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Viscosity changes during crystallization of a shoshonitic magma:

new insights on lava flow emplacement
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Viscosity changes during the crystallization of a shoshonitic lava from the Vulcanello peninsula (Aeolian Is-
lands, southern Tyrrhenian Sea, Italy) were measured by use of a electromagnetic rotational viscometer under
Ni—NiO buffered conditions at temperatures ranging from 1539 K to 1381 K. Results showed an increase in ef-
fective viscosity from 131 Pa s to 15320 Pa s as the crystal content increased from 0 vol% to ~ 14 vol%. The
crystallization processes in the nominally dry shoshonite began at 1420 K with the formation of clinopyroxene,
which was followed by the formation of plagioclase and olivine at 1401 K. Experimental observations differed
from predictions derived from the use of the Einstein-Roscoe equation with the Marsh (E-R-M) parameter at
crystal contents higher than 8 vol%. The relative viscosity of samples was larger than that calculated by E-R-M
by a factor of up to 9.5 as the temperature decreased to 1381 K. The large departure of the experimental results
from the E-R-M equation predictions was likely caused by the interaction of elongated pyroxene crystals. The
measured viscosity data were used to estimate the potential for emplacement of shoshonitic lavas.
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INTRODUCTION

A detailed understanding of volcanic processes requires
accurate experimental data regarding the chemical and
physical properties of magmas. Among these properties,
the rheological characteristics of magmas, including the
viscosity of the liquid phase and the fraction and mor-
phologies of crystals, are critically important to analyze.
Viscosity is one of the most highly studied properties of
silicate melts. Numerous viscosity models have been pro-
posed and used not only to describe volcanic and other
petrological processes, but also for industrial purposes
such as in the production of glass.

Much effort has been put forth to quantify the effects
of crystal content, crystal size, and crystal shapes on the
viscosity of magma (Shaw, 1969; Murase and McBirney,
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1973; Murase et al., 1985; Ryerson et al., 1988; Pinkerton
and Stevenson, 1992; Lejeune and Richet, 1995; Pinker-
ton and Norton, 1995; Sato, 2005; Arbaret et al., 2007,
Caricchi et al., 2007; Ishibashi and Sato, 2007; Costa et
al., 2009). As described by Ishibashi (2009), one of the
most frequently used equations to evaluate the relative
viscosity (7,) of a suspension is the Krieger-Dougherty
(KD) equation (Krieger and Dougherty, 1959):

n.=(-®/d,)""" (1),

where @ is the volume fraction of suspended particles;
@,,, is the maximum packing density; and v, the intrinsic
viscosity (or a measure of the crystal contribution to the
viscosity of the suspension of the magmatic system). In
this equation, #, = 1.4/1,, where 7,4 1s the effective viscos-
ity of the suspension with a volume fraction ¢ of crystals
and 7, 1s the viscosity of the melt.

The effective viscosity of crystal + melt systems is
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often estimated with the Einstein-Roscoe (ER) equation
(Einstein, 1906; Roscoe, 1952), assuming that v @,,=2.5:

Her = 1 (1 = D/D,,) > 2).

This equation is only valid if the shape of the parti-
cles can be approximated to be that of a sphere. Accord-
ing to Marsh (1981), a value of 0.6 for @,, is suitable to
estimate the effects of crystals on the relative viscosity in
magmatic systems, and this value corresponds to the crys-
tal fraction at which a transition of the system to a rigid
solid state will occur. However, it has been demonstrated
that a value of @,,= 0.6 is not always adequate for natural
magmatic systems (Costa, 2005).

Recent studies on the viscosity of magmatic suspen-
sions can be classified into three different categories ac-
cording to the nature of the crystalline phases used in the
experiments. One class of experiments uses crushed crys-
tals such as quartz, alumina, and zircon as crystalline
phases (Arbaret et al., 2007; Caricchi et al., 2007; Cham-
pallier et al., 2008, Vetere et al., 2010). These phases
(crystals or analogous material) are often used because
they have a low solubility in aluminosilicate melts.
Hence, they are not expected to affect significantly the
chemical composition of the melt. However, with this
procedure the melt composition is expected to change as a
function of temperature and this can cause problems for
data interpretation (i.e., the composition of the silicate
melt is not constant). When using this procedure, the
crushed crystals may have angular edges that can lead to
an increase in crystal-crystal interactions as compared to
cuhedral crystals that are polygonal in shape.

A second class of experiments used to study the vis-
cosity of magmatic suspensions uses natural crystalline
material. The magmatic suspension is directly heated to a
desired temperature before its rheological behavior is ex-
amined (Caricchi et al., 2008; Cordonnier et al., 2009).

A third class of experiments uses natural rocks melt-
ed at extremely high temperatures (~ 1600 °C). Crystals
are produced in these experiments during the crystalliza-
tion process of the melt at subliquidus conditions. The
rheological behavior of the crystal and melt suspension
can be examined at a variety of different temperatures
(Pinkerton and Norton, 1995; Sato, 2005; Ishibashi and
Sato, 2007; Ishibashi, 2009; Vona et al., 2011). This third
approach is advantageous because researchers can exam-
ine the sequential variation of both the crystal texture and
rheological properties during the cooling of a sample. In
the present study, we used this third type of approach to
characterize the rheological properties of a shoshonitic
lava from the Vulcanello peninsula (Aeolian Islands,
southern Tyrrhenian Sea, Italy). The shoshonite had thin,

prismatic clinopyroxene crystals at the liquidus phase,
which is different from previous experiments in which ei-
ther tabular plagioclase or equigranular olivine were ob-
served at the liquidus phase (Ishibashi and Sato, 2007;
Ishibashi, 2009; Vona et al., 2011).

STARTING MATERIAL

The starting material was a natural shoshonite from the
Vulcanello peninsula on Vulcano Island (the southernmost
island of the Aeolian Archipelago, southern Tyrrhenian
Sea, Italy) (Fig. 1). The Vulcanello peninsula is a lava
platform with three nested scoria cones aligned NE-SW
along the northern ring fault of the La Fossa caldera (Ven-
tura et al., 1999; Blanco-Montenegro et al., 2007). Build-
ing of the Vulcanello peninsula started in 1000 A.D. with
the formation of the first cone and ended in 1650 A.D.
with the emplacement of the latitic lava flow on Punta del
Roveto (Arrighi et al., 2006). According to Davi et al.
(2009), the shoshonites of Vulcanello represent a slightly
evolved product of a basaltic shoshonitic magma similar
to that feeding the young (post 15 ka) Vulcano activity
(Gioncada et al., 1998). According to Zanon et al. (2003)
and Peccerillo et al. (2006), the basaltic shoshonitic mag-
ma chamber is settled within the continental lower crust
at a depth of about 20 km. From this depth, the magma
rose rapidly to the surface with a velocity of between 0.27
m s and 3.2 m s corresponding to an ascent time of be-
tween roughly 2 and 21 h (Vetere et al., 2007).

For the viscosity study, we used a lava sample repre-
sentative of the shoshonites from the platform (VLO 8 in
Davi et al., 2009). The rock had a porphyritic texture
(modal abundance of phenocrysts is ~ 20 vol%) with phe-
nocrysts up to 2 mm in size settled in a microcrystalline
groundmass. The most abundant phase of the phenocryst
was clinopyroxene (WoysEnsoFs;s-Wo,,Ens Fs;) whose
modal abundance was ~ 13 vol%. Also abundant were
feldspars (both plagioclase and alkali-feldspar, ~ 5 vol%)
and olivine (Foy;-75-Fay-s3) (Fig. 5). Phenocrysts and mi-
crophenocrysts of leucite and iron-titanium oxides were
also present. The groundmass was primarily composed of
feldspars and leucite, while mafic phases (clinopyroxene,
olivine, and Ti-magnetite) were present but less abundant.
Feldspars occurring in the groundmass had compositions
similar to those of the phenocrysts (Anss ¢3Absg 44076 50).
The bulk rock chemical composition of the sample is re-
ported in Table 1. It was characterized by 53.7 wt% SiO,
and the total alkalis were 9.66 wt%. The K,O/Na,O ratio
was ~ 1.2.
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Figure 1. (a) Southern Tyrrhenian Sea sketch map. (b) A geological map of Vulcano Island (modified from Vetere et al., 2007). (c) A geologi-
cal map of Vulcanello (modified from De Astis et al., 2006). The black circle indicates where samples were collected.

EXPERIMENTAL EQUIPMENT AND
MEASUREMENTS

The techniques used to determine viscosity and to sample
the experimental products at various stages in this experi-
ment were identical to those described by Sato (2005) and
Ishibashi and Sato (2007). We measured viscosity by use
of an electromagnetic rotational viscometer (TV-10U,

Toki Sangyo Co. Ltd., Japan). The concentric cylinder ap-
paratus used in the rotational viscometer enabled viscosity
measurements of suspensions in the low viscosity range
(e.g., Spera et al., 1988). As sample holder we used an
Fe-bearing Pt crucible (30 mm inner diameter and 60 mm
in height). The samples were crushed (particles size <2
mm) and repeatedly fused in crucibles for more than 10
hours at 1600 K. Redox conditions within the furnace
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Table 1. Electron microprobe analyses of the bulk rock, glasses, and crystals after the viscosity experiments’

T(K) No. SiO, TiO, Al,04 FeO® MnO MgO CaO Na,0O K,0 P,Os Total #Mg #Ca Comment
5366 0.63 1727 7.80 0.15 339 674 443 523 042 100.01 0437 0.457 VLO 8*
1539 14 5403 066 1572 822 0.14 390 7.18 342 510 042 98.83 0.458 0.537 Melt
028 0.03 041 019 002 024 031 0.11 0.18 0.02 0.45 Std
1509 11 54.06 0.65 16.04 8.11 0.14 383 7.14 344 515 042 98.98 0.457 0.534 Melt
0.12 002 028 0.14 003 0.11 0.16 0.18 0.14 0.02 0.33 Std
1479 15 5391 0.64 1598 822 0.14 39 7.22 34 512 041 98.94 0.458 0.54 Melt
039 003 043 030 002 0.14 027 0.14 0.19 0.02 0.37 Std
1459 15 53.62 0.65 1554 846 0.15 406 730 341 503 041 98.64 0.461 0.541 Melt
035 003 0.6 011 0.02 009 0.14 0.12 0.08 0.03 0.39 Std
1439 11 5397 064 1573 846 0.15 408 739 339 498 04 99.18 0.463 0.546 Melt
020 001 0.14 0.16 003 008 0.16 0.12 0.07 0.02 0.26 Std
1420 12 5417 065 1579 851 0.15 393 722 349 512 041 99.43 0.451 0.534 Melt
041 002 03 0.17 0.03 022 027 0.11 0.09 0.02 0.48 Std
61 513 06 392 766 017 1537 21.12 03 0.06 - 100.51  0.781 0.975 Cpx
066 0.10 0.55 022 003 051 033 0.06 0.02 - 0.49 Std
1410 22 5397 065 16.14 854 0.15 357 6.66 3.5 523 043 98.9 0.427 0.509 Melt
027 0.02 0.12 0.12 0.02 007 0.10 0.16 0.07 0.02 0.28 Std
80 50.76 0.65 4.16 794 0.17 1507 2122 029 0.04 - 100.31  0.772 0.976 Cpx
0.89 0.15 077 038 0.03 069 038 0.05 002 - 0.51 Std
1401 19 5397 0.64 1647 8.65 0.14 3.10 6.18 3.66 544 0.44 98.69 0.39 0.483 Melt
025 003 020 0.13 002 0.11 0.16 0.14 0.09 0.02 0.38 Std
8 3924 0.02 0.05 2311 046 4071 039 001 0.02 - 104 0.758 0.943 Ol
037 002 0.01 041 002 035 0.02 0.02 0.01 - 0.4 Std
90 50.77 0.62 4.11 809 0.18 1496 2138 03 0.03 - 100.45  0.767 0.976 Cpx
079 0.11 0.64 040 002 064 031 0.05 0.01 - 0.48 Std
1 5316 0.05 2775 1.17 0.00 020 11.88 324 1.02 - 98.47 0.237 0.67 Plg
1391 28 5397 066 1667 865 0.15 284 581 3.74 559 047 98.56 0.369 0.462 Melt
029 003 0.16 0.13 0.02 009 0.14 0.11 0.1 0.02 0.45 Std
15 3891 0.01 004 2442 048 3962 041 0.02 0.01 - 103.93  0.743 0.919 Ol
022 001 0.01 054 002 046 0.03 0.02 0.01 - 0.5 Std
91 5071 0.59 403 809 0.18 1508 2149 03 0.04 - 100.5 0.769 0.976 Cpx
0.84 0.12 072 044 0.03 061 026 0.05 002 - 0.54 Std
5 5376 0.05 2749 1.04 002 0.13 11.31 349 1.13 - 98.42 0.186 0.642 Plg
043 002 020 011 0.01 0.04 0.18 0.10 0.05 - 0.52
1381 15 5443 069 1665 886 0.16 256 548 3.87 579 0.50 98.99 0.34 0.439 Melt
023 0.02 0.11 0.13 0.02 0.12 0.1 0.07 0.12 0.02 0.32 Std
27 38.77 0.01 0.04 27.06 054 38.04 039 002 0.02 - 104.88  0.715 0.918 (o)}
027 0.01 0.01 058 0.02 058 0.03 0.02 0.01 - 0.44 Std
64 5092 0.61 4.11 812 0.17 1507 2148 031 0.03 - 100.83  0.768 0.974 Cpx
0.86 0.1 0.61 042 0.02 0.6 0.3 0.04 0.01 - 0.46 Std
3 03 456 644 8472 026 4.5 0.2 0.02 0.08 - 101.08 0.087 0.844 Mt
0.06 004 0.09 009 0.01 0.02 007 0.02 0.02 - 0.05 Std
21 54.05 0.04 2747 108 001 0.10 1107 3.67 117 - 98.65 0.143 0.625 Plg
036 002 021 0.08 0.01 001 028 0.16 0.07 - 0.32 Std

" Abundances expressed as wt%.

¥ Total iron is given as FeO. " From (Davi et al., 2009). Std refers to the standard deviation. Cpx, Plg, Ol and Mt to clinopyroxene, plagioclase,

olivine, and magnetite, respectively.

were controlled by use of a H, and CO, gas mixture. The
experimental oxygen fugacity corresponded to that of the
Ni-NiO buffer at various experimental temperatures
(Huebner, 1982). A starting depth of ~ 50 mm was select-
ed for the placement of alumina rod to expel any vesicles
present. At each experimental temperature, the tip of an
alumina rod (6 mm in outer diameter) was placed just
above the crucible for several minutes to allow for ther-

mal equilibration subsequent to its immersion in the sam-
ple. Ultimately, we set the end of the ceramic rods to just
2 mm above the bottom of the crucible. The presence of
crystals during viscosity measurements can lead to a mo-
notonous decrease of the apparent viscosity over time
(i.e., thixotropic behavior). To avoid this inconvenience,
we initially increased and then decreased the rotational
rate of the apparatus in a step-wise manner. After the
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maximum rotational rate was attained, the viscosity and
torque data were mostly constant and these data were
used in this study.

The principles of concentric cylinder rotational vis-
cometry are described in detail by Ishibashi (2009) and
only the essential points are reported here.

One of the simplest models suitable for describing
the rheology of magma is the power law fluid model:

7 =me" (3),

where 7 is the shear stress; ¢ is the shear strain rate; and m
and n are constants. Note that the parameter m corre-
sponds to viscosity at ¢ = 1 s”'. If a sample behaves as
power law fluid, the relationship between the rotational
angular velocity, Q, and shear stress on the surface of the
inner cylinder, 7, is described as follows (Ishibashi,
2009):

Int; = nlnQ + Inm — nin[n(1 - k"7)/2] ),

where k is (R?/R.), and R; and R, are radii of the inner
and outer cylinders, respectively. Using equation (4), we
can simultaneously obtain values of both m and n from
the 7; —Q dataset. When n = 1, equation (4) is reduced to
the following:

= 2mQ(1 - k)" (5).

This equation is identical to the basic equation of
concentric cylinder viscometry for Newtonian fluids (e.g.,
Shaw, 1969; Landau and Lifschitz, 1970), indicating that
equation (4) can also be applied to a Newtonian fluid. It is
possible to check whether a sample (or fluid) can be ap-
proximated as power law fluid (including Newtonian flu-
id) or not by examining the relationship between /n(z,/C2)
and /nQ. When a fluid behaves as a power law fluid or a
Newtonian fluid, /n(z/€2) correlates linearly with /n€Q, and
In(z/Q) is constant with changing /n<Q.

A standard oil JS160000 was used to calibrate the
system and to correct for the end-effect of the rod. This
oil had a viscosity of ~ 148 Pa s at 293.15 K and showed
Newtonian behavior (details are given in Ishibashi, 2009).

Figure 2 shows the temperature and time schedule of
the experiments. Experiments were performed with tem-
peratures ranging from 1539 K to 1381 K. The starting
material was kept at 1539 K for more than 48 hours to en-
sure a homogeneous molten rock. The glass composition
of the experiments is reported in Table 1. At 1539 K, 1479
K, 1439 K, and 1401 K, a type B thermocouple was in-
serted into the ceramic rod to calibrate the temperatures
of the crucible in the furnace. The temperatures within the
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Figure 2. Sampling times and temperatures used in this study. The
arrows indicate when viscosity measurements were taken and
when samples were collected.

crucibles were mostly uniform (within 1 K) horizontally,
and varied less than 10 K vertically. After viscosity mea-
surements were taken and temperature calibrations were
performed, alumina rods were pulled out of the samples,
quenched in air, and polished thin sections of the rods
were prepared for microprobe analyses. Microprobe anal-
yses were used to determine the composition of the melt
(glass) and crystal content and to view textural details. It
is also important to note here that the samples were mold-
ed from their tips to their upper ends so that we could ex-
amine vertical variations in the textures of the shoshonite.
The attached samples were usually less than 1 mm thick
around the rods, and we prepared both normal cross sec-
tions and sections tangential to the elongated rods. Subse-
quently, temperatures were lowered and the sampling pro-
cedures were repeated. For each experimental tem-
perature, a new alumina rod was used to avoid any possi-
ble contamination from previous steps. Ten viscosity
measurements were performed over an interval of time
covering more than 380 h. Figure 2 shows that each se-
quence of viscosity measurements and cooling lasted at
least 20 h. To ensure equilibrium phase relations, the time
interval before each measurement was taken at lower tem-
peratures was increased to about 2-3 days. However, as
reported by Ishibashi and Sato (2007), 20 h should be
enough time to ensure equilibrium phase relationships in
basaltic systems when this type of viscosity measurement
technique is used.

The height (or depth) of the liquid in the crucible de-
creased from an initial value of 47.1 mm to 25.3 mm by
the end of the measurements as a result of losses from re-
peated sampling. The depth of the liquid was obtained by
measurements of the solid surface of the sample in the
crucible before and after the experiment, taking into con-
sideration the effect of the insertion of the rod and the ex-
pansion of volume due to high temperatures and melting.
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The interpolated depth of the liquid during measurements RESULTS AND DISCUSSION

at each temperature was consistent with the observed
height of the liquid surface at the time of first contact of Phase chemistry
the end of the rod with the silicate melt during the inser-

tion. An electron microprobe (JEOL JXA8900) with a wave-
length dispersive spectrometer (WDS) was used to ana-
lyze the composition of samples after viscosity measure-
ments were taken. These analyses were conducted at the
Venture Business Laboratory, Kobe University, Japan.

Figure 3. Back-scattered -electron

(BSE) images of crystal-bearing
shoshonite glasses containing clino-
pyroxene (Cpx), plagioclase (Plg),
and olivine (Ol) crystals. Images
(a), (b), (c), (d), and (e) are cross
sections of samples cut normally to
the elongation of the alumina sam-
pling rods that were collected at
1381 K, 1391 K, 1401 K, 1410 K,
and 1420 K, respectively., Images
(a-1) and (b-1) represent rod-paral-
lel sections collected at 1381 K and
1391 K, respectively.
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crystal content. Crystals are clinopyroxene (Cpx), plagioclase
(Plg), and olivine (Ol).

Analytical conditions were: 12 nA, 15 KV accelerating
voltage, and 20 s counting time with 10 s counting on
both sides of the peak for background except for Na anal-
yses of glass for which broad beam, 4 s counting and 2 s
background were performed without a peak search.

From 1539 K to 1439 K, only the melt phase was
detected (Table 1). Figure 3 shows back-scattered elec-
tron images (BSE) of the run products for samples in
which crystals occurred. Starting from 1420 K, clinopy-
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Figure 5. Phase composition of the experimental products and of
the natural sample. Graphs represent the phase composition of (a)
pyroxene, (b) feldspar, and (c) olivine. Natural phase composi-
tional fields are shown in gray for comparative purposes.

roxene crystallized followed by plagioclase and olivine at
1401 K (Table 1 and Figs. 3, 4). Clinopyroxene has an au-
gitic composition that remains nearly constant with de-
creasing temperatures, and it is similar to that of the natu-
ral rock. Plagioclase can be classified as labradorite
whereas the composition of olivine is Fo;_;5. The compo-
sition of both phases matched that found in the natural
sample. The phase compositions are reported in Table 1
and Figure 5.

The volume fraction of the crystals was evaluated by
the mass balance calculation used by Le Maitre (1979),
and it varied between 0.1 vol% at 1420 K and 13.5 vol%
at 1381 K (Table 2). The amount of clinopyroxene in the
samples increased progressively from 1 vol% to 8.4 vol%
when temperatures decreased from 1420 K to 1381 K
(Table 2 and Fig. 4). The maximum value of clinopyrox-
ene in the samples was in agreement with levels found in
other studies of natural lava samples collected from the
Vulcanello platform. In other studies, clinopyroxene phe-
nocryst contents ranged from 7.6 vol% to 13 vol% (Davi
et al., 2009).

The volume of melt decreased progressively from
100% to 86.5% with decreasing temperatures (Fig. 4).
The maximum decrease of ~ 5% was observed between

Table 2. Experimental conditions and results of viscosity experiments, crystals content by mass balance and image analyses approach

T melt Plg crystals Ol crystals Cpx crystals crystals (tot.) crystals (tot.) n

by mass by mass by mass by mass by mass by image This work

balance balance balance balance balance analysis
(K) (vol%) (vol%) (vol%) (vol%) (vol%) (vol%) (Pa‘s)
1539  100.00 0.00 0.00 0.00 0.00 0.00 130.8+3.2
1509  100.00 0.00 0.00 0.00 0.00 0.00 168.6+1.0
1479  100.00 0.00 0.00 0.00 0.00 0.00 239.9+4.7
1459  100.00 0.00 0.00 0.00 0.00 0.00 315.7+2.4
1439  100.00 0.00 0.00 0.00 0.00 0.00 563.0+1.8
1420 99.90 0.00 0.00 0.10 0.10 0.89+0.3 900.6+54.4
1410 97.20 0.00 0.00 2.80 2.80 4.08+0.9 2555.2+181.4
1401 92.90 1.50 0.00 5.60 7.10 9.02+1.8 4591.1£179.8
1391 90.70 2.00 0.00 7.30 9.30 11.28+2.3 8201.2+145.3
1381 86.50 4.70 0.40 8.40 13.50 14.37+£2.5 15320.5+531.9

Note: 7 refers to viscosity.
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concentration of major elements in the melt.

1410 K and 1401 K. The SiO, content of the residual
glass was fairly constant for all of the temperatures except
for the lowest temperature range (e.g., melt fraction =
86.5%) where a slight increase in SiO, content was ob-
served (Fig. 6). The MgO and CaO content decreased
progressively from ~ 4.0 wt% to 2.5 wt% and from 7.3
wt% to 5.5 wt%, respectively. As the crystallization pro-
cess proceeded, an increase of Al,Os;, FeO,,, Na,O, and
K,O was observed. The TiO, content remained almost
constant (Fig. 6 and Table 1).

Image analyses of the run products

Back-scattered electron (BSE) images from crystal-bear-
ing shoshonitic samples were collected after viscosity
measurements were taken to obtain information about the
volume fraction and the shape distribution of the crystals.
Image analysis was performed to extract and characterize
the crystal shapes from the gray-scale slides. To identify
the crystals to be analyzed, it was necessary to transform
the original 256 gray level images into binary ones (Delli-
no and La Volpe, 1996; Loncaric, 1998). For each crystal,
the following two shape parameters were determined (Cox
and Budhu, 2008):

Aspect ratio (AS) = major axis/minor axis (6),

Form factor (FF)
= [4n (2D surface area)]/(perimeter?) 7.

The aspect ratio and form factor yield information
about the degree to which 2D particles are elongated and
the extent of their surface irregularities (roughness), re-
spectively. A circle, which represents a perfectly rounded
particle, has an AS = FF = 1. As the irregularity of the
particle shape increases, the form factor decreases. We
used Imagel, 1.37v software (Wayne Rasband, National
Institutes of Health, USA) (available at http://rsbweb.nih.
gov/ij to perform the image analyses. Two or three images
of approximately 700 x 1000 um in size and with a reso-
lution of 1200 dpi were analyzed for each sample. The
image analyses were performed on both vertical and hori-
zontal sections. The number of crystals counted in each
image varied from 15 to 866. The volume of crystals de-
rived by the use of mass balance equations was compared
to estimates obtained by image analyses. The crystal vol-
umes obtained by ImageJ software were slightly higher
with respect to the values obtained via the use of mass
balance equations (Table 2). It should be noted that the
applied image analysis methodology only provides aver-
age values. Furthermore, we did not test for possible lat-
eral textural heterogeneities or changes in crystal align-
ment along the entire crucible radius. Therefore, we
cannot exclude the possibility that the system may have
been disturbed during the retraction of the ceramic rod,
which could have caused some crystal realignment.

Figure 7 summarizes the distribution of the shape
parameters of the crystals from the different experimental
runs. The distributions of the aspect ratio and form factor
were similar in the different experimental runs. The calcu-
lated form factor values indicate that the shape of the
crystals is similar to that observed in magmatic rocks
(e.g., lezzi and Ventura, 2002). Half of the crystals,
50.5%, had an AS <3 and the other half of the total,
49.5%, had an AS >3. These data are for 2D sections, and
the apparent aspect ratios may not correspond to aspect
ratios obtained from 3D sections.

The shape distributions of the crystals in the differ-
ent experimental runs were comparable, elongated, and
acicular (Fig. 3). These shapes are expected to influence
the viscosity of the suspension as this has already been
demonstrated in previous studies (Ishibashi, 2009 and ref-
erences therein). Moreover, a comparison was done be-
tween the aspect ratios and form factors of clinopyroxene
and plagioclase for experiments run at 1381 K. As shown
in Figure 8, both the aspect ratios and form factors of
clinopyroxene and plagioclase were comparable. The
form factors for plagioclase were lower than the values
found for clinopyroxene, and were reflective of the higher
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amounts of irregularity found for plagioclase crystals.
Textural analyses of the run products

Higgins (2000) pointed out that for a massive rock (no
preferential orientation of the crystals) and crystals mod-
eled as parallelepipeds, the mode of the w// is equal to S/1,
where the w// and S/I denote the width/length and short to
intermediate dimension, respectively. The ratio I/L (L =
long dimension) can be estimated from the skewness of
the w/l distribution as follows:

Skewness
= (mean w/l — mode w/l)/standard deviation w/,
and //L = Skewness + 0.5 (8).

By use of these relationships, we estimated the mor-
phological parameters of clinopyroxene and plagioclase
in all of the run products. We performed image analyses
on 536 clinopyroxene and 68 plagioclase crystals. The
average S/I/L ratio is 0.11:0.16:1 for clinopyroxene and
0.14:0.94:1 for plagioclase. Therefore, clinopyroxene
crystallizes with an elongated, prismatic morphology,
while plagioclase crystallizes with a thin, tabular mor-
phology. Although the obtained morphological parameters
may include errors due to the partial preferred orientation
of crystals in the run products, these estimated crystal
morphologies may be relevant to the evaluation of rela-
tive viscosity in the presence of crystals.

Viscosity measurements and comparison with models

Each point shown in Figure 9 is the result of viscosity
measurements taken during the latter half of the measure-
ments where we decreased the rotation rate in a step-wise
manner. This procedure was performed for each tempera-
ture step in order to determine the viscosity of partially
crystallized shoshonite (Table 2). In Figure 9, /n(t/Q) was
plotted versus /nQ). Linear relationships were observed
between In(t/Q) and nQ for each run temperature, indi-
cating that our assumption that the material would behave
like a power law fluid was valid. By use of equation (4),
parameters m and n were determined for each run temper-
ature (for details refer to Ishibashi, 2009). The values ob-
tained for m and » are listed in Table 3. The results show
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Figure 9. Ln (7/Q) ratios plotted against /nQ at different tempera-
tures. Black lines are power law regression lines. Regression pa-
rameters are shown in Table 3.

that the values obtained for parameter n were slightly
lower than 1 at run temperatures of 1420, 1410, 1401, and
1381 K. However, most of these n values were larger than
0.95, and were indicative of a very weak shear thinning
behavior. Therefore, under these experimental conditions
the samples can be approximated to be Newtonian fluids.
Even for the smallest # value of 0.934 observed at 1410 K,
the ratio of viscosity to m varied only in the range of
0.74-1.36 with 2 orders of magnitude variation of €.

As temperatures decreased from 1539 K to 1381 K,
the value of m, or viscosity at ¢ = 1 s”', continuously in-
creased from 134 Pa s to 12687 Pa s (Table 3). We com-
pared our results on the viscosity of pure melts to mod-
eled values obtained from Vetere et al. (2007) (model
built using viscosity data derived from the same composi-
tion used for this study), and those from Shaw (1972) and
Giordano et al. (2008) (general viscosity models) (Fig.
10). Our experimental data fell between the calculated
viscosities of Shaw (1972) and those of Giordano et al.
(2008) and Vetere et al. (2007). Shaw’s model assumed
Arrhenian temperature dependence whereas those of
Giordano et al. (2008) and Vetere et al. (2007) assumed
non-Arrhenian temperature dependence. These differenc-
es can be partially explained by considering the role of
oxygen fugacity in our experiments. Data presented in the
literature (Dingwell and Virgo, 1988; Mysen and Virgo,
1989; Dingwell, 1991; Liecbske et al., 2003; Vetere et al.,

Table 3. Power law fluid parameters, m and n, for all run temperatures

TK) 1539 1509 1479 1459 1439 1420 1410 1401 1391 1381
m 134 168 239 309 392 737 1784 4069 7740 12687
n 1.023 1.006 1.005 1.002 0.991 0.954 0.934 0.978 0.995 0.963

RZ  0.9999 0.9999 0.9999  0.9999  0.9999

0.9999  0.9999  0.9999  0.9999 0.9999
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Figure 10. Comparison of the observed shoshonite effective vis-
cosities with the viscosity of crystal-free melts (gray line) ex-
trapolated by use of a simple equation that was based upon a
crystal-free melt viscosity of /n 5 (Pa s) = -7.09036 + 27695556/
T°. Also shown are melt viscosities calculated with the models
described in Vetere et al. (2007) (black solid line), Giordano et
al. (2008) (dotted line), and Shaw (1972) (dash dot line).

2008) have shown that the oxidation state of Fe is an im-
portant parameter that needs to be taken into account
when modeling the viscosity of silicate melts with rela-
tively high Fe contents. The viscosity of the melt in the
system Na-Si-Fe-O composition NS4F40 at 1473 K de-
scribed by Dingwell and Virgo (1988), decreased by 0.81
log units when the Fe?'/Fe, ratio increased from 0 to 0.77.
Moreover, a decrease in viscosity of 0.34 log units was
found for a NaFeSi,O¢ melt at 1703 K when the Fe*"/Fe,,
ratio increased from 0.08 to 0.82. As shown by Liebske et
al. (2003), as the Fe*'/Fe,, ratio increases from 0.42 to
0.79 in an andesitic melt at 1061 K, the viscosity will de-
crease by ~ 1.7 log units. The model results reported in
Figure 10 do not take the experimental reducing condi-
tions into account, which can lead to underestimates or
overestimates of the melt viscosity.

If we extrapolate the melt viscosity to 1381 K, the
difference between melt viscosity and a partially crystal-
lized shoshonite with a crystal content of ~ 14 vol%
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would be about 12000 Pa s. The experimental data begin
to depart from the literature modelsat 1401 K and a crys-
tal content of ~ 8 vol%.

In regards to partially crystallized systems (e.g., sili-
cates, ceramics, or other industrial products), there are a
number of recent studies that analyzed the effect of crys-
tals on the rheological properties of ‘magmas’ by adopt-
ing experimental techniques that were alternative to the
ones used here. These studies produced highly accurate
results. Caricchi et al. (2007) performed creep experi-
ments on haplogranitic melts containing 2.7 wt% of dis-
solved water and various amounts of crushed quartz crys-
tals by use of a Paterson-type apparatus. At temperatures
ranging 773-1173 K and a confining pressure of 250
MPa, they observed Newtonian behavior of the system
for strain rates lower than 10° s™', and independent from
the volume of crystals. Above this threshold, an increase
of strain rate always induced a decrease of viscosity (shear
thinning). In our experiments, probably due to the rela-
tively low amount of crystals (resulting in a very weak
shear thinning behavior), results were indicative of New-
tonian fluid behavior. Comparing our results with the Car-
icchi et al. (2007) model, it must be noted that in any type
of rotational viscometer the shear strain rate varies along
the radial direction of rotation. Therefore, it is difficult to
determine a unique value of shear strain rate for each
measurement. However, our method enables direct deter-
mination of flow parameters (i.e., the parameters m and n
in the power law fluid model can be determined). From m
and n, we can determine apparent viscosity at an arbitrary
shear strain rate as:

logn=1logm+m-1)loge ).

The apparent viscosity calculated by equation (9)
was compared with viscosities calculated by the Caricchi
et al. (2007) model at arbitrary shear strain rates. Using
different shear rate values of 1072, 1, and 10 s™', the results
show that the Caricchi et al. (2007) model is inappropriate
for predicting the viscosity of partially crystallized sho-
shonite, at least in dilute and semi-dilute field ranges (0 <
@ < 0.25 vol%) when parameter B (the intrinsic viscosity,

Table 4. Viscosity of melt and relative viscosity

T(K) 1539 1509 1479 1459 1439 1420 1410 1401 1391 1381
N 149 103 207 361 583 855 1023 1189 1389 1605
e 0.88 1.64 1.16 0.87 0.97 1.05 2.50 3.86 5.91 9.54
1N «(ER) 1.00 1.00 1.00 1.00 1.00 1.00 1.13 1.37 1.52 1.89

Note: * shoshonite melt viscosity extrapolated (via a simple regression [/ 5 (Pa s) = =7.09036 + 27695556/T°] to low tem-

peratures

n,, relative viscosity; 7, (ER), relative viscosity calculated by Einstein-Roscoe equation with @,, = 0.6.
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Figure 11. Comparison of the shoshonite relative viscosities with
the viscosities calculated with the model described in Caricchi et
al. (2007). Black circles represent the experimental data collected
in this study. Lines were built with shear rates of 102, 1, and 10
s’ in (A) and (B). The differences in curvature result from the
use of different values for the intrinsic viscosity parameter [e.g.,
in (A), v=-2.5;in (B), v=-16.1].

v see equation 1) of the modified equation (derived from
the semi-empirical equation given by Costa et al., 2009)
is equal to —-2.5. The prediction obtained at the highest
crystal content (e.g., @ = 0.135), yielded a relative viscos-
ity value of 7, <2 and was comparable to the value pre-
dicted by the ER equation (see Table 4). The experimental
results yielded a 7, = 9.5 at high crystal contents (Fig.
11a). On the other hand, if the Caricchi et al. (2007) v pa-
rameter was increased to a value of -16.1 (which is reflec-
tive of the role played by the shape of the crystals), the
modeled results were in better agreement with our experi-
mental data obtained for shear rate ranges between 1 and
10 (Fig. 11b).

The marginally large relative viscosity observed for
crystal contents of ~ 3 vol% in Figure 11 was somewhat
odd. We conducted duplicate experiments to confirm the
elevated viscosity values observed at low crystal contents.
A similar elevation in the relative viscosity of suspensions
with low crystal contents was reported by Yao and Matsu-
moto (1987). They ascribed the elevation in relative vis-
cosity to interactions caused by elongated particles.

Mueller et al. (2010) gave a helpful overview on the
rheology of partially crystallized systems. Experiments
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Figure 12. Relationship between relative viscosity, 7, and crystal
volume fraction, @. Black circles indicate the experimental data
collected from this study. Data derived from the literature, from
different literature models and from modified equations are
shown as full, dashed, and dotted lines.

performed on analogical material give insight into the
rheological properties of dilute, semi-dilute, and concen-
trated fields. According to that study, at very low particle
volume fractions (@ <0.01-0.02) the suspended particles
are sufficiently well separated so that interactions between
them are negligible. Rheology is Newtonian at low parti-
cle volume fractions and viscosity increases linearly with
the particle volume fraction. At higher particle volume
fractions (0.01 < @ < 0.25), probably due to hydrodynam-
ic interactions among the particles, rheology is still New-
tonian but the viscosity now increases considerably. This
can be attributed to the increase of either prolate or oblate
solids. At intermediate particle volume fractions, they
found an excellent fit of the data using the Maron and
Pierce equation (Maron and Pierce, 1956) that differs
from the KD equation in regards to the exponential term,
which in this case is equal to -2.

When we used the approach of Maron and Pierce
(1956), the calculated value for #, was not similar to the
experimental results (best fit was obtained only with @, =
0.20; R? = 0.86). On the other hand, the KD equation with
@,, and v as fitting parameters gave a better fit (&,, = 0.4
and v = 14.36; R*= 0.95; see below and Fig. 12). Aspect
ratios for the experiments performed at 1381 K showed
that the S/I/L ratio of clinopyroxene was 0.11:0.16:1
whereas it was 0.14:0.94:1 for plagioclase (see the above
discussion on the textural analyses). The average aspect
ratio was ~ 7. These results could partially explain the
abrupt increase in effective viscosity when the crystal
content increased (Table 2 and Fig. 10).
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Relative viscosity determinations

Relative viscosities, 7,, were calculated for each run tem-
perature and are reported in Table 4 and Figures 12 and
13. Values for 7, increased monotonously with cooling-
induced increases in the crystal fraction. The effect of
crystals on the measured viscosities was evaluated by
plotting the relative viscosity, #,, against the volume frac-
tion of the crystals, @. The relative viscosity increased
consistently up to 9.5 for a volume fraction of crystals up
to @ =0.135.

As we already discussed, the ER equation is the
equation most frequently used to predict the effects of
crystals on relative viscosity. The ER equation is a version
of the KD equation and is expressed as:

Inn.=-v®,In(l1--d/P,) (10),

where @ is the crystal volume fraction and @, is the max-
imum volume fraction of crystals. The ER equation repre-
sents the specific case where v @,, = 2.5. In Figure 12, rel-
ative viscosities were calculated from equation (10) with
varying values for v and @,,, and the results were com-
pared with our experimental viscosity data. Figure 12
shows that it was difficult to explain our results by de-
creasing @,, at a constant v. Rather, large values of v (14-
16) were required to explain our results using the KD
equation. Because v is a parameter sensitive to the degree
of interaction among crystals and hence, crystal shape, the
value of v increases with the elongation of particles. In
our experiments, we found evidence of elongated crystals
(Fig. 3). Therefore, the whole system cannot be assumed
to be a population of spheres.

In general, the 5,-® relationship can be represented
by decreasing @,, when v is very high. However, it is im-
portant to point out that the relationship cannot be repre-
sented without a v value higher than that of the ER equa-
tion. Furthermore, decreasing @,, is not required when v
is high i.e., increase of v is essential.

We used the least squares method to evaluate how
well the KD equation fit our experimental data. We deter-
mined both the intrinsic viscosity and the maximum pack-
ing fraction simultaneously by least square fitting proce-
dures. To complete this step, we used the following
equation:

[, — (1 — D/B,) **" — min (11).

The best fit was obtained when intrinsic viscosity, v,
was 14.36 and @,, = 0.4 (Fig. 12; R* was 0.94). The KD
equation seemed to reproduce the experimental data with
good accuracy. However, a departure from the KD model

was observed when the crystal content increased to 13.5
vol%.

Recently, Vona et al. (2011) studied the behavior of
partially crystallized basalts from the Stromboli and Etna
volcanoes. They found a good agreement between their
experimental data and data derived from a modified KD
equation that used an adjustable o parameter (7, = (1 — @/
@,) 2 1ee 01 where y is the strain rate) to account for er-
rors due to the Maron and Pierce approximation (e.g., B
@,, = 2). A non linear regression method was used with
the equation described by Vona et al. (2011) to find the a
coefficient in our analyses. This was done by changing
the strain rate from 0.02 to 10. The results obtained were
in good agreement with our experimental data only for a
values of 0.95, 1.90, and -1.62 for which the strain rates
varied from 0.02, 0.14, and 10, respectively. These results
are shown in Figure 12 along with the modeled results
obtained from the modified best fit KD equation (de-
scribed above), the ER equation, and the equation pre-
sented in Sato (2005). In Figure 12, data obtained from
Sato (2005), Ishibashi and Sato (2007), Ishibashi (2009),
and Vona et al. (2011) are also reported.

The differences between the experimental data and
the modeled data were interesting. The Ishibashi and Sato
(2007) data were in good agreement with predictions ob-
tained by the use of the ER equation, probably because of
the lower aspect ratio of plagioclase (~ 4) and the pres-
ence of granular olivine, which can lead to a very differ-
ent trend of feeble viscosity increase as a function of crys-
tal content. Viscosity data from Vona et al. (2011) agreed
well with the data obtained by Ishibashi (2009) for crystal
contents up to 0.2. The similarity of these results was pre-
sumably due to the similar aspect ratios of the plagioclase
crystals present in both studies. However, these results
were different from the viscosity data obtained by Sato
(2005) and by our present study. Comparable behaviors
were observed for the Sato (2005) and the Ishibashi
(2009) viscosity data on plagioclase-bearing basalts from
a Fuji volcano, at plagioclase mean aspect ratios of 12.9
and 8.5, respectively. This comparable behavior amounted
to an increase in relative viscosity as the crystal fraction
increased. The strong increase in relative viscosity ob-
served by Sato (2005) at very low crystal contents may be
due to the very high aspect ratio of the plagioclase crys-
tals in those experiments (see Fig. 12). Interestingly, in
our experiments the plagioclase aspect ratio had an aver-
age value of 6.5 for the lowest temperature experiments
(1381 K) but the measured viscosity was considerably
higher than values presented in the literature (e.g., Vona et
al., 2011: viscosity value of ~ 6000 Pa s at 1430 K for a
partially crystallized Stromboli basalt with ~ 27 vol% of
crystals; our results: viscosity value of ~ 15000 Pa s at
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1381 K for ~ 14 vol% crystals). These discrepancies
could be due to the relatively high elongated clinopyrox-
ene crystals in our experiments (i.e., 9 vol% was repre-
sented by clinopyroxene crystals with 5 < A4S <16; see
Fig. 3a-1).

We would like to emphasize that the comparisons
between our results and the literature values presented by
Sato (2005), Ishibashi and Sato (2007), Ishibashi (2009),
and Vona et al. (2011) were semi-quantitative and may
have incurred errors when 7, was estimated (Fig. 12).

Data presented in Mueller et al. (2010) for relative
consistency (Kr = K/, where 1, is the viscosity of a lig-
uid suspension and K is the consistency that can be con-
sidered as the parameter most closely related to the appar-
ent viscosity; for a Newtonian suspension K = 7 and has
the dimensions of viscosity, Pa s) are comparable with our
experimental results because our systems behaved mostly
as Newtonian fluids (discussed previously). Data obtained
for prolate C particles (Table 1 in Mueller et al., 2010)
have a mean AS = 0.11 and a relative consistency of 5.10
at @ = 0.143. The discrepancy between relative consisten-
cy and our relative viscosity at 1381 K (our data: @ =
0.135 and 5, = 9.5) is probably due to the fact that a por-
tion of the crystals (~ 25 vol% and mainly plagioclase)
have an AS higher than 10 (for a small numbers of crys-
tals the maximum measured AS reaches a value of 20).
Moreover, Mueller et al. (2010) did not use natural crys-
tals and melts in their experiments. To simulate natural
melts, Mueller et al. (2010) used silicone oil as a silicate
melt analog, and art glitter, wollastonite, and angular sili-
cone carbide grit as particles in the system.

A similar study was recently presented by Cimarelli
et al. (2011), using a silicon oil as magma analog. Ci-
marelli et al. (2011) modeled viscosity behavior as the
suspension varied in volume, shape, and size. In low par-
ticles concentration regions (@ <0.2), they found that data
derived from the Krieger and Dougherty (1959) approach
were in good agreement with the experimental data. These
results were also confirmed when the Costa et al. (2009)
model was used. Different behavior is expected when par-
ticles exceed 20 vol%.

Simha (1940) proposed following equation for the
determination of relative viscosities in the presence of
rods-shaped crystals:

v=m—1)/®
= f[15%(log2f - 1.5)] + f*/[5*(In2f - 0.5)] + 14/15
(12),

where f denotes the aspect ratio of the rod. Using this
equation, we illustrated the possible effect of the
rod’s -shaped crystals aspect ratio on the relative viscosity
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Figure 13. Relationship between relative viscosity, #,, calculated
after Simha (1940) and crystal content. Black circles indicate the
experimental data collected from this study.

(Fig. 13). Results showed that the relative viscosity
strongly increased as the aspect ratio of the rod-shaped
crystals was changed from 6 to 8 to 10. These results
demonstrate the enormous effect that a crystals elongation
can have on magma rheology. Since high aspect ratios can
cause large increases in relative viscosity, this may be an
important mechanism that influenced the experimental re-
sults obtained from the Vulcanello sample in this study.

IMPLICATIONS FOR MAGMA EMPLACEMENT

Our results have implications for estimating instantaneous
effusion rates in lava flows. At Vulcanello, the tempera-
ture during magma ascent and emplacement has been es-
timated to be ~ 1373 K (Zanon et al., 2003). Hence, we
can use our effective viscosity data to estimate the lava
flow velocity and effusion rate. The aspect ratio of crys-
tals in natural rocks tends to be smaller than our experi-
mental run products, so our estimate of the effusion rate
may yield an upper limit.

Following Sakimoto and Gregg (2001), and consid-
ering that the surface velocity at z = 0 (z = cartesian coor-
dinate; flow depth direction) is also the maximum veloci-
ty, Una, One can calculate the maximum velocity of the
lava flow in a location close to the emission fissure with
the equation:

_p-g-bz-sin(é?)

o (13),

max

where p, the density (kg m™); 6, the slope (°); 7, the vis-
cosity (Pa s); g, the gravity force (9.81 m s); and b, the
flow depth (m).
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Table 5. Velocities and effusion rates calculated from the viscosity value obtained from concentric cylinder varying the slope

T(K) B(m) pKgm? gms? slope(°) nPas Upaxms™ Qwm’s’!
1381 1.5 2760 9.81 1 15320 0.015 0.035
1381 1.5 2760 9.81 5 15320 0.077 0.173
1391 1.5 2760 9.81 1 8201 0.029 0.065
1391 1.5 2760 9.81 5 8201 0.144 0.324
Note: B refers to the flow depth.
The instantaneous flow rate per unit width at the ly (Tables 2 and 5).

same location is given by:

Q_b-p-gsin) (14)
w 3-n

where w is the flow width (m) and Q the flow rate (m’

s™h.

We can easily evaluate the instantaneous velocity
and flow rate near the eruptive vent at Vulcanello by con-
sidering that: 1) the b value at Vulcanello is in the order
of 1-2 m near the emission fissure; 2) the lava substratum
is characterized by a nearly constant gentle slope (6 =
1-5°); 3) ppre = 2760 kg m ™ (considering a glass density
of ~ 2650 kg m, Vetere et al., 2007, and density for
clinopyroxene of ~ 3200 kg m™); and 4) 5 derived from
this study at the estimated effusive temperature of 1373 K
is in the order of 10* Pa s. The results of this analysis are
shown in Table 5. For a slope of 1°, lava velocities are in
the order of ~0.02 m s' and increase to ~ 0.10 m s when
the slope approaches 5°, while Q is estimated to be 0.04
and 0.2 m* s™', respectively.

The primary difference between the Vulcanello plat-
form lavas and our experimental products is the lack of
groundmass crystals in our run products. This is due to
the higher quenching rate experienced by the experimen-
tal melt with respect to that of lava flows. This feature
may also explain the slightly higher phenocryst volume of
lava flows with respect to our experimental run products.

The calculated instantaneous effusion rates were two
orders of magnitude lower than the effusion rate calculat-
ed for Mount Etna (2.6-28.1 m* s™"), and less than one or-
der of magnitude lower than Kilauea (0.78-1.76 m® s™)
and those measured for Stromboli lavas (0.55-0.85 m*s™)
(Harris et al., 2007: data obtained from field-based instan-
taneous effusion rates and thermally derived time-aver-
aged discharge rates). Moreover, it is interesting to note
that a decrease in viscosity to a value of about 8200 Pa s
(i.e., equivalent to a decrease in viscosity initiated by an
increase in magmatic temperature from 1381 K to 1391K)
caused an increase in velocity of ~0.015 m s and 0.05 m
s ' when the slope varied from 1° to 5°, and an increase in
the effusion rate of 0.03 m® s 'and 0.14 m® s, respective-

The Vulcanello flow rates are about one order of
magnitude lower than those estimated for Mount Etna
(15-45 m® s"), and the values are in agreement with the
flow rates estimated at Hawaiian volcanoes in which the
slopes are comparable, even though the viscosities are
lower (up to 10 Pa s) than that of Vulcanello.

When compared with magmas of a similar degree of
evolution but more silica undersaturated (e.g., phonoteph-
rite of the 1944 lava flow at Mt. Vesuvius), the Vulcanello
flow rate was one order of magnitude lower because of
the lower viscosity of phonotephrite lavas, and possibly
because of the higher alkali content (Mt. Vesuvius = 2.2
m® s for a slope of 2° (Ventura and Vilardo, 2008).

CONCLUDING REMARKS

In summary, we investigated the effective viscosity of
partially crystallized shoshonitic systems with low crystal
contents (i.e., dilute dispersions). The shoshonitic mag-
mas were obtained via cooling the shoshonite melt start-
ing material from temperatures well above liquidus. Ef-
fective viscosities were then measured using concentric
cylinder technique. We performed 10 viscosity measure-
ments on systems containing only melts and on crystals-
bearing systems with crystal contents up to 14 vol%. We
observed a large increase in effective viscosity between 8
vol% and 14 vol% in our experiments, which can proba-
bly be attributed to crystals with relatively high aspect ra-
tios. Our results showed a continuous increase in viscosity
from 131 Pa s to 15320 Pa s as temperatures decreased.
We conclude that the concentric cylinder technique is a
valuable method to investigate magma rheology under
naturally relevant conditions. However, the shear force
imposed by the rod in the apparatus, which is insufficient
to initiate movement at high crystal fractions, is a limita-
tion.

Our study provides new data that may be used to
constrain models for the emplacement of lava flows ex-
hibiting Newtonian behavior, i.e., where flow velocity is
inversely proportional to the viscosity of the crystal-melt
suspension, and the heat released from viscous dissipation
is proportional to the viscosity (Harris and Rowland,
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2001). Alignment of crystals was not obvious in our ex-
periment, although elongated pyroxene crystals were ob-
served, and their interaction most likely caused the elevat-
ed relative viscosities observed in this experiment. A
variety of different models were used to fit the experimen-
tal data. Analyses of these models indicate that a high v
value is required to have good predictive capabilities for
estimating the relative viscosity of partially crystallized
shoshonite. These findings are likely due to the large im-
pact that elongated crystals can have on magma rheology.
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