscosity. In these sections, the relative viscosity of the suspension is no
longer increasing (although the absolute apparent viscosity is, as a result of the temperature dependence of the viscosity of the interstitial melt)
since crystal growth has slowed down or halted. This is especially prominent for the slowest (0.5 °C/min) cooling rate (panel A).

directly related to the thermal response resulting from
changes in the crystallization intensity. The data show a
cooling-rate dependence of this departure, whereby slower
cooling results in a departure from the theoretical liquid
at higher temperature. This is in good agreement with ear-
lier experiments by Giordano et al. (2007) who performed
constant cooling rate experiments on natural, foiditic melts
from Nyiragongo, DRC.

4.3. Thermal evolution of the samples during crystallization

Figs. 6A-D illustrate the evolution of the relative sample
temperature and the logarithm of the relative viscosity for
each individual constant cooling rate experiment. For all
experiments, the intensity of heat release during crystalliza-
tion is directly correlated to an increasing relative viscosity.
For any given cooling rate, increases in the relative viscosity
and in relative sample temperature (with respect to the
imposed cooling path) occur simultaneously. This verifies
that both the viscosity measurement and the differential
thermal analysis detect the onset of crystallization of the

melt well. The onsets of the release of thermal energy as
well as the onset of the rheological departure from the pure
melt, however, shift to lower temperatures with increasing
cooling rate (Figs. 5 and 6). The intensity of the heat release
increases with increasing cooling rate, since it is directly
coupled to increasing nucleation- and growth-rates of crys-
tals with increased undercooling of the sample (Mollo et al.,
2011; Arzilli and Carroll, 2013). As demonstrated most
clearly by the dataset at the slowest cooling rate
(Fig. 5A), the release of thermal energy during crystalliza-
tion is not constant with decreasing temperature. Instead,
it undergoes an initial strong increase and then decreases
over a short temperature interval to finally accelerate once
again at lower temperatures (i.e. higher undercooling).
These changes in the crystallization intensity are directly
related to the rheological response of the suspension; i.e.,
all changes in the viscosity data can directly be linked to
the crystallization kinetics of the system. During crystalliza-
tion the suspension viscosity increases due to the increasing
crystal content. However, the release of latent heat of crys-
tallization increases the temperature of the interstitial melt,



Table 3

Summary of absolute and relative viscosity measurements for all experiments. For simplicity, interpolated values of the experimental data at equal temperature steps are reported with exception of

the final datapoint for each experiment. Temperatures related to those points are reported in the last two rows in Kelvin and Celsius, respectively.

Cooling rate 0.5 K/min 1 K/min 3 K/min 5 K/min
Temperature Temperature Absolute Relative Absolute Relative Absolute Relative Absolute Relative
(K) (©) Viscosity Viscosity Viscosity Viscosity Viscosity Viscosity Viscosity Viscosity
(logl0 Pas) (logl0 Pa s) (logl0 Pa s) (logl0 Pa s) (logl0 Pas) (logl0 Pa s) (logl0 Pas) (logl0 Pas)

1523 1250 1.19 0.00 1.17 0.01 1.19 —0.01 1.18 0.00
1518 1245 1.22 0.00 1.19 —0.01 1.22 0.00 1.20 0.00
1513 1240 1.25 0.01 1.21 —0.01 1.25 0.01 1.23 0.00
1508 1235 1.27 —0.01 1.25 0.00 1.28 0.00 1.26 0.00
1503 1230 1.30 —0.01 1.27 —0.01 1.31 0.00 1.29 0.00
1498 1225 1.34 —0.01 1.30 —0.02 1.34 0.00 1.32 —0.01
1493 1220 1.36 —0.01 1.34 —0.01 1.37 —0.01 1.35 —0.01
1488 1215 1.40 0.00 1.37 —0.01 1.40 —0.01 1.38 —0.01
1483 1210 1.44 0.01 1.40 —0.01 1.43 —0.01 1.41 —0.01
1478 1205 1.47 0.01 1.43 0.00 1.46 0.00 1.45 0.00
1473 1200 1.50 0.01 1.46 0.00 1.50 0.01 1.48 0.00
1468 1195 1.54 0.03 1.50 0.01 1.53 0.01 1.51 0.01
1463 1190 1.60 0.08 1.53 0.01 1.56 0.00 1.55 0.01
1458 1185 1.66 0.15 1.57 0.01 1.60 0.01 1.58 0.01
1453 1180 1.72 0.21 1.61 0.03 1.63 0.01 1.62 0.00
1448 1175 1.79 0.28 1.66 0.06 1.67 0.02 1.66 0.00
1443 1170 1.86 0.37 1.70 0.09 1.71 0.04 1.70 0.00
1438 1165 1.96 0.51 1.76 0.14 1.75 0.05 1.75 0.00
1433 1160 2.06 0.67 1.82 0.19 1.80 0.08 1.80 0.01
1428 1155 2.20 0.91 1.89 0.28 1.84 0.10 1.85 0.03
1423 1150 2.40 1.27 1.97 0.38 1.91 0.17 1.91 0.07
1418 1145 2.51 1.44 2.06 0.50 1.98 0.24 1.97 0.11
1413 1140 2.59 1.54 2.17 0.66 2.05 0.32 2.04 0.16
1408 1135 2.73 1.79 2.35 1.00 2.13 0.42 2.12 0.24
1403 1130 3.25 2.90 2.50 1.26 2.21 0.53 2.21 0.34
1398 1125 3.45 3.33 3.01 2.33 2.34 0.74 2.30 0.45
1393 1120 3.27 2.90 2.49 0.98 2.38 0.51
1388 1115 2.80 1.61 2.51 0.71
1383 1110 3.56 3.34 3.01 1.75
T Final K 1402 1402 1397 1397 1386 1386 1380 1380
Datapoint C 1129 1129 1124 1124 1113 1113 1107 1107
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Fig. 7. derivative of the relative viscosity data with respect to
temperature, zoomed to the change-zone related to crystallization.
The derivatives of the relative viscosity data show local changes in
crystallization intensity during cooling. Decreasing values indicate
more rapid crystallization and therewith increase in relative
viscosity, whereas increasing values indicate a decrease in crystal-
lization intensity. All datasets show one or more local minima
(onset of decreasing crystallization intensity). The location of these
minima shift to lower temperatures with increasing cooling rate.

therewith lowering its viscosity. Our data show that the
effect of increasing crystal fraction dominates any rheolog-
ical effect of the release of latent heat during crystallization.

5. DISCUSSION

5.1. Cooling rate dependence of disequilibrium kinetics and
the effect of latent heat on the system’s rheology

We have shown that faster cooling rates drive the onset
of crystallization to lower temperatures and that the inten-
sity of crystallization events (measured through both the
release of thermal energy and the increase in apparent vis-
cosity) increases with increasing undercooling of the basaltic
melt studied here. These observations are consistent with
long-standing concepts of crystallization kinetics of super-
cooled basaltic liquids, where with increasing undercooling
both crystal nucleation rates and growth intensities increase
at near liquidus conditions (Gibb, 1974; Walker et al., 1976;
Coish and Taylor, 1979; Lofgren, 1980; Cashman, 1993;
Lange et al., 1994; Hammer, 2006; Mollo et al., 2011;
Arzilli and Carroll, 2013; Vetere et al., 2013). This behavior
is a result of the time dependence of the nucleation and
growth processes whereby faster cooling yields greater devi-
ations of the system from its thermodynamic equilibrium to
higher degrees of undercooling. Crystal growth rates are
also dependent on the absolute viscosity of the system
through the diffusivity of individual ions within the melt,
see Vetere et al. (2015) and references therein for a broad
dataset and recent review.

The influence of the release of latent heat on the flow
properties of magmas has been subject to theoretical studies
concerning the emplacement of magmas and lava flows

(Settle, 1979; Lipman et al., 1985; Dragoni and Tallarico,
1994). These authors describe and model a decrease in bulk
viscosity through the heating of the melt during crystalliza-
tion. We present the first experimental dataset tracking the
variations of both properties in a melt subjected to cooling
conditions similar to those observed in nature. Our data
show that although the release of latent heat may cause
delay in the cooling of a melt or even lead to recales-
cence, i.e. re-heating of the melt as described by
Whittington and Sehlke (2015) and Blundy et al. (2006),
the effect of an increased solid fraction dominates the influ-
ence of the release of latent heat on the flow properties of
the suspension. This results in a steadily increasing appar-
ent viscosity of the system. The measured relative increase
in sample temperature of 4 K would result in a lower melt
viscosity of 0.03 and 0.04 log units at 1100 and 1200 °C,
respectively (estimated using the GRD model). This finding
holds in a similar way also for any potential effect of viscous
heating in lavas under disequilibrium conditions. At con-
stant temperature, viscous heating could nonetheless intro-
duce a decrease in bulk viscosity.

5.2. Importance of disequilibrium rheological data for
accurate interpretation of lava flow emplacement and magma
migration

Modeling of sub-liquidus rheology for volcanological
applications has almost exclusively been based on the
assumption of thermodynamic equilibrium between melt
and crystals (Ishihara et al., 1990; Harris and Rowland,
2001; Saar et al., 2001; Costa and Macedonio, 2005a; Del
Negro et al., 2008; Herault et al., 2009; Vona et al., 2011;
Fujita and Nagai, 2015). It is commonly assumed that
any changes in rheological properties occur instantaneously
with changes in temperature and, therewith, crystal content
of the magma/lava.

All existing experimental studies, however, show a sig-
nificant delay in changing physical properties that strongly
depends on how far and how fast a melt is cooled below its
liquidus temperature (Mollo et al., 2011; Arzilli and
Carroll, 2013). This is a result of changes in the crystalliza-
tion kinetics under disequilibrium conditions. In isothermal
regimes, this translates into varying “incubation times” of
the liquids’ viscosity before the onset of crystallization
and changing suspension viscosity (Vona et al., 2011,
2013; Chevrel et al., 2015; Campagnola et al., 2016;
Soldati et al., 2016). In non-isothermal regimes, this results
in a cooling rate dependent shift of the rheological cut off
temperature as shown in this study and also in Giordano
et al. (2007).

Although interesting for magmatic systems at constant
(or close to constant) temperature, such as convecting
magma chambers or the interior of lava lakes, isothermal
sub-liquidus experiments are not directly applicable to the
dynamic thermal conditions present in lava flows or during
magma transport within narrow dykes, where heat loss is
significant.

For a given temperature, isothermal experiments return
systematically higher viscosities than constant cooling rhe-
ology experiments. This is because they reach equilibrium
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crystal contents which are, in all cases, higher than the crys-
tal content present in constant cooling experiments at the
same temperature. The same applies for rheological models
based on equilibrium thermodynamics like using MELTS
in combination with two phase rheological models such
as Mader et al. (2013). However, in constant cooling exper-
iments, like the ones presented here, it becomes obvious
that the actual viscosity of a lava/magma under constant
cooling conditions is lower than the estimate of the equilib-
rium viscosity at the same temperature. This is likely the
reason why lava flow runout distances are often
underestimated.

Further, experimental studies of the crystallization
kinetics of natural melts under constant cooling conditions
but in the absence of deformation, like those presented in
Lange et al. (1994), are unable to reproduce natural pro-
cesses, where deformation of the melt leads to significant
changes in crystallization kinetics (Kouchi et al., 1986;
Vona and Romano, 2013).

It has also been subject to debate whether and how
much the release of latent heat of crystallization and or vis-
cous heating influences the rheology of crystallizing melts.
Some modeling and experimental data suggest that it may
contribute to keep magmas/lavas flowing for longer
(Settle, 1979; Costa and Macedonio, 2005b; Cordonnier
et al., 2012). However, the new and unique data presented
here, combining thermal and rheological measurements,
show that the effect of increasing crystal content dominates
any other effect under constant cooling conditions for vis-
cosity regimes relevant to lava flow emplacement (i.e.
<10°Pas).

Flow emplacement models often incorporate a yield
strength parameter that allows for the lava to stop flowing
in the model although it is not fully solidified. The pre-
sented experimental dataset is the first to quantify the sys-
tematic, crystallization-induced rheological and thermal
evolution of a basaltic melt undergoing a range of cooling
rates relevant to natural conditions and to track this evolu-
tion until the systems’ rheological “cut-off” is reached,
where the apparent viscosity of the suspension rises drasti-
cally, (i.e. it rheologically solidifies).

Our data show that this cut-off is dependent on the cool-
ing rate of the lava. In order to systematically describe the
influence of cooling rate on the rheologic cut-off we plot the
temperatures at which each experimental dataset passes a
viscosity threshold of 10° Pa s (Fig. 8). Beyond this point,
all datasets reach the measurement limit within few degrees
of cooling, i.e. the sample solidifies. The data show a loga-
rithmic decay of the cut-off temperature as a function of
cooling rate. We fit a model to the data that describes the
cut-off temperature as a function of cooling rate with an
R-squared value of 0.9987. Extrapolation of the data using
this model suggests that further increasing cooling rate
would have little effect on this rheologic threshold, whereas
decreasing cooling rates would further increase the temper-
ature at which this threshold is reached. This is due to the
longer time spent at higher temperatures, allowing for crys-
tal growth under near equilibrium conditions. However,
since the model describes a crystallization induced rheologic
threshold, it is important to note that the model is only
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Fig. 8. Cooling rate dependence of the solidification threshold.
Plot of the rheological threshold temperature versus cooling rate.
The temperature at which the rheological threshold of 10° Pa s is
reached decreases with increasing cooling rate. Beyond this
threshold the effective viscosity of the lava reaches the measure-
ment limit within few degrees of cooling, i.e. the lava solidifies. The
gray shaded area delineates the solidification field.

valid at sub-liquidus temperatures and non-equilibrium
conditions.

Incorporating such data in lava flow models would
allow for the concept of yield strength to be replaced by a
melt specific rheological cut off. This would lead to a more
realistic description of the magmas/lavas rheological evolu-
tion and therewith better ability to forecast their
emplacement.

5.3. Limitations of the method

The experiments performed in this study are carried out
on degassed melts at ambient pressures, in air and the melts
are bubble free. All these parameters are important to con-
sider when interpreting the experimental data with respect
to natural systems. They influence the pure melt viscosity
and its crystallization kinetics to varying degrees. The water
content of the melt has the largest effect, where a few weight
percent of water can decrease the melt viscosity by up to 6
orders of magnitude for rhyolitic systems and up to 1.5
orders of magnitude for basaltic systems (Friedman et al.,
1963; Dingwell and Mysen, 1985; Holtz et al., 1992; Richet
et al., 1996; Whittington et al., 2000; Giordano and
Dingwell, 2003; Robert et al., 2008; Giordano et al., 2008a,
2008b, 2009). Vesicles can both increase and decrease the
bulk viscosity of a suspension, depending on their capillary
number (Llewellin et al., 2002; Llewellin and Manga, 2005;
Mader et al., 2013). The redox state of the melt may also
influence the melt viscosity and its crystallization evolution
through changes in the melt structure resulting from iron act-
ing as network-former or -modifier. However, the absolute
difference in melt viscosity resulting from changes in redox
state is low with respect to that related to the presence of dis-
solved water or bubbles (Dingwell, 1991; Bouhifd et al., 2004;
Chevrel et al., 2013, 2014).
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6. CONCLUSIONS

Based on the data presented above and the accompany-
ing analytical results we draw the following conclusions:

1. The effect of increasing crystal fraction dominates any
effect of latent heat or viscous heating under constant
cooling conditions, resulting in the rheological death of
a lava flow.

2. The new device and method presented here allow, for the
first time, direct measurement of sample temperature and
-gradients within the sample during high temperature
concentric cylinder viscometry.

3. This allows for more precise measurements of the tem-
perature dependent viscosity of silicate melts, especially
in dynamic temperature space.

4. The presented device and method open an entirely new
field of studies through the combined measurement of
the rheological and thermal evolution of crystallizing
melts. Such measurements are of key importance to
advance our understanding of disequilibrium processes
operating during lava flow emplacement as well as mag-
ma ascent and migration in the earth’s crust.

5. The dataset presented here is a first step in building a
broad experimental database of the evolution of the
transport properties of silicate melts under disequilib-
rium conditions.

6. The presented data can be employed to more accurately
constrain the results of physical property based models
of lava flow emplacement.
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