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Abstract Magmas and lavas undergo a range of shear rates during transport and emplacement. Further,
transport of magma and lava occurs at subliquidus conditions where the melt crystallizes at varying
temperature, pressure, and oxygen fugacity. Transport efficiency and eruption style are governed by magma
rheology, which evolves during cooling, crystallization and degassing. Quantification of magma rheology
rests almost exclusively on experimentation at constant temperature and shear rate. We present the first
study on the effect of shear rate on subliquidus basalt rheology at conditions relevant to lava flows and
shallow magmatic systems. The results reveal that basalts reach their rheologic death or cutoff temperature
(Teutofr; i-€., the point at which the sample rheologically solidifies and flow stops) at higher temperatures
when flowing faster, whereas crystallization is suppressed when the shear rate is low. We explore the
implications of shear-enhanced crystallization for modeling and forecasting of lava flow hazards and our
understanding of magma and lava transport/storage systems.

Plain Language Summary Natural magmatic processes span several orders of magnitude in
deformation rate. The presented approach is the first to systematically document the resulting effects on
the magma/lava transport properties. Our paper presents an experimental study on the shear rate
dependence of the crystallization/solidification dynamics and rheology of basalts at experimental conditions
that mimic the natural environment. These were made possible through application of a newly developed
experimental apparatus and method. The measurements show that at a specific subliquidus temperature, the
so called rheological cutoff temperature, the effective viscosity of basalts increases dramatically, leading to
solidification of the melt. Systematic investigation of this rheological cutoff shows a drastic, previously
unrecognized, dependence on shear rate, cooling rate, and composition. High deformation rates result in
more intense crystallization at higher temperatures, whereas crystallization is suppressed to lower
temperatures in the absence of deformation. The presented results open an entirely new field of studies in
magma rheology and have important implications for the forecasting of natural hazards, lava flow
emplacement, and the understanding of magma and lava storage and transport systems in general. We
discuss the implications of the experimental results for lava flow emplacement, magma migration, and for the
computational modeling of lava flows for hazard assessment.

1. Introduction

Magma transport in the Earth’s interior and lava transport on its surface typically occur at subliquidus
conditions where the melts crystallize (Arzilli & Carroll, 2013; Kirkpatrick et al., 1981; Kolzenburg et al., 2017;
Lofgren, 1980; Vetere et al.,, 2015). Transport efficiency, eruption style, and emplacement dynamics are
governed by melt rheology (Chevrel et al., 2015; D. Giordano et al., 2007; Ishibashi, 2009; Vona & Romano,
2013), which evolves tremendously during cooling, deformation, and crystallization (Chevrel, Platz, et al,,
2013; Kolzenburg et al., 2016; Vona et al., 2011). Despite the dynamic, subliquidus nature of magma and lava
transport, quantification of their crystallization kinetics rests almost entirely on experiments performed
without deformation and at constant temperature (Arzilli & Carroll, 2013; Cashman, 1993; Lange et al.,
1994; Lofgren, 1980). Increasingly abundant data on equilibrium crystallization of natural melts have enabled
the development of thermodynamic models such as MELTS (Gualda & Ghiorso, 2015). The conditions under
which crystallization occurs in subvolcanic to volcanic systems are, however, transient, and disequilibrium is
inherent. As a consequence, data and models based on equilibrium thermodynamics can only approximate
the dynamics of magma and lava transport. This has inspired experimental studies at disequilibrium (Arzilli &
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Carroll, 2013; Cashman, 1993; Kirkpatrick et al., 1981; Lange et al., 1994; Lofgren, 1980; Vetere et al., 2015). To
date, however, deformation, as an experimental variable, has not been investigated.

Shear rates during transport in lava flows, dikes, conduit, and storage systems range from ~70 s~ in Plinian
eruptions (Papale, 1999), reach 2.5-0.001 s~ in lava flows (Cashman et al., 2013; Kolzenburg et al., 2017, 2018;
Piombo & Dragoni, 2009), and may go down to as low as 10 °s "in magma chambers (Nicolas & lldefonse,
1996). Magma ascent is associated with decreasing temperature and pressure and accompanied by degas-
sing, crystallization, and changing oxygen fugacity (Applegarth et al, 2013; Kolzenburg et al,, 2018; La
Spina et al., 2015; Lipman et al.,, 1985), all of which strongly affect magma rheology. Cooling rates during
the most common forms of magma ascent and lava flow range from tens of degrees per second in quench
environments (D. Giordano et al., 2007; La Spina et al,, 2015, 2016) to below 1°/hr in well-insulated flows
(Kolzenburg et al., 2017; Witter & Harris, 2007) but may be higher or lower than this range in extremely thick
or well-insulated lavas or during rapid heat loss, for example, in the presence of a cooling agent such as water.

Deformation-dependent crystallization is known for a variety of materials such as metallic glasses (Shao et al.,
2015), plastic composites (Xu et al,, 2011), and proteins (Azadani, 2007). Surprisingly, the deformation-
dependent crystallization of magma/lava at conditions relevant to natural emplacement scenarios has not
yet been experimentally investigated. Most studies of magma rheology are confined to constant temperature
and shear rate (Chevrel et al,, 2015; Ishibashi, 2009; Vona et al,, 2011; Vona & Romano, 2013). Few studies
investigate the rheology of cooling melts (D. Giordano et al.,, 2007; Kolzenburg et al., 2016, 2017, 2018). To
date, only two studies discuss an influence of deformation on the crystallization of magma. Kouchi et al.
(1986) show that nucleation rates and crystal number densities increase when deformation is applied and
Vona and Romano (2013) compare the nucleation and growth rates of plagioclase and find that both increase
with shear rate. Both studies were performed at constant temperature and cannot be directly applied to
nonisothermal emplacement events.

Here we apply a multipronged experimental approach including classic concentric cylinder viscometry
(CC-viscometry) for viscosity measurements, differential thermal analysis during viscometry (DTA-CC-
viscometry) for measurement of viscosity and crystallization intensity in the presence of shear, and differential
scanning calorimetry (DSC) for measurement of crystallization intensity in the absence of shear. These data are
combined with textural analyses to systematically study the influence of shear rate on the rheological and pet-
rological evolution of a crystallizing silicate melt at conditions relevant to dike and lava flow emplacement. The
cooling and shear rates applied here span the widest range of experimentally accessible conditions (cooling
rates of 0.5-3°C/min, shear rates from 4.64 to 0 s, see also Kolzenburg et al,, 2016; Kolzenburg et al., 2018,
for details). This represents fast to intermediate cooling rates in volcanic conduits (La Spina et al., 2015,
2016), the interior of sheet-like lava flows and their crusts (Kolzenburg et al., 2017; Witter & Harris, 2007), and
conditions of magma migration at shallow depths (D. Giordano et al., 2007; La Spina et al., 2015).

2. Materials and Methods

2.1. Sample Selection and Composition

Two melt compositions are chosen for this study: (1) a primitive basalt from the 2014-2015 eruption at
Holuhraun, Iceland, and (2) a trachybasalt from Etna, Italy, sampled from the summit lava flow of the
November 2013 eruption. These samples are representative of basaltic rift zone and subduction zone
volcanism, respectively. The results presented here are, therefore, applicable to a wide range of volcanic
environments associated to basaltic eruptions. The samples used in all the DTA-CC experiments are remelted
and quenched to a glass after the end of the last experimental cycle. The chemical composition of the glasses
is measured with a Cameca SX100 electron probe microanalyzer at LMU Munich. Analyses are carried out at
15-kV acceleration voltage, and, in order to minimize the alkali loss, a defocused beam (10 pm) and 5-nA
beam current are used. Analytical procedures and normalized analysis results are presented in Text S1
(Pouchou & Pichoir, 1991) and Table S1 in the supporting information (Sl), respectively. Standard deviations
for all elements are less than £2.5%.

2.2. Super-Liquidus CC Viscosity Measurements

Viscosity measurements are performed using the same setup and method described in (Kolzenburg
et al, 2016). The samples are stirred in the CC viscometer in air at a constant temperature of 1346°C
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for several hours to achieve chemical and thermal homogeneity. This is confirmed by constant torque
and temperature readings. The furnace temperature is then decreased in steps of 25°C and held until
a steady temperature and torque reading is achieved for each step (typically ~45 min). These data
are used to recover the samples’ superliquidus viscosity at each temperature step. The same samples
used to measure pure liquid viscosity are also used for subliquidus experiments. Measurements are
performed by imposing cooling rates of 0.5 and 1°C/min and varying initial shear rates of 1.161
and 4.642 s

2.3. In Situ DTA-CC

The DTA-CC setup allows in situ measurements of the sample temperature over the entire course of the
experiment and is described in detail in Kolzenburg et al. (2016) and the SI. Crystallization of the samples
occurs at temperatures below 1200°C, and the measured temperature departs to higher values than the
temperature of the furnace. In order to estimate the intensity and nature of this departure, we extrapolate
the linear cooling path of the melt and normalize the recorded sample temperatures to this extrapolation.
This allows us to recover the AT between the crystallizing melt and the extrapolated cooling model. DTA
during shear is restricted by the mechanical constraints of the viscometry measurements and, therefore, only
possible until the point where the measurement torque limit of the device is reached. DTA at no shear
conditions is performed over the entire cooling path.

2.4. High-Temperature DSC

Controlled cooling crystallization experiments at no shear conditions were performed in a Netzsch® DSC 404
C Pegasus DSC. Samples were heated to 1350°C and cooled at 3, 5, and 10°C/min. In these experiments the
DSC is used as a high precision differential thermal analyzer for all measurements labeled DSC.
Measurements are performed under a constant flow of argon gas using the same, lidded Pt-Rh crucibles
(6 mm in diameter). For details on the sample preparation, measurement path, and data reduction please
see the Sl Text S3 (Giordano et al., 2015).

2.5. Glass Transition Measurements

Measurements of the glass transition temperature at onset (Tgonset) and peak (Tgpea) of the heat capacity
curves are performed on separate samples of both the Etna and Holuhraun melts. These are undergoing
cooling/heating cycles at rates of 10°C/min for the Holuhraun and 10 and 20°C/min for the Etna melt, respec-
tively. Reproducibility of both Tggnset and Tgpeak are better than 0.5% (i.e., 3°C). These data are used to recover
the low temperature viscosity data using the method presented by Giordano et al. (2008). These data,
together with the high T viscosity measurements, are used to recover the theoretical crystal-free liquid
viscosity at subliquidus temperatures (see Sl for details). Calculated data obtained by using this method
are reported in Tables S2a and S2b together with their associated uncertainties.

2.6. Experiments for Textural Analysis

Experiments for textural analyses were performed only for the Holuhraun sample to give a qualitative over-
view of the influence of shear rate on paragenesis and texture. Rheological experimentation for the analysis
of changes in sample texture as a function of shear rate is performed using a Brookfield DV-Ill+ viscometer
head. Hand-crafted disposable spindles, similar to the ones described in Chevrel et al. (2015) are used for each
experiment. For details on the measurement path and data treatment for measurements on both setups used
here please see the Sl Text S5 (Chevrel et al.,, 2015; Meerlender, 1975). In order to compare the textures in
experiments with and without the presence of shear, we perform another experiment for textural analysis.
This experiment is performed in the same experimental setup as outlined above but without introducing
the spindle in the sample. We subject the sample to the same cooling path as the rheological experiments
but without introducing deformation. Samples from experiments described in section 2.6 are embedded in
epoxy resin and sectioned perpendicular to the rotation axis of the spindle. The samples are then polished
and carbon coated for electron microscopy. Backscattered electron image maps are collected at 100X mag-
nification using a JEOL JSM IT300LV scanning electron microscope at the University of Torino, Department of
Earth Sciences.
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Figure 1. DSC and DTA data for Holuhraun (a) and Etna (b). (a) Solid and
dashed red, blue, and black lines show DTA data (delta T in degrees
Celsius) of the Holuhraun melt at 0.5 and 1°C/min and shear rates of 4.64,
1.16, and O 5_1, respectively. Small numbers on the curves are cooling rates.
In the absence of shear (gray shaded areas) Tynset does not shift significantly
with cooling rate. Crystallization onset Ty, increases with increasing
shear rate. Dotted black lines show rescaled DSC data (see supporting
information for data processing). (b) Solid and dashed red, blue, and black
lines show the DTA data of the Etna melt at 0.5 and 1°C/min and shear rates of
464,1.16,and 0 5_1, respectively. The thin dashed line represents the threshold
for determination of Tynset for the DTA-CC data. DSC = differential scanning
calorimetry; DTA = differential thermal analysis; CC = concentric cylinder.

3. Results
3.1. DTA

The crystallization onset (Tynset) in the DSC data is defined as the departure
from the baseline (delta T = 0). This is evaluated, analogous to Tonset in
glass transition temperature measurements, by extrapolating the linear
part of the increasing signal to the baseline. Due to the lower sensitivity
and increased noise in the DTA-CC data, we define the crystallization onset
(Tonset) for the DTA-CC data as the point where the signal exceeds the
noise in the data (AT > 0.6°C). Without shear, Tonser measured in the DSC
apparatus for the Holuhraun sample is at the lowest temperature of all pre-
sented experiments (~1074 + 2°C, Figure 1a). The peak crystallization
intensity in the DSC experiments shifts to higher temperatures with
decreasing cooling rate. This trend is also observable in the DTA data,
where the crystallization peak is reached earlier for the cooling rate of
0.5°C/min than for the 1°C/min experiment. Tonse: however shifts from
1088 to 1100°C for cooling rates of 0.5 and 1°C/min, respectively. The shift
in Tonset between DSC and DTA data is likely related to both the changes in
the cooling rate and changes in the surface to volume ratio between the
two different methods. In the DSC setup, a small amount of the melt is
in contact to a large crucible surface; this ratio allows for very detailed
DTA analysis. In the CC-DTA setup, a large sample volume is in contact with
a relatively small crucible surface. This difference in geometry likely
induces also variations in the potential nucleation sites and distribution
of surface tension within the sample and may, therefore, have some effect
on Tonset Of the melt. The overall temperature range of crystallization,
however, is in good agreement between the two methods, and the DSC
data are well reproduced by DTA data from experiments without shear
in the CC setup.

When shear is introduced, the crystallization onset (Tonser) Of the
Holuhraun melt shifts to higher temperatures. At a cooling rate of
0.5°C/min Tonset increases by 50 and 83 to 1138 and 1171°C for shear rates
of 1.16 and 4.64 s, respectively. At a cooling rate of 1°C/min this shift is
less pronounced, with Tynset increasing by 40 and 51 to 1140 and 1151°C
for shear rates of 1.16 and 4.64 s~ ', respectively. Due to the technical
challenges detailed in SI Text S3, DTA measurements for the Etna melt
were restricted to the DTA-CC method. Without shear (Figure 1b) Tynset lies
at 1101 and 1094°C for cooling rates of 0.5 and 1°C/min, respectively. At a
cooling rate of 0.5°C/min Tse inCreases by 63 and 77 to 1164 and 1178°C
for shear rates of 1.16 and 4.64 s, respectively. At a cooling rate of
1°C/min the shift is less pronounced, with Tynset increasing by 44 and 58

to 1138 and 1152°C for shear rates of 1.16 and 4.64 s, respectively. This indicates that the effects of shear
rate and cooling rate are not independent but, in fact, interdependent. For the Holuhraun melt, the shear rate
dependence of the shift in Tynser decreases with increasing cooling rate (i.e., the shift is large at a cooling rate
of 0.5°C/min and small at a cooling rate of 1°C/min). For the Etna melt this shift is large at both cooling rates,
highlighting that important differences in the cooling and shear rate-dependent crystallization kinetics exist
and that they vary with melt composition.

3.2. Viscometry

The results from the viscosity measurements are reported as relative viscosity in Figure 2. During crystalliza-
tion, the composition of the residual melt changes due to the removal of certain components from the melt
to form the crystals. However, any effect this may have on the residual melt viscosity and the data presented
here is negligible. Details on how this was assessed as well as the data reduction are presented SI S1
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Figure 2. Rheological data plotted as log (7,). (@) Holuhraun melt cooled at
0.5°C/min. Red squares and blue large circles are DTA-CC measurements;
red diamonds and blue small circles are texture-CC measurements. Black
plus, star, and cross are CC measurements from Kolzenburg et al. (2017); data
labeled (1) and (2) are repeat measurements at the same shear rate.

(b) Holuhraun melt cooled at 1°C/min. (c) Etna melt, red filled and open
squares are DTA-CC data at 4.64 s~ shear rate, cooled at 0.5 and 1°C/min,
respectively. Blue filled and open circles are DTA-CC data at 1.16 s~ shear
rate, cooled at 0.5 and 1°C/min, respectively. DTA = differential thermal
analysis; CC = concentric cylinder.

(Ghiorso & Sack, 1995; Giordano et al., 2008; Giordano & Dingwell, 2008;
Tammann & Hesse, 1926). Any changes in relative viscosity and their
variation with shear rate are therefore related to the effect of crystal
nucleation and growth and their kinetics (i.e., increasing solid fraction in
the suspension).

During cooling the viscosity initially follows the crystal-free liquid, resulting
in a relative viscosity (log #,) of zero. Below the liquidus, the data deviate
from this trend at different degrees of undercooling until the system’s
rheological Teuwoff is reached, where the apparent viscosity of the
suspension rises drastically, (i.e., it rheologically solidifies). This departure
(increasing log 7,) varies with cooling and shear rate. For the Holuhraun
melt (Figures 2a and 2b) we incorporate data from Kolzenburg et al.
(2017) for comparison. Independent of measurement geometry, shear rate
has a strong effect on T Of the Holuhraun melt at a cooling rate of
0.5°C/min. At a cooling rate of 1°C/min this effect is less pronounced
indicating that the shear rate effect can be counterbalanced by changes
in cooling rate, as suggested by the DTA data in Figure 1a. For the Etna
melt (Figure 2 c) shear rate has a strong effect on Tofr Of the crystallizing
melt, independent of the cooling rate. Increased shear rates result in
systematically increasing Tutoff. Further, Teutoff increases with increasing
cooling rate.

3.3. Textural Analysis

The Holuhraun sample shows drastic changes in paragenesis and texture
with shear rate (Figure 3). In the absence of shear, the dominant phase
in this experiment is iron-rich spinel with subordinate clinopyroxene. The
crystal habits are acicular dendritic to fibrous. Crystal widths are below
~10 um and lengths vary from ~40 to 600 um. At a shear rate of
1.16 s~ the habits of the spinel crystals are radiating dendritic to reticu-
late. Crystal widths range from ~5 to 40 um and lengths from ~10 to
700 pm. The habits of the clinopyroxene crystals are stubby. Crystal widths
range from ~15 to 60 um and lengths from ~20 to 90 um. At a shear rate of
4.64 s~ the habits of the plagioclase crystals are subhedral, columnar to
prismatic, and hopper crystals are present. Crystal widths range from
~10 to 100 pm and lengths from ~50 to 750 um. The habits of the spinel
crystals are radiating dendritic to reticulate, and they often occur as clus-
ters. Crystal widths range from ~10 to 80 um and lengths from ~30 to
600 um. Overall, the spinel crystal habits have lower aspect ratios at higher
shear rates. The habits of the clinopyroxene crystals are elongate to
stubby. Crystal widths range from ~5 to 20 um and lengths from ~25 to
200 um. The experimental samples do not show euhedral crystal shapes
in any of the investigated cases. Crystallization in the absence of shear
produces dendritic crystal habits, and they become more equilibrated
(i.e., subhedral) with increasing deformation rate.

4. Discussion and Implications

4.1. Textural Evolution With Increasing Shear Rate

The textural variations reveal the influence of shear rate on the
crystallization kinetics of natural melts. Crystal growth is hindered without
shear (Figure 3a), because the melt around the growing crystal becomes
depleted in the components required for further growth. This results in
dendritic growth forms that are commonly observed in textural studies
on the crystallization of basalts under cooling in the absence of shear
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Figure 3. Textural analyses. Back-scattered electrons (BSE) photomicro-
graphs of (a) Holuhraun melt cooled at 0.5°C/min without shear. Crystal
habits are acicular, dendritic to fibrous, (b) Holuhraun melt cooled at
0.5°C/min at a shear rate of 1.16 s~ . Crystal habits are stubby-arborescent
to reticulated. (c) Holuhraun melt cooled at 0.5°C/min at a shear rate of
4645, Crystal habits are subhedral, columnar to prismatic. All samples
were quenched at the same T = 1125°C.

(Kirkpatrick et al, 1981; Lofgren, 1980). These textural heterogeneities
highlight that, although prediction of the solid fraction at a certain
temperature and equilibrium  conditions is possible through
thermodynamic models, e.g., MELTS (Ghiorso & Sack, 1995; Gualda &
Ghiorso, 2015), application of rheological models for suspensions, such
as summarized in Mader et al. (2013), is not straightforward since the
crystal habits vary greatly dependent on the applied deformation and
cooling conditions. Once shear is introduced, advective processes
transport fresh melt to the crystal surface, facilitating growth. This
produces larger crystals and favors equilibrated crystal habits (subhedral
versus acicular); see also Vona and Romano (2013) and Kouchi et al.
(1986). This demonstrates that shear rate plays a larger role than
previously thought in controlling the crystallization kinetics of basaltic
melts, and surface-limited growth, as suggested by Kirkpatrick (1977),
assumes a minor role.

4.2. Implications for Modeling of Magma Migration and Lava
Flow Emplacement

Fixed thresholds are commonly used to determine whether a parcel in a
flow model will behave solid (i.e., stop) or liquid (i.e., flow). Stopping
criteria are reported as (1) crystal volume fractions (Cashman et al.,, 1999;
Costa et al,, 2009; Harris & Rowland, 2001; Lejeune & Richet, 1995; Marsh,
1981; Pinkerton & Stevenson, 1992; Rutter & Neumann, 1995; H. R. Shaw,
1969), (2) degrees of undercooling (Costa & Macedonio, 2005; Keszthelyi
& Self, 1998), or (3) fixed temperatures (Costa & Macedonio, 2005; Del
Negro et al., 2008; Hidaka et al.,, 2005; Hon et al., 1994; H. Shaw et al.,
1968; Spataro et al, 2010). To standardize these stopping criteria, we
convert them into temperatures. For fixed crystal contents we model the
equivalent temperature using MELTS, and for fixed degrees of
undercooling we calculate the respective temperature below the melt
liquidus modeled with MELTS software. This allows assessing the
difference in modeled runout distances between previous stopping
criteria and the shear rate dependent T . In order to systematically
describe the influence of shear rate on the rheologic cutoff, we evaluate
the temperatures at which each experimental dataset passes a viscosity
threshold of 103.2 Pa-s (Figure S1). Beyond this point, all data sets reach
the measurement limit within few degrees of cooling; that is, the sample
rheologically solidifies (for shear rates of 4.25 and 4.64 the limit was
reached before this point and therefore extrapolated values are used).
We fit linear models to the shear rate dependence of Ty (Figure S1)
of the Holuhraun lava and model a scenario tracking the melt from erup-
tion to solidification. For details on the limitations of the experimental
method and the derived models please see Sl section S2 (Bouhifd et al.,
2004; Chevrel et al., 2018; Chevrel, Giordano, et al.,, 2013; D Dingwell,
1991; D B Dingwell & Mysen, 1985; Friedman et al,, 1963; Holtz et al,,
1995; Kolzenburg et al., 2018; Llewellin & Manga, 2005; Llewellin et al.,
2002; Richet et al., 1996; Robert et al., 2008; Whittington et al., 2000).

As basic, simplified, assumptions we set (1) a cooling rate of 0.5 and
1°C/min, (2) a lava flow height of 3 m, (3) a simplified non-linear shear dis-
tribution (equation (1)) in the channel where 80% of shear occurs in the
lower 40% of the channel following the approach presented in (Piombo
& Dragoni, 2009), and (4) an eruptive temperature at the liquidus
(1196°C, from MELTS by Gualda & Ghiorso, 2015).
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Figure 4. Implications for lava flow modeling. Simulations of flow length as a function of shear rate for the Holuhraun melt
using a shear rate dependent halting criterion (Tytoff)- Results are presented relative to current halting criteria in flow
models (black dashed line). Negative values mean underestimation (i.e., shorter Lyynout); POsitive values mean overesti-
mation of Lyynout- Solid black and dashed blue lines are calculations for the shear rate dependence of Toff at 0.5 and
1°C/min cooling rate, respectively. Black and blue numbers represent equilibrium crystal contents for the modeled
temperatures at 0.5 and 1°C/min cooling rate, respectively. Red numbers show the degree of undercooling below melt
liquidus for each curve of the 0.5°C/min cooling model. These numbers are identical for the correlating crystal content of
the 1°C/min model. The legend shows which curves are representative of previous solidification criteria.

Based on these assumptions we calculate the surface velocity of the lava:
Vourr = (€x0.8)x(hx0.4) 4+ (¢x0.2)x (hx0.6) (1

where Vs is the surface velocity in meters per second, ¢ the shear rate in per second, and h the channel
height in meters.

We calculate the cooling time in seconds (taow) to its Teuorf from the difference between the eruptive
temperature and the shear rate dependent T yoff:

AK
tow = AT x60 (2)
t
where AK is the absolute difference between Tjiquiqus and Tcurofr and AT/t the cooling rate in degrees Celsius
per minute.

At constant velocity, this time tqoy, in seconds equates to the distance (L;unout) in meters that the lava can flow
before reaching T.utofr, that is, solidifying.

Liunout = Visurf Xtfiow (3)

Figure 4 shows the differences between the calculated runout distances of the shear dependent T¢osf model
and other stopping criteria. No previous stopping criterion accounts for shear rate-dependent crystallization,
and, therefore, the predicted distances are linearly correlated to flow velocity. This linearity is lost when
accounting for the shear rate dependence of T, Where higher shear rates result in higher T o and
therefore shorter flow distances (see Figure 4). The model shows that the shear rate dependence of Tcytoff
is small at a cooling rate of 1°C/min and higher at 0.5°C/min. Small variations in T With shear rate result
in quasi linear mismatches between the shear rate dependent runout distance and those calculated for
previous stopping criteria. In fact, at 1°C/min, a 60% volume fraction of crystals gives satisfactory results.

At a cooling rate of 0.5°C/min, the effect of shear rate on runout distance becomes very pronounced. For
stopping criteria up to ~40 vol% crystallinity, the runout distance is consistently underestimated. For 45
and 50 vol% crystallinity the runout distance is underestimated for low shear rates but overestimated at high
shear rates. Stopping criteria above 60 vol% crystallinity consistently overestimate the runout distance.
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Since all lavas cool in natural emplacement environments, lava flows will likely have lower than equilibrium
crystal contents; see also Crisp and Baloga (1994). This is because the time needed to develop equilibrium
crystal contents is not available as the melts are constantly driven to higher undercooling. Consequently,
the temperature at which a given crystal volume fraction is present at disequilibrium is lower than modeled
at equilibrium. The runout distances, therefore, represent minimum values. The actual distance is likely larger.
This results in even larger discrepancies between the results of the new cooling and shear rate-dependent
stopping criterion introduced here and current approaches. Incorporating Tt Measurements in lava flow
models will allow for the concept of yield strength to be replaced by a melt-specific rheological Tt that is
both shear and cooling rate dependent. The concepts of yield strength or other arbitrary or empirically
chosen parameters such as fixed crystal contents, temperature, or degrees of undercooling have been
introduced in numerical simulations of lava flows (especially in cellular automata type models, eg.,
Miyamoto & Sasaki, 1997) in order to ascribe a halting criterion to a modeled lava parcel. It has also been
introduced as a rheologic criterion in planetary sciences for the derivation of rheological parameters from
flow morphology, derived from experiments using analogue materials that possess yield strength (e.g.,
Fink & Griffiths, 1990; Hulme, 1974). In these analogue experiments these materials were chosen in order
to mimic the development of a crust during cooling and not to represent actual flow rheology. T off data
would therefore represent a more realistic description of the lavas rheological evolution and therewith better
ability to forecast their emplacement.

The presented showcase model illustrates the effect of shear rate on the prediction of lava flow behavior, since
the presented data, measured on degassed melts, at ambient pressure, equilibrated in air, are most applicable
for such a scenario. However, shear rate will also play an important role in any magmatic system that is
experiencing deformation at subliquidus conditions. Examples include convecting magma chambers, magma
transport, and eruption feeder systems, fissure eruptions. It may also play a role in the efficiency of generating
solidified and insulating flow carapaces and or lava tube systems. A quantitative assessment of the magnitude
of the shear rate effect in such environments will require an extended experimental database mapping its
importance as a function of composition and environmental parameters such as cooling rate and oxygen fuga-
city, since both have been shown to influence disequilibrium rheology (Kolzenburg et al.,, 2016, 2017, 2018).

5. Conclusions
In conclusion, we find the following:

1. Increased shear rates promote crystallization of magmas and lavas, which, in turn, affects their flow
behavior. Therefore, magmas and lavas reach their T o5 OF rheologic death at higher temperatures when
flowing faster, whereas crystallization is suppressed to lower temperatures when the shear rate is low.

2. Measurements and models of magma rheology at thermodynamic equilibrium conditions or
crystallization experiments without deformation are insufficient to describe natural transport processes.
This highlights the need for the development of an empirical database mapping disequilibrium rheology
in compositional, thermal, and shear rate space.

Modeling of magmatic flow behavior requires melt-composition-specific flow and crystallization models
describing T yoff in order to provide more accurate results for lava flow hazard forecasting.
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