Bull Volcanol (2013) 75:703
DOI 10.1007/s00445-013-0703-8

RESEARCH ARTICLE

Unraveling the solidification path of a pahoehoe “cicirara”

lava from Mount Etna volcano

Gabriele Lanzafame - Silvio Mollo - Gianluca lezzi -
Carmelo Ferlito - Guido Ventura

Received: 13 July 2012 /Accepted: 23 February 2013 /Published online: 26 March 2013

© Springer-Verlag Berlin Heidelberg 2013

Abstract The solidified surface of a lava flow reflects the
viscosity of its molten fraction and the crystal content during
flow; crystal-poor basaltic lavas produce pahoehoe fields,
whereas crystal-rich ones solidify with aa carapaces. At
Mount Etna, volcano aa morphologies are very common,
whereas pahoehoe lavas are rare. The latter are locally
named “cicirara” due to the presence of centimeter-sized
plagioclase phenocrysts much more abundant than in aa
lavas. The phenocryst content of “cicirara” lavas contrasts
with the low viscosity generally associated with pahochoe
morphology. Therefore, to reconcile the discrepancy be-
tween textural and volcanic observations, we have studied
the most primitive pahoehoe “cicirara” lava sampled until
now. Two samples at 0.5 and 1 m from the bottom of the 2-
m thick lava flow were investigated on the basis of their
mineral compositional variations and textural features, i.c.,
size frequency and crystal size distribution (CSD). Results
coupled with rheological models indicate that only large
phenocrysts of plagioclase (>1 mm) and clinopyroxene have
grown before eruption. Thermobarometric models and pet-
rological computations based on the composition of plagio-
clase and clinopyroxene phenocryst cores highlight that
only a small amount (10—15 vol.%) of crystals equilibrated
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at 12 km of depth. Cumulative size frequency and CSD data
also indicate that plagioclase and clinopyroxene phenocryst
rims grew heterogeneously and coalesced around their cores
at depths <1 km, before eruption. In this view, the “cicirara”
lava was erupted with a low crystalline content that favoured
the formation of its pahoehoe surface; however, crystals
with a size <I mm (~75 vol.%) solidified at post-eruptive
conditions. Our findings underline that the emplacement of
high-viscosity aa or low-viscosity pahoehoe lavas is driven
by the degree of undercooling imposed by the volatile
exsolution rate in the shallowest portion of the Etnean
plumbing system. A slow magma ascent rate promotes
significant intratelluric degassing and widespread nucle-
ation; consequently, the viscosity of the suspension signifi-
cantly increases leading to an aa morphology. In contrast,
pahoehoe “cicirara” lavas are associated with a rapid rise to
the surface of poorly degassed, undercooled magmas.

Keywords Pahochoe lava - “Cicirara” - Mount Etna - CSD -
Thermobarometers

Introduction

At Mount Etna volcano pahoehoe primitive lavas are less
common than aa (Branca et al. 2011). Generally, pahoehoe
types are (1) primary if a lava flow has an extensive, typi-
cally smooth, billowy or ropy crust from vent to the distal
zone and (2) secondary if they are erupted at the margin of
aa lavas (Chester et al. 1985; Kilburn and Guest 1993;
Guest et al. 2012). As frequently determined for Hawaiian
lava flows, the formation of a pahoehoe surface is produced
by the low (1) viscosity of suspension, (2) terrain slope, (3)
output and strain rate (Cashman et al. 1999; Hon et al. 2003;
Kilburn 2004; Iezzi and Ventura 2005; Soule and Cashman
2005; Guest et al. 2012). Moreover, the content and the
shape of crystals determine the formation of basic lava
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crusts and their rheological properties. In particular, low
amounts of crystals with more equant shapes favour
pahoehoe morphologies (Hoover et al. 2001) that, in turn,
are not dictated by the absolute crystal size (Saar et al. 2001).
The influence of the strain rate and the ground slope on the
morphology of pahoehoe lavas at Mount Etna have been the
topic of previous studies (Chester et al. 1985; Kilburn and
Guest 1993; Guest et al. 2012) that confirmed the general
observations described above. Conversely, the importance of
crystallization on the formation of pahoehoe morphologies is
quite unknown (Hughes et al. 1990). In light of this, it is
notable that the majority of primary pahoehoe lava flows at
Mount Etna contain centimeter-sized plagioclases, locally
named “cicirara” lavas because of their chick-pea like appear-
ance. “Cicirara” lavas were erupted several times during the
evolution of the volcano, especially from the intermediate to
final activity of the Ellittico eruptive center (since 15 ka) and
in the 17th century (Chester et al. 1985; Nicotra and Viccaro
2012). On the whole, pahoehoe lavas show (1) bulk and
mineral compositions comparable to the majority of Etnean
products erupted since 15 ka, (2) a porphyric index
>40 vol.%, and (3) a great amount (>34 vol.%) of
centimeter-sized plagioclases. Moreover, these pahoehoe
lavas outcrop in many sectors of the volcano and their
peculiar texture has been interpreted as the result of a
long residence time of magma in a shallow reservoir
(Guest et al. 1984; Hughes et al. 1990; Corsaro and
Pompilio 2004; Nicotra and Viccaro 2012).

There is general consensus that basaltic Hawaiian lavas
develop pahoehoe morphologies (1) when the lava suspen-
sion (crystal content <25-30 vol.%) attains a yield strength
at the Newtonian—Binghamian transition (Cashman et al.
1999; Hoover et al. 2001; Saar et al. 2001; Hon et al.
2003) and (2) when the critical shear rate is not continuously
exceeded (Kilburn 2004). This critical shear rate increases
as the bulk viscosity decreases. Since Hawaiian pahoehoe
lavas are less viscous than Etnean ones (Kilburn 2004), the
maximum crystal content measured for pahoehoe Hawaiian
lavas represents a conservative limit for Etnean pahoehoe
morphologies. Notably, primitive lavas show aa morphol-
ogies only for crystal contents >35 vol.% (Cashman et al.
1999; Hoover et al. 2001). This explains the major presence
of aa lavas at Mount Etna and underlines that “cicirara” lavas
can be erupted only with a low amount of intratelluric crystals.

To clarify the relationship between morphology and crys-
tal texture of “cicirara” lavas, we have investigated several
pre-historic to historic pahoehoe lava flows. Then, we have
selected the most primitive “cicirara” lava (CICG1) ana-
lyzed until now, whose composition is also close to that of
Hawaiian pahoehoe lavas. Textural and chemical features of
this lava were used for determining the crystal size frequen-
cy, crystal size distribution (CSD) and crystallization condi-
tions. Results indicate that (1) phenocryst cores crystallized
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at a depth of 12 km, (2) phenocryst rims mainly grew during
magma ascent at a depth <1 km below the vent, and (3)
microphenocrysts and microlites formed at sub-aerial con-
ditions. This reconstruction provides an alternative explana-
tion with respect to previous models suggesting pahoehoe
“cicirara” lavas were erupted with a high crystal content.

Sampling and analytical methods

“Cicirara” lavas were occasionally erupted during the 17th
century. They were frequently associated with lateral erup-
tions at different elevations on the flanks of the volcanic
edifice of Mount Etna. The locations of the “cicirara” lavas
in this study are displayed in Fig. 1. In agreement with their
pahoehoe character, “cicirara” lavas form extensive, broad
lava flow fields. We collected 15 rock samples from eight
different lava fields of the pre-historic and historic activities
(Table 1 and Fig. 1). XRF whole-rock analyses were
performed at the University of Catania (Table 1). Results
are plotted in Fig. 2 and compared with other “cicirara”
lavas from previous studies. The studied lava flow units
have thickness from 1 to 5 m; we selected two sub-
samples since (a) the cooling condition at 0.5 and 1 m from
the bottom of this lava during its emplacement could not be
identical and (b) to enlarge the statistical relevance of tex-
tural and micro-chemical data. These two sub-samples are

oo
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Fig. 1 “Cicirara” pahoehoe lava flows (yellow) investigated in this
study and their locations (red circle). The composition of these samples
and their ages are reported in Table 1
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Table 1 Major element compositions of “cicirara” lava flows

RDV CICG1

BRO-2 VET SLN SDA

COL-B COL-C CIC-A CIC-B CIC-C CIC-D CIC-E BRO-1

COL-A

Sample

prehistoric prehistoric

prehistoric

1610

1651 1985

1614-1624 1614-1624 1614-1624 1614-1624 1614-1624 1614-1624 1614-1624 1651

1614-1624

Age
SiO,
TiO,

49.99

52.40
1.40
19.94
8.03
7.40
243
0.15
2.02
8.18
4.74
2.15
0.69
1.53

52.50
100.00

50.43
1.52
18.30
9.60
7.58
2.67
0.17
3.45
11.13
3.28
1.59
0.45
0.58

49.81 49.76
100.00

51.14 49.42

50.97
1.54

50.40 50.38
19.12

50.68
1.58
18.18

50.15 50.04

50.18

NS
2
—

1.44
19.48

1.60
18.28
10.29

1.60
17.44

1.61
17.38
10.17

1.56
18.87

1.57
18.57

1.59
18.21

1.58
18.00
9.59
7.35
2.49
0.18
3.83
10.76
3.82

1.58

18.23

1.58
18.18

17.61

ALO;

«@
=N

8.53
7.98
2.57
0.16
1.97
9.11

9.98

8.94
7.00
2.42
0.17
2.85
9.66
4.27
1.93
0.57
0.28

100.00

8.78
7.30
2.39
0.17
2.72
9.71
433
1.96
0.57
0.00

100.00

9.18
7.20
243

9.45
7.35
2.48
0.18
351
10.24

9.39
7.30
2.46
0.17
3.37

10.15

9.52
7.56
2.18
0.18
3.61
10.44

9.60
7.90
2.56
0.17
3.53
10.24

4.03

FeOyy
FeO

6.20
2.03
0.18

7.80
2.63
0.18
3.55
10.79

6.80
2.37
0.19
4.38
11.12

6.80
2.19
0.19
4.54

11.45
3.55
1.58
0.41
0.00

100.00

Fe,05
MnO
MgO
CaO

0.17
3.30
10.22
4.14

5.17
10.31
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1.79
0.56
0.00
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4.06
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0.51
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0.95
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0.44
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4.02
1.85
0.53
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4.04
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0.00
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0.50
0.00
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Na,O
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0.55
0.00
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LOIL
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Fig. 2 Na,O+K,0 vs. SiO, and Mg# vs. SiO, diagrams. Samples
from this study and from literature are reported. Etnean lavas younger
than 15 ka are from Ferlito and Lanzafame (2010)

characterized by the presence of centimeter-sized plagio-
clase with irregular shapes and vesicle contents <5 vol.%
always concentrated at the outermost lava portions; The
most representative features that are observable in the field
and in hand-specimen samples are displayed in Fig. 3.

In this study, we focus on the textural and chemical
features of the most primitive “cicirara” lava flow sampled
until now, i.e., CICGI lava (Fig. 2). To do this we have
collected two sub-samples at about 0.5 and 1 m from the
bottom of this lava flow with a thickness of 2 m. The
chemistry and the texture of minerals were studied with a
Jeol-JXA8200 (EPMA-WDS) and a Jeol FE-SEM 6500F
(SEM-EDS) at the INGV of Rome (Italy), following the
protocols described by Iezzi et al. (2008). Representative
chemical analyses for each phase are reported in Table 2.
According to Armienti et al. (1994a), quantitative textural
analyses were obtained at three different magnifications, in
order to consider the differences between largest and
smallest crystals. Phenocrysts with the longest size >4 mm
have a relatively low number density and thus we measured
them directly on polished rock samples with an area of 1.5 x
10*mm?. Crystals with length <4 and >0.1 mm, and <0.1

@ Springer
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Fig. 3 Prehistoric pahoehoe
“cicirara” lavas with typical
smooth (a) to ropy (b) crust
morphologies. The two CICG1
sub-samples were collected
from a single flow unit.
Mesoscopic specimens (¢ and
d) show the presence of typical
millimetric to centimetric
crystals of plagioclase and
clinopyroxene. Notably, the
irregular shape of large
plagioclase crystals is also
evidenced

pahoehoe lava, (b)

and >0.005 mm were measured on backscattered images
with an area of 150 and 1.67 mm?, respectively. The image
analysis and phase segmentation were performed with Im-
age Pro Plus software. SEM backscattered images were
transformed in grey scale for determining the abundance,
aspect ratio and dimension of each phase. An example of
phase segmentation and size frequency determination at
intermediate magnification is reported in Fig. 4. Since crys-
tal impingement occurred only for plagioclase microlites,
we slightly (<5 vol.%) reduced the areas of such microlites,
taking advantage of the lighter grey tone of their rims
(I-2 pum). The area of each mineral phase was then
binarized with different colors (Fig. 4) and, successively,
each crystal phase was counted (Table 3). The shortest and
longest crystal axes were determined as the best-fitting
ellipse of a bi-dimensional crystal section following Higgins
(2006) and lezzi et al. (2011). The crystal habit of each
phase was estimated using the CSD-slice software
implemented by Morgan and Jerram (2006) (Table 3). The
CSD for plagioclase, clinopyroxene and titanomagnetite
populations was calculated with CSD-Corrections 1.38
package, using the 2D longest dimension and the crystal
habit (Higgins 2000, 2006). CSD plots of plagioclase were
constructed by integrating all the textural measurements
obtained at large, intermediate and small magnifications;
whereas, those of clinopyroxene and titanomagnetite were
determined from SEM images. CSD plots are characterized by
a number of points for each phase in excess of 3,500, 1,700
and 500 for plagioclase, clinopyroxene and titanomagnetite,
and a relatively low amount of 6, 5 and 4 bins per decade,
respectively (Higgins 2000, 2006; Armienti 2008). In

@ Springer

agreement with previous studies (Armienti et al. 1984;
Murphy et al. 2000), phenocrysts, microphenocrysts and
microlites have been discriminated on the basis of the
longest size dimensions >0.3, 0.3-0.1, and <0.1 mm,
respectively (Table 3).

Results

In general, pahoehoe “cicirara” lavas vary within a limited
compositional range from trachybasalt to basaltic trachyandesite
(Fig. 2). Although Nicotra and Viccaro (2012) have reported
more evolved compositions for “cicirara” lavas (Fig. 2), these
were characterized by aa crusts and not pahoehoe morphol-
ogies. In this study, we have studied in depth the CICG1 sample,
the most primitive (Mg#=53.26) pahoehoe “cicirara” lava
(Table 1 and Fig. 2) with a holocrystalline texture and rare
bubbles (<1 vol.%) in the dark matrix (Fig. 5). The total amount
of phenocrysts, microphenocrysts and microlites is 31-35, 9-9
and 60-57 vol.%, respectively (Table 3). Glomeroporphyritic
clusters (0.5—5 mm of 3—15 attached crystals) of clinopyroxene,
olivine, titanomagnetite and plagioclase are common, and pla-
gioclase and clinopyroxene frequently host tiny crystals of
titanomagnetite and/or olivine (Fig. 5).

Plagioclase is the most abundant mineral, followed by
clinopyroxene and minor titanomagnetite and olivine crys-
tals; notably, the abundance of plagioclase in the ground-
mass is lower than that measured for the phenocryst and
microphenocryst populations (Table 3). Only the innermost
part of the plagioclase (and clinopyroxene) phenocryst cores
is homogeneous in composition, representing a total bulk
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Fig. 4 Textural features and
related image analyses of the
CICGI1 sub-samples collected
at 0.5 (left) and 1 (right) m from
the bottom of the lava. The first,
second and third rows show the
SEM images at low
magnification, and related
phase segmentations for crystal
lengths >1 and >0.1 mm; the
fourth row shows the SEM
images at high magnification.
Plagioclases, clinopyroxenes,
olivines and titanomagnetite are
shown in blue, red, yellow and
white, respectively

crystals > Imm (21-25 vol. %)

crystal > 0.1mm (40-43 vol.%)

volume of 10—15 vol.% in the samples. Plagioclase pheno-
crysts display a maximum length of 15 mm and vary from
26 to 28 vol.% (Table 1). Their cores, especially those of
largest crystals, are generally surrounded by plagioclase
microlites and this agglomeration feature is also evident in
the field (Figs. 3¢ and 5). The largest plagioclases are

equant, but show irregular shapes mainly due to incipient
or near-complete agglomeration of smaller plagioclases
along their longest axes (Figs. 3c—d and 5). Both pheno-
crysts (Anye.¢1) and microphenocrysts (Angg.s;) are normal-
ly zoned (Table 3), whereas plagioclase microlites show the
lowest An contents (Ansy_43).

@ Springer
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Table 3 Textural features of the two analyzed sub-samples

Crystal length (mm) Plagioclase (vol.%)

Clinopyroxene (vol.%)

Olivine (vol.%) Titanomagnetite (vol.%) Total (vol.%)

> 10 2-3 -
>17 6-9 -
>3 11-14 -
> 1 19-22 2-3

> 0.3 (phenocrysts)
>0.1
< 0.1 (microlites)

26-28 (1:1.9-3:3.8-3.9)
35-37 (1:2-2.5:3.7-4.8)
43-42 (1:1.5-1.8:3.2-3.7)

average crystal shape (1:1.8-2.0:3.6-4.0)

3-4 (1:1.5-1.6:2.2-3.3)
3-4 (1:1.2-1.6:3.6-4)
10-9 (1:1.4:2.7-2.8)
(1:1.3-1.4:2.8-3.3)

- - 2-3
- - 6-9
11-14

- - 21-25
1-1(1:1.3-1.4:1.5-2.8)  1-1 (1:1.2:1.6) 31-34
1-1 (1:1.3-1.4:1.5-2.8) 11 (1:1.1:1.8-1.9) 40-43
1-1 (1:1.6:3.3) 6-5 (1:1.3:1.7-1.9) 6057

(1:1.7:3.3) (1:1.3:1.7-1.9)

(1:1:1.3)

Values on the left and on the right are from the sample at 0.5 and 1 m from the bottom of the CICG] lava, respectively. Values reported in brackets

are the crystalline shapes

Clinopyroxene phenocrysts are 3—4 vol.% with a maximum
length of 3 mm. They are sub-euhedral to anhedral and fre-
quently enclose titanomagnetite and olivine. Clinopyroxenes
show salitic to diopsidic compositions, with a high content of
tschermak components, especially in microlites (Tables 2 and 3
and Fig. 5). Phenocrysts and microphenocrysts are normally
zoned showing Si-Mg—Ca-rich cores surrounded by Al-Fe*'—
Ti-rich rims (Table 2); similar to plagioclase phenocrysts, only
the innermost portion of these cores is chemically homogeneous.

Olivine phenocrysts (1 vol.%) have a maximum length of
0.8 mm (Table 3). Larger crystals are frequently resorbed,
whereas smaller ones are subrounded in shape (Fig. 5).
Olivine shows normal zoning from core (Fo77.75) to rim
(Fo75.72); in contrast, groundmass microlites (1-1 vol.%)
are unzoned, varying from Fo,, to Foso (Table 2).

Titanomagnetite is frequently hosted in phenocrysts of
olivine, clinopyroxene and plagioclase (Fig. 4). Titanomagnetite
phenocrysts (1 vol.%) are generally Usp-poor and Mg-rich
relative to groundmass microlites (Table 2).

CSD plots of plagioclase, clinopyroxene and spinel of the
CICG1 sub-samples are displayed in Fig. 6. Similar trends are
observable for the same mineral phase although some differ-
ences are due to variable phase abundances (Table 3). The
CSD slopes decrease as the crystal size increases and the CSD
curves became flat as the crystal dimension increases, i.e., the
number densities of minerals do not follow a constant log-
linear trend (Fig. 6). Notably, plagioclase and, to a less extent,
clinopyroxene have three distinguishable slopes. Trends of
plagioclase break at about 0.1 and 1 mm, as quantitatively
measured by the linear regression analysis of the log-linear

Fig. 5 Textural features of
plagioclase (plg),
clinopyroxene (cpx),
titanomagnetite (¢timt) and
olivine (o/). The plagioclase
occurs as large zoned sieve-
textured crystals (a and b).
Olivine and titanomagnetite are
frequently enclosed in
clinopyroxene (c).
Glomeroporphyritic clusters of
minerals are also common in all
samples (d)

@ Springer
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Fig. 6 CSD plots of 0 1 2 3 4 5 6 7 8
plagioclase (plg), k A . .
clinopyroxene (cpx), 16 - 16
titanomagnetite (¢timt) and .
relative log-linear regression —~ 12 microphenocrysts
and fitting results. Data refer to <
CICG!1 sub-samples collected E
at 0.5 and 1 m from the bottom 8
of this lava. The CSD insets E
highlight the trends obtained at — 4
smaller crystal sizes o
S 0
&
- -4 0.3
-8 - B i
16 1% %
CCG1 (05 m) S : microphenocrysts
=~ 12 = 124 o~@ :
< : ;
i g' 3
E 8 Qv plg 8 | 3 P e
E {e —o— CpX o
S Oy . D; o R
— 44|y |—=— timt | ] :
o 04 oy m;crohtesé o
O | o v 0 | —
= -4 - e o W 0.0 . 0.1 0.2 0.3
-8 — v
__ 16 | regressions for the 3 log-linear CSD parts of plg
b 12 ——— CCG1(0.5m)>1mm, y=-1.2(1)x + 0.34(2) (R*=0.98)
& . —— CCG1(0.5m)>0.1and <1 mm, y=-13.8(7) x + 10.7(2) (R*=0.99)
E g —— CCG1(0.5 m)<0.1 mm, y =-75(11) x + 16.1(5) (R*=0.93)
— ] — — CCG1 (1 m)>1mm,y=-14(1)x + 1.3(5) (R*=0.97)
—_ 1 — — CCG1 (1m)>0.1and < 1 mm, y =-9.9(5) x + 9.3(2) (R*=0.99)
I B \ | —— CCG1(1m)<0.1mm, y=-68(10)x + 15.2(6) (R*=0.92)
S B
D) 0
o) ]
-4
8
0 1 2 3 4 5 6 7 8
L (mm)

part of CSD (Fig. 6). It is worth noting that plagioclase CSD
trends depicted in Fig. 6 are also very similar to those reported
by Armienti et al. (1997) for two historical “cicirara” lavas.

Discussion
Intratelluric crystallization

Several investigations based on experiments and natural rock
samples have demonstrated that the liquid line of descent of

the trachybasalt to trachyandesite Etnean magmas is mainly
dictated by the crystallisation of plagioclase and
clinopyroxene (Tanguy et al. 1997; Metrich and Rutherford
1998; Corsaro and Pompilio 2004; Del Gaudio et al. 2010).
Accordingly, we have used the compositions of these two
minerals to constrain the P—7-H,0—fO, crystallisation condi-
tions. In fact, Etnean magmas do not significantly differentiate
with time (Fig. 2); therefore, the composition of intratelluric
crystal cores is generally in equilibrium with that of
the starting melt (Mollo et al. 2011a, b, 2013). Notably,
Tanguy et al. (1997) have highlighted that the “cicirara” lava

@ Springer
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Fig. 7 Open squares are results from calculations performed using p

several models. Pressure (a) and temperature (b) estimates were deter-
mined by models of Putirka (2008). Melt redox state (¢) are calculated
following Kress and Carmichael (1991) and France et al. (2010). The
melt-water content (d) is derived using the models of Putirka (2005) and
Lange et al. (2009). Cpx"“CI‘KdFH\/.g and P"19Kdp A, values come from
regression analyses of Putirka (2008). When not visible, error bars are
within symbols

contains plagioclase and clinopyroxene phenocryst cores with
an almost homogeneous composition. In this study, the equi-
librium condition between clinopyroxene cores and the
“cicirara” melt was tested by using the iron-magnesium
partitioning model of Putirka (2008). Results suggest that, at
the early stage of crystallization, clinopyroxene cores
equilibrated with the magma (Cpx'“quFe,Mg=O.27i0.03;
cpx—lqudFe_MgchxXFeo x cpxXMgO/me]tXFeO x meltXMgO) and
therefore their compositions were used as input data for the
most suitable clinopyroxene-based thermobarometers (see the
review study by Putirka 2008). The estimates obtained by five
different thermometers and barometers produced a range of P—
T conditions (Fig. 7a, b) whose average values are P=356+
60 MPa and 7=1,145+20°C (Fig. 7a, b). Since clinopyroxene
cores are in equilibrium with the trachybasaltic melt, their
Fe®'/Fe*" ratios were also used for determining the redox state
of magma (Kress and Carmichael 1991), corresponding to the
QFM (quartz—fayalite—-magnetite) buffer (Fig. 7c). Alternative-
ly, the fO, of the “cicirara” melt was estimated by the different
partitioning behaviour of ferrous and ferric iron in
plagioclase/melt and clinopyroxene/melt pairs (see the model
of France et al. 2010). Again, the obtained value was close to
the QFM buffer (Fig. 7c) as it is expected for Etnean
trachybasaltic magmas (Metrich and Rutherford 1998 and ref-
erences therein).

The water content of the melt was measured through hy-
grometers based on plagioclase-liquid equilibrium (Putirka
2005; Lange et al. 2009) and using as input data (1) the
pressure (35660 MPa) calculated by clinopyroxene-based
thermobarometers and (2) the equilibrium temperature
(1,100°C) of plagioclase experimentally determined for
Etnean trachybasaltic liquids (Mollo et al. 2011a). To test the
equilibrium condition between plagioclase cores and the melt,
we used the Ab—An exchange reaction (P& ™"Kdp An=""8
XanX ™ Hat01.5% ™" Xeao/” X an % " Fna00.5 X ™ Ksi02)
proposed by Putirka (2008). The equilibrium constant for An—
Ab exchange is constrained within two temperature-
dependent intervals of P ™"Kd, 4,=0.10+£0.05 at T<
1,050°C and P& ™K d,p, 4,=0.27+0.11 at 7>1,050°C (see
Putirka 2008 for further details). Figure 7d shows that
plemmelig 4 | an values calculated for the plagioclase pheno-
cryst cores fall within the equilibrium range of 0.27+0.11.
Notably, Mollo et al. (2011a) have experimentally demonstrat-
ed that, at the equilibrium temperature of 1,100°C, the Etnean
trachybasaltic magmas have P& ™"Kd, 4,=0.17+0.02 that
is very close to the value of 0.19+£0.02 measured for our
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CICG]1 “cicirara” melt was determined to be 1.59+0.58 wt.%
(Fig. 7d), in agreement with the typical 1-3 wt.% of H,O
estimated for Etnean magmas (Corsaro and Pompilio 2004).
Figure 8 shows an overview of MELTS (Ghiorso and
Sack 1995) simulations performed using as input data (1)
the CICG1 bulk composition, (2) H,O contents of 0.5, 1, 1.5
and 2 wt.%, (3) buffering conditions of QFM-2, QFM and
QFM+3, (4) temperatures from 1,100°C to 1,200°C and (5)
400 MPa of pressure (notably, replicated simulations at
200 MPa do not significantly change the results attained at
400 MPa). The 7-P-H,O conditions estimated using ther-
mometers, barometers and hygrometers are also reported in
Fig. 8, together with the total volume of plagioclase and
clinopyroxene cores measured for the CCG1 sample. By
comparing all the data we observe that the best matching
result is that of 1,125-1,165°C, 400 MPa, in presence of
1 wt.% of H,O and at the QFM buffer (Fig. 8). Therefore,
considering a crustal gradient of 30 MPa/km (Spilliaert et al.
2006), we assume that plagioclase and clinopyroxene cores

formed at 12 km of depth between 1,125°C and 1,165°C.
These conditions are also comparable to those discussed in
previous studies dealing with thermal gradients beneath
Mount Etna volcano (Bonaccorso et al. 2010; Mollo et al.
2011c, 2012a; Heap et al. 2012).

Crystallization during magma ascent

Clues on the solidification process of the CICG1 magma
during its ascent to the surface can be obtained through the
behavior of volatile species at variable pressures. To do this,
we used the SolEx code (Witham et al. 2012) to perform two
simulations using as input data (1) the maximum amounts of
CO,, S and CI measured at Mount Etna (Spilliaert et al.
2006; Collins et al. 2009) and (2) water contents of 1 and
3 wt.%, respectively. The temperature was fixed at 1,150°C,
and the pressure started from 400 MPa (about 12 km of
depth). During magma ascent a conservative initial H,O

thermodynamic constraints based on plg and cpx compositions

T=1145 £ 20 °C; P = 356160 MPa; H,0 = 1.59£0.58 wt.%,; fO,= QFM buffer

T=1145%20°C
e —

plg+cpx cores
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Fig. 8 Models of CCG1 crystal phase assemblages performed using
MELTS code (Ghiorso and Sack 1995) at 7=1,100-1,200°C, H,O=
0.5-2 wt.%, QFM-2<f0,<QFM+3. Estimates of crystallization con-
ditions obtained by compositions of plagioclase and clinopyroxene

cores and their relative proportions are also reported. These data
indicate that the crystallization of the CICG1 magma began at 1,125—
1,160°C, 0.4 GPa, QFM buffer and 1 wt.%. of H,O

@ Springer



703, Page 12 of 16

Bull Volcanol (2013) 75:703

content of 1 wt.% should be exsolved at about 40 MPa
(a depth of about 1 km) (Fig. 9). Notably, at the lowest
crystallization temperature (1,125°C) inferred for plagio-
clase and clinopyroxene cores (Fig. 8), H,O is exsolved
from the melt at crustal depths <1 km (Fig. 9). Therefore,
crystallization induced by H,O exsolution during magma
ascent can occur only at shallow depths, if the magma has a
slow ascent rate. Additionally, solubility data indicate that
CO, degassing may contribute to increase the liquidus tem-
perature of the melt, causing resorption of plagioclase (and
possibly clinopyroxene) cores until 1 km of depth (Fig. 9).

The total amount of phenocrysts and microphenocrysts in
our two sub-samples is 40 and 43 vol.% (Table 3), respec-
tively. These crystals are generally interpreted as originating
from massive crystallization in volcanic reservoirs and con-
duits (Murphy et al. 2000; Couch et al. 2003). However, we
have determined that the crystal content of the CICGI1
magma at 12 km of depth is only 10—-15 vol.%. This implies
two possible scenarios: (1) about 30 vol.% of crystals solid-
ified in the last 1 km beneath the surface due to H,O
degassing or (2) microphenocrysts crystallized after the

Fig. 9 Solubility models of

eruption. Scenario (1) would imply that the CICG1 lava is
erupted with a high crystal content (>40 vol.%), hampering
the formation of a pahoehoe type lava crust. Conversely,
scenario (2) is more likely and can be demonstrated by
comparing cumulative size frequency and plagioclase CSD
data, i.e., the three log-linear parts of the CSD curve
obtained for a crystal content of 78-79 vol.% (Table 3).
These data are plotted in Fig. 10, together with crystal limits
required to develop both pahoehoe and aa morphologies
and additional data on size frequencies from historical aa
lavas. The three log-linear parts of the CSD curve indicate
that at least three different solidification conditions were
recorded by the textural evolution of plagioclase (Figs. 6
and 10). The increasing slope of the CSD log-linear trends,
i.e., low, intermediate and high slopes (red, blue and green
lines of Fig. 10) for plagioclase sizes >1, 0.1-1 and
<0.1 mm (Fig. 6), highlight an increasing degree of
undercooling and a crystallization behavior driven by a high
crystal nucleation rate (Armienti 2008; Hammer 2008). As
already demonstrated by Armienti et al. (1994a) for the
1991-1993 Etnean aa lavas, the intermediate CSD slope is

volatiles in the CICG1 magma 3000
as a function of pressure, at
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Fig. 10 Cumulative size
frequency trends (thick lines) of
the CCG1 sub-samples compared

pahoehoe

L Ll — | A N O N

with those available in literature
for aa lavas: 1966-1971 (Tanguy
1973), 1977-1983 (Tanguy and
Clocchiati 1984), 1983 (Armienti
et al. 1984; Fazzetta and Romano
1984), 1989 (Kilburn and Guest
1993), and 1991-1993 (Armienti
etal. 1994a, b). The light- and
dark-grey boxes show the
maximum and minimum crystal
contents of Hawaiian pahoehoe
and aa lavas, respectively (Hoover
etal. 2001). The theoretical range
for the development of a critical
yield strength (&) is also reported
for a suspension with randomly
oriented solid particles with
rectangular (1:2:2/5) shape (Saar
et al. 2001). The right diagram
shows a schematic CSD plot of
plagioclase from Fig. 6

crystal size (mm)

CCG1, crystals > 1 mm

aa of 1966-1970, 0.2 - 3 mm
aa of 1971, 0.2- 5 mm

aa of 1977-1981,0.2- 1 mm
aaof 1983, 0.3- 1 mm

aaof 1989, 0.3 - 4 mm

aa of 1991-1993, 0.3 - 1.8 mm
CCG1, 0.1 < crystals < 1 mm

crystal size (mm)

due to the crystallization of microphenocrysts during mag-
ma ascent in the conduit. However, this interpretation can-
not be used for the log-linear part of the plagioclase CSD of
the CICG1 lava (see the blue segment in Fig. 10), otherwise
we should conclude that this lava was erupted and flowed
with a crystal content of 4043 vol.% (Table 3 and Fig. 10)
that is definitively in contrast with the pahoehoe morphol-
ogy. Therefore, only plagioclase crystals with a length
>1 mm and belonging to CSD curves with the lowest slope
(Fig. 6) should have crystallized at pre-eruptive conditions.
Indeed, different solidification conditions for the pahoehoe
CICGI1 lava and the aa lavas erupted in the last decades at
Mount Etna volcano are pointed out by their different cu-
mulative size frequency trends (Fig. 10). With respect to
Etnean aa lavas, the cumulative size frequency of CICGI
has a high slope at larger crystal sizes (>1 mm). This high
slope suggests a decreasing nucleation density due to lower
degrees of undercooling before eruption. Such a feature
finds an interesting analogue in the results of Sato (1995),
who investigated the aa and pahoehoe morphologies of the
Izu—Oshima lavas. Sato (1995) showed that when magma
experiences a rapid undercooling due to H,O exsolution, aa
lavas with a high crystal density are favoured with respect to
pahoehoe types; notably, the opposite occurs at low degrees
of undercooling, even for similar magma compositions. The
total content of phenocrysts and microphenocrysts in
CICGI1 sub-samples is 40 and 43 vol.%, respectively.
According to data reported in Fig. 10, pahoehoe morpholo-
gy can develop only for crystal content lower than 26 vol.%.
Since 10-15 vol.% of phenocryst cores formed at a depth of

50 5 1015

log (n) (mmA)

crystals (vol.%)

12 km, only 11 vol.% of phenocrysts may have crystallized
during magma ascent (Table 3).

The CSD segment obtained for plagioclases >1 mm cor-
responds to two main trends of the cumulative size frequen-
cy (see red lines in the cumulative size frequency diagram of
Fig. 10), underlining slightly different growth styles under
intratelluric conditions. On the contrary, the near horizontal
CSD slope for plagioclases >1 mm (Fig. 6) testifies to a very
low nucleation rate, practically the same as that of larger
crystals. We infer that, to maintain the same nucleation rate,
while 11 vol.% of crystallization takes place during magma
ascent, it is required that the nucleation develops heteroge-
neously around the early-formed plagioclase (and
clinopyroxene) cores. This is supported by the agglomera-
tion features observed for large plagioclases (Figs. 3c, d, 4
and 5). Indeed, heterogeneous nucleation and crystal ag-
glomeration have been observed in several experimental
studies (Pupier et al. 2008; Iezzi et al. 2011; Mollo et al.
2011a, 2012b) demonstrating that, under kinetically con-
trolled conditions, smaller crystals heterogeneously nucleate
and agglomerate onto larger ones. Notably, in the case of
plagioclase, similar mechanisms produce An-rich cores
surrounded by An-poor rims (lezzi et al. 2011).

Crystallization after eruption
Since the amount of phenocrysts formed before eruption

was no more than 21-25 vol.%, then the majority of the
crystallization occurred at subaerial conditions after the

@ Springer
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formation of the rapidly cooled pahoehoe crust. Such a
process is not rare. For example, massive crystallization
(>50 vol.%) during lava emplacement has been reported
by Crisp et al. (1994) for the Mauna Loa lava of 1984. In
the case of the Hawaiian magmas, the occurrence of olivine,
orthopyroxene and clinopyroxene as liquidus phases en-
riches the residual melt in Si and Al; consequently, the
liquid becomes reluctant to nucleate and more prone to
vitrify (Sparks et al. 2000; Iezzi et al. 2008, 2009, 2011).
In contrast, the higher subaerial crystallization of the
“cicirara” lava (>75 vol.%) is due to the early formation of
a large amount of plagioclases that enrich the melt in Fe and
Mg, triggering the nucleation of olivine, clinopyroxene and
titanomagnetite crystals.

The intermediate (0.1-1 mm) and high (<0.1 mm) slopes
of the plagioclase CSD reported in Fig. 6 (see also blue and
green lines in Fig. 10) indicate different solidification be-
haviors; notably, two crystallization events at subaerial con-
ditions are also observable for the clinopyroxene (Fig. 6).
We infer that H,O did not exsolve completely during rapid
magma ascent, as in the case of lateral eruptions at Mount
Etna volcano (Metrich and Rutherford 1998). Our interpre-
tation will also give reason for the presence of a significant
amount of bubbles only in the uppermost part of the CICG1
lava (0.1 m below the pahoehoe crust). It follows that the
intermediate slope of plagioclase CSD reflects the formation
of crystals driven by water loss during lava solidification.
This crystallization event was not recorded by the surface
morphology of the lava flow because it rapidly solidified
under fast cooling rates. The absence of widespread frac-
tures testifies to a low strain rate unable to disrupt the
pahoehoe carapace (Kilburn 2004), perhaps suggesting a
low effusion rate. Conversely, the high CSD slope for pla-
gioclases <0.1 mm indicates that, after degassing, a large
amount of crystals rapidly formed in response to a fast
undercooling (Figs. 6 and 10). In fact, the high concentra-
tions of Fe in plagioclase (Table 2) and Al in clinopyroxene
(Table 2) indicate a massive crystallization of microlites
under kinetically controlled conditions (Mollo et al. 2010,
2011a, b, 2012c) and temperatures much higher than 680°C,
i.e., the glass transition of Etnean trachybasaltic melts (Iezzi
et al. 2009). The low difference in plagioclase phenocryst
content (Table 3) measured for the two CICG1 sub-samples,
suggests the presence of two slightly different cooling paths
as a function of the distance from the uppermost part of the
lava flow (cf. Mollo et al. 2012b).

Rheological path of the CICG1 “cicirara”
In Fig. 11, we summarize previous results and provide the
rheological path for the CICG1 “cicirara” lava. The apparent

viscosity of the suspension (melt+crystals) was computed
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Fig. 11 The rheological path of the CCG1 magma from the magmatic
reservoir to the final emplacement condition

using the model of Vona et al. (2011) on the basis of the
amount and shape of the crystals (Table 3); whereas, the
composition of the residual melt was estimated by mass
balances and its viscosity was determined using the model
of Giordano et al. (2008). For the calculation, we considered
an average strain rate of 0.1 s~ (Hon et al. 2003), anhydrous
and hydrous (H,O=1 wt.%) conditions, and a temperature
interval of 1,100—1,150°C. Results indicate that the CICG1
magma was characterized by an initial low viscosity of 2 log
Pas. Under hydrous conditions, when magma was rising in
the last 1,000 m of the conduit, the viscosity slightly in-
creased due to (1) the partial exsolution of water and (2) the
onset of heterogeneous crystallization of phenocryst rims.
At the vent, the bulk viscosity did not exceed 3 log Pas
(Fig. 11) favouring the formation of a pahoehoe carapace.
Since the lava completely degassed during flow, 45 vol.% of
crystals formed and the lava viscosity increased to 4.5 log
Pas. The massive crystallization of microlites occurred at
the final stage of the solidification path, significantly in-
creasing the viscosity of the suspension (Fig. 11).

Conclusions

The crystallization behaviour that we have outlined in this
study is controlled by the efficiency of degassing, which is
in turn related to the velocity of magma ascent (Ferlito and
Lanzafame 2010). At Mount Etna, the last portion of the
feeding system is an open-conduit persistently filled with
magma (Ferlito et al. 2011). The most frequent eruptive
activity occurs at subterminal craters (above 3,000 ma.s.l.)
and along fractures related to these structures (Corsaro et al.
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2009). Since the magma in the uppermost conduit is efficiently
degassed, the degree of undercooling significantly increases
(Sato 1995) favouring the formation of a large amount of nuclei
within the conduit (Armienti 2008). Thus, abundant crystalli-
zation takes place before eruption and the erupted lavas develop
into aa flows. This scenario is depicted by the cumulative size
frequency diagram (Fig. 10). Similar conclusions can be drawn
considering the CSD data of plagioclase and clinopyroxene in
aa lavas of Armienti et al. (1994a). Indeed, the low and inter-
mediate slopes of the three log-linear CSD portions of aa lavas
clearly reflect intratelluric crystallization conditions (Armienti
etal. 1994a, 1997). In contrast, pahoehoe “cicirara” lavas (e.g.,
the CICGl trachybasalt) show a different cumulative size fre-
quency trend. Importantly, only the CSD log-linear segment of
large plagioclase phenocrysts mirrors crystallization conditions
before eruption (Fig. 10). This implies that pahoehoe lavas are
due to magma ascent conditions characterized by a low degree
of undercooling that can only occur when the magma ascent is
fast. Fast ascent rates could be associated with tectonically
controlled fissures that provide conduits for lateral eruptions
where degassing is much lower that open conduit conditions
typical of most of the Etnean lava emissions.

Similar investigations as that reported here on the rela-
tionship among textural, micro-chemical and surface fea-
tures of several pahoehoe “cicirara” lavas erupted in the
last thousands of years (cf. Table 1) are currently being
undertaken by our group; the results of these new studies
will potentially allow researchers to constrain the different
magma withdrawal processes at Mount Etna volcano. Final-
ly, we point out that the size limits among phenocrysts,
microphenocrysts and microlites can be used as useful pet-
rological indicators only after a quantitative investigation of
the mineral textural features (cf. Kuritani 1999).
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