Non-Newtonian rheological law for highly crystalline dome lavas
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ABSTRACT

Volcanic eruption models are hampered by the lack of multiphase magmatic flow laws.
Most rheological models estimate the viscosity of multiphase lavas via the Einstein-Roscoe
equation, but this simplification cannot be used for high crystallinity and it does not consider
the non-Newtonian strain-rate dependence of viscosity. We carried out parallel plate experi-
ments on natural samples to simulate multiphase lava deformation under various stresses and
strain rates. Multiphase lavas exhibit an important component of shear thinning, and appear
to invalidate the adequacy of Einstein-Roscoe-based formulations for highly crystalline lava
rheology. The remarkable singular dependence of viscosity (1) on strain rate (y) yields a novel
universal rheology law at eruptive temperatures (7), i.e., log 1| = -0.993 + 8974/T - 0.543-log Y.
Our work reveals the importance of considering microcracking and viscous dissipation at
very high strain rate (>10-s™), explaining the occurrence of seismic swarms along the conduit

margins, and consequently supporting plug-like magma ascent models.

Keywords: suspension rheology, lava viscosity, non-Newtonian regime, strain-rate dependence,
uniaxial deformation, parallel plate.

INTRODUCTION

Understanding the nature and efficiency of
physico-chemical processes involved in effu-
sive and explosive volcanism is fundamental
to risk assessment and hazard mitigation. Such
processes are unfortunately not easily observ-
able in actual eruptions. In the past, risk assess-
ment has chiefly relied on monitoring combined
with numerical simulations. However, advances
in experimentation on natural materials at rel-
evant temperatures and pressures have contrib-
uted to quantification and modeling of magmatic
behavior in conduits and domes during eruption
(Alidibirov and Dingwell, 1996; Kennedy et al.,
2005; Spieler et al., 2004; Tuffen et al., 2003).
In addition, the description of single-phase melt
rheological properties has vastly improved in
the past decade (Giordano et al., 2006; Hui and
Zhang, 2007). This combination of develop-
ments has advanced the physico-chemical basis
of volcanic simulations in terms of mechanistic
considerations and effective parameterizations
(Gonnermann and Manga, 2003; Melnik and
Sparks, 1999; Papale, 1999). Lavas, however,
inevitably contain some crystals and bubbles,
and the description of their influences on the
rheology remains far from complete (McBirney
and Murase, 1984; Petford, 2003). Observa-
tions from dome-building eruptions, in particu-
lar, reveal variable but very high levels of both
vesicularity and crystallinity in erupting lavas.

A suspension rheology is generally under-
stood as a fluid in which the addition of parti-
cles increases the viscosity nonlinearly accord-
ing to the Einstein-Roscoe equation (Einstein,

1911; Roscoe, 1952). Problems with this
expression nonetheless exist when extrapolat-
ing to particle concentrations >~50% as the
mixture becomes non-Newtonian and therefore
strain-rate dependent (Stevenson et al., 1996;
Vigneresse and Tikoff, 1999). Suspension
rheology studies of basaltic (Pinkerton and
Norton, 1995; Ryerson et al., 1988), andesitic
(Lejeune and Richet, 1995), and rhyolitic melts
(Alidibirov et al., 1997; Murase et al., 1985;
Stevenson et al., 1996) and synthetic melts
(Bruckner and Deubener, 1997) at low to mod-
erate stresses support this nonlinear increase of
viscosity. The findings seem to be consistent
with an onset of non-Newtonian flow behavior
at crystallinity >~30%, and yield stresses of
a few kilopascals (see discussion in Barnes,
1999). Rheological models of multiphase lavas
are still badly hampered by a paucity of data
and, as a consequence, the lack of an expres-
sion that describes the strain-rate dependence
(Petford, 2003).

We investigated the rheology of natural melts
subject to a wide range of stresses and strain
rates. This study reveals important effects of
strain rate on the apparent viscosity of lava and
includes the generation of a general expression
for the non-Newtonian regime of lavas with
high crystal content.

MEASUREMENT METHOD AND
VISCOSITY DETERMINATION

We used a high-load, high-temperature uni-
axial press to investigate the stress-strain-rate
behavior of multiphase lava (see Hess et al.,

2007). Cylindrical samples with a length to
width aspect ratio of two (80 x 40 mm and
40 x 20 mm), and with a length at least 10
times that of the largest crystal, were prepared.
This geometry minimized both edges and
crystal-size scaling effects. The samples were
inserted in the press and placed between two
axial pistons surrounded by a three-zone fur-
nace. The system was heated and equilibrated
at high temperatures (940-1010 = 1.5 °C),
then various loads (1-60 MPa) were applied to
the sample until a maximum of 33% strain was
obtained. Length changes of the sample were
recorded at a rate of 10 times/s and the appar-
ent viscosity of the melt (n, in Pa-s) was then
calculated via an equation developed by Gent
(1960) for parallel plate measurements. Our
calibration work demonstrated that we resolve
the viscosity in Pa-s with an accuracy of +0.06
log unit (Hess et al., 2007).

Four active volcanoes were selected for
this study: Unzen (Japan), Colima (Mexico),
Bezymianny (Russia), and Anak Krakatau
(Indonesia) (Table 1). The textures in the rocks
were examined through microscopy, and the
open porosity of every sample was measured
before and after each experiment (Table 2). The
samples for all volcanoes were highly degassed
(£0.1% = 0.05%), and no volatiles were lost dur-
ing the extensive heat treatment, as confirmed by
weight loss tests before and after treatment. The
rocks chosen for this study cover wide ranges of
geochemistry, crystallinity, and vesicularity, and
thus represent a significant portion of the range
of lavas at active volcanic systems. We used
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TABLE 1. NORMALIZED GEOCHEMICAL COMPOSITION OF 12 MEASUREMENTS ON GLASS PHASE OF EACH SAMPLE

Oxides Unzen Std. dev. Colima Std. dev. Bezymianny Std. dev. Krakatau Std. dev.
Sio, 77.77 0.32 73.18 1.18 75.26 0.63 64.60 0.81
AL,O, 11.89 0.12 13.06 0.99 12.27 0.64 17.20 0.39
Na,O 3.1 0.11 4.65 0.32 4.45 0.32 5.63 0.31
K,O 4.65 0.12 3.73 0.39 3.72 0.51 1.74 0.18
MgO 0.08 0.01 0.37 0.20 0.19 0.05 0.65 0.53
CaO 0.68 0.19 1.40 0.59 1.30 0.41 5.14 0.69
TiO, 0.39 0.05 0.74 0.07 0.50 0.07 0.70 0.15
FeO 0.84 0.13 2.58 0.31 217 0.26 3.92 0.70
MnO 0.60 0.02 0.07 0.07 0.06 0.04 0.06 0.03
P,O; 0.00 0.01 0.22 0.05 0.09 0.02 0.36 0.26
Melt viscosity' 1097 10858 10° 107.25-8.8

Bulk viscosity? 1074 1028

Note: The analyses were done with an electron microprobe, using a 15kV, 20 nA scanning box mode (102 um?). Standards: Na, albite; K, orthoclase; v12, rhyolite.
Std. Dev.—standard deviation. (1) Viscosity (Pa-s) of the melt phase estimated at 940 °C after the work of Giordano et al. (2006) and Hess and Dingwell (1996).
(2) Viscosity (Pa s) of the bulk estimated via the Einstein-Roscoe equation for the melts with crystal content within the limit of the Einstein-Roscoe equation (see
sample description). Here we considered the ideal packing of 0.6 and the adjustable parameter value of 2.5 suggested by Lejeune and Richet (1995).

them to test the hypothesis that a simple non-

TABLE 2. PETROLOGICAL AND TEXTURAL CHARACTERISTICS OF ROCK SAMPLES

Newtonian rheological law is capable of dealing Initial End
: . . Glass Crystal Microlite porosity porosity
with this range of materials. Volcanoes %) %) %) %) %)
Unzen 50 30 20 6 6
RESULTS Colima 45 40 15 9 8.5
More than 40 experiments were performed — Anak Krakatau 30 55 15 23 21
to describe the influence of stress, and resul-  Bezymianny 20 70 10 8 8

tant strain rate, on the apparent viscosity of
the multiphase lavas. At low applied stresses
(<15 MPa) the initial deformation was charac-
terized by a rapid nonlinear increase in viscos-
ity until a steady value was reached (Fig. 1). We
associate this initial portion of apparent viscos-

Note: The proportions of crystals, microlites, and glass (on a pore-free count) are averaged for 10 visual
analyses coupled to digital estimates obtained via the JMicroVision 1.22 software. We resolved their proportion
within 10%. The porosity of the sample were calculated by the Archimedian method and measured by a
pycnometer. These porosities reflect an average of all samples, which did not vary by more than 1%.

TABLE 3. LINEAR REGRESSIONS FOR VISCOSITY-STRAIN RATE DATA SETS

ity increase to the elastic responses of the press  Volcanoes T(°C) a b Std. dev.
and sample upon application of stress. At inter-  Colima 940 0518 8.297 0.063
mediate stresses (~15-30 MPa) deformation  Bezymianny 940 -0.543 8.584 0.038

dat tant strai " d the vi Anak Krakatau 940 —-0.545 8.597 0.036
occurred a da constant strain Ejl e and the viscos- j;¢n 040 _0.565 8735 0,057
ity remaine constant over the entire measure- o e 940 0543 8.553
ment (Fig. 1). An instantaneous viscosity -

. Colima 980 -0.519 7.905 0.000

decrease was observed for each applied stress  (jzen 980 _0.493 8.653 0.042
increment. At higher stresses (>30 MPa) the vis-  Unzen 1010 -0.528 8.126 0.000

cosity temporally decreased upon deformation;
a delayed decrease of ~0.15 log unit occurred

Note: T— temperature. Std. Dev.—standard deviation. The average of the linear regressions at 940 °C is
displayed as the green line in Figure 4. The non-Arrhenian variations in temperature of the linear regressions (b

under a constant stress applied. In this rheo-
logical regime, the degree of delayed viscosity
decrease was accentuated with increasing stress,
and temperature increases attributed to viscous
heating began to be recorded by the thermocou-
ple array (Fig. 1). During these highest-stress
experiments, the viscosity sometimes abruptly
plunged, and accompanying microcracking of
the samples occurred. Cracking of supercooled
melt results from high deformation rates that
drive the system toward the brittle-ductile tran-
sition (Dingwell, 1996; Tuffen et al., 2003)
Post-experiment textural analyses provide
important complementary insights into suspen-
sion rheology. Upon deformation, the samples
bulged laterally and extensional microcracks
developed in the periphery (Fig. 2A). In the
glass phase these cracks generally extend from
one crystal to the next, whereas in the crystal
phase the cracks seem to focus primarily in the
largest crystals. We also note a higher popula-
tion of cracks inside the crystals for the experi-
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values) were used as proxy to derive equation 3 and the blue and green lines of Figure 4.

ments at higher strain rates. Even though cracks
formed, some pores inside the melt closed and
healed upon deformation; the end porosity val-
ues thus remained very similar to the initial
porosity values, except for Krakatau samples in
which the higher porosity lessened the occur-
rence of microcracking while allowing for more
open pores to close (Table 2).

Microscopic analysis also revealed a range
of textures indicative of both viscous and elas-
tic deformations. The alignments of crystals
and melt into flow bands perpendicular to the
applied stress evidenced the viscous response of
the bulk in all samples and its dominant control
on the obtained viscosity (Fig. 2B). Otherwise,
samples deformed at high strain rates were
further characterized by multiple microcracks
through phenocrysts (Fig. 2B). In general these
cracks were subparallel to the direction of
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stress, and restricted to the phenocrysts, which
had undergone rotation into perpendicular flow
bands. At very high strain rates, microcracks
were more closely concentrated, and developed
into longer fractures. The presence of large crys-
tals sometimes deviated fracture propagation,
which showed their influence in changing the
stress distribution. The microtextural analysis
showed the importance of crystal organization
in the bulk of deformation and resultant non-
Newtonian flow regime.

SINGULAR NON-NEWTONIAN
DESCRIPTION OF STRAIN RATE

The nonlinearity between the applied
stresses and resulting strain rates reveals that
lava suspensions are pseudo-plastic fluids with
a strong shear thinning component and with-
out any observable yield strength (Fig. 3). The

GEOLOGY, September 2007



a
%]

14 Mpa 24 Mpa 44 Mpa

=]
=

:

/

Log apparent viscosity [Pa-s]
- i

@
(X

Strain

Figure 1. Typical viscosity profile for experi-
ment at 940 °C in which incremental stresses
were applied. At 14 MPa, viscosity nonlin-
early increased with deformation due to elas-
tic responses of the sample and the piston.
At 24 MPa, viscosity was constant through-
out, but note the instantaneous decrease
with respect to viscosity at lower stress.
A similar instantaneous drop occurred at
44 MPa, but here cracking and viscous heat-
ing lowered the apparent viscosity through-
out the measurement.

strain rate (y) can therefore be associated to the
applied stress (o) through a power law equation
(Ostwald, 1925):

o =ky", ey

where k and n are the Ostwald and non-
Newtonian constants, respectively (Fig. 3).
The non-Newtonian parameter remains nearly
constant for all samples, permitting the fol-
lowing simplification:

G = ky*l (2)

The accordance of the suspensions to a singu-
lar non-Newtonian constant is further reflected
in the obtained viscosity data.

The results of all performed experiments
reveal a linear relationship between the loga-
rithms of viscosity and strain rate (Table 3;
Fig. 4). It is interesting that, regardless of the
volcano, and therefore the geochemistry, the
crystal content, or the presence of 0%—25% bub-
bles, all calculated viscosities equally decrease
by 1.5 orders of magnitude by accelerating the
strain rate from 107 to ~107 s, the point at
which the strain rate began to speed up and the
viscosity dropped under a given applied pres-
sure. In contrast, single-phase melts at a simi-
lar viscosity are Newtonian up to ~103 s7; i.e.,
their viscosity does not exhibit a dependence
on the strain rate up to this limit where viscous
heating lowers the viscosity (Hess et al., 2007).
The viscosity/strain rate linear relationship and
the deviation from this main trend can thus be
decoupled, easing our task to pinpoint differ-
ent mechanical influences. We suggest that the
presence of crystals causes the common linear
trend described, whereas the deviation from this
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Figure 2. Post-experiment textures. A: Bulg-
ing and minor lateral extensional cracking
in a Colima sample deformed at 30 MPa. B:
Crystal reorientation and alignment typical
of ductile response of the suspension, and
crystal breakage due to brittle response of
the suspension at high strain rates (verti-
cally applied stress).

trend is an effect of microcracking and viscous
heating, which serves to increase the tempera-
ture of the interstitial melt and therefore further
decrease the viscosity.

GENERAL NON-NEWTONIAN
RHEOLOGICAL LAW

The ubiquitous decrease in viscosity with
increasing strain rate allows us to refine our
physico-chemical picture of eruptive flows. The
range of apparent viscosities exhibited by the
suspensions is narrower than that of the inter-
stitial melt viscosities obtained in previous work
for pure melt phases within our temperature
range (Table 1; Fig. 4; Giordano et al., 2006;
Hess and Dingwell, 1996). This suggests that
for high-crystal-content lavas (50%—-80%), the
rheological regime is primarily dictated by the
crystal phase while the importance of the inter-
stitial melt viscosity is lessened. That observa-
tion implies, in turn, that with >50% particles,
suspension rheology equations such as the
Einstein-Roscoe equation are irrelevant for the
description of these lavas.

The effect of strain rate is universal in this
investigation, regardless of crystallinity or
chemistry (see a and b parameters in Table 3).
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Figure 3. Stress-strain-rate profile of experi-
ments at 940 °C. Suspension lavas behave
as pseudo-plastic fluids with strong com-
ponent of shear thinning of 0.510. COL—
Colima; BEZ—Bezymianny; KRA—Anak
Krakatau; UNZ—Unzen.
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Figure 4. Viscosity—strain-rate profiles for
all experiments. Green line was modeled by
averaging best fit curves for each volcano
at 940 °C (Table 3). Blue and red dash lines
display curves obtained through our general
non-Newtonian rheological law (equation 3)
at 980 and 1010 °C, respectively. Viscosity
estimates of Unzen (UNZ, open diamond) and
Colima (COL, open circle) lavas plotted on y
axis were determined with Einstein-Roscoe
equation (see Table 1). BEZ—Bezymianny;
KRA—Anak Krakatau.

The strain-rate dependence of viscosity was
obtained by averaging the slopes (a) and inter-
sections (b) of the linear regressions at 940 °C.
We then followed the Hess and Dingwell (1996)
method and used the various b values of Unzen
and Colima to parameterize the temperature
dependence according to the well-known non-
Arrhenian behavior of silicate melts. Thus, a
general expression capable of describing the
non-Newtonian rheology of these lavas between
~850 and 1010 °C is provided by:

log n, =—-0.993 + 8974/T — 0.543-logy, (3)
where M, is the apparent viscosity (Pa-s), T is
temperature (°C), and v is the strain rate (s™).

This is not a theoretical equation, but rather was
entirely derived empirically and is only applicable
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when the vesicle content is below 25% and at
moderate strain rates between 10~ and 10 s™".
Yet this master equation described the entirety
of our suspension viscosities within 0.2 log
unit. We anticipate it will be highly effective in
delivering insights into the modeling of magma
ascent and volcanic eruption.

The shear thinning exhibited by suspension
lavas favors plug flow inside conduits (Ramos,
1999). At an active volcano such magma
ascent dynamics are identified by the detection
of periodic seismic swarms at a limited depth
range along the conduit margin (Iverson et al.,
2006; Neuberg et al., 2006; Tuffen et al., 2003),
and surficially expressed by dome growth or
the extrusion of a spine. Plug disruption is
known to produce catastrophic explosive erup-
tion (Gonnermann and Manga, 2003; Papale,
1999), but numerical models need better rheo-
logical constraints. However, the master equa-
tion and data presented herein strongly support
recent modeling of stick-slip motion during
the 2004-2005 dome growth phase at Mount
St. Helens (Iverson et al., 2006), and therefore
will help merge the fields of volcanology, seis-
mology, and numerical modeling in upcoming
times of volcanic crisis.

In summary, the observed microtextures and
viscosity data obtained present a new view
on the rheology of lava containing 50%—80%
crystals. Within this limit, the suspension obeys
a simple linear regression that predicts its rhe-
ology up to strain rates of 10~ s!. Above this
strain rate, rheological models need to consider
microcracking and heating generated by vis-
cous dissipation. The simple non-Newtonian
equation of strain-rate dependent rheology
proposed here should enable its easy incorpo-
ration in current volcanic eruption models. We
believe that the result will enhance understand-
ings of volcanic flows.
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