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Abstract In this study, we have investigated the control
of cooling rate on the composition of titanomagnetite
formed from a trachybasaltic melt. Results show that dis-
equilibrium growth conditions exert a primary control on
the abundance, texture, and composition of the crystals. As
the degree of cooling is increased, titanomagnetites show
immature textures and are progressively enriched in
Al + Mg and depleted in Ti. Thus, early-formed titano-
magnetite nuclei do not re-equilibrate with the melt over
faster cooling rates; instead, their compositions are far from
equilibrium. On the basis of the different intra-crystal
redistribution rates for Ti, Al, and Mg, we have calibrated a
geospeedometer that represents the first quantitative
description of the effect of cooling rate on titanomagnetite
composition. This model was tested using the compositions
of titanomagnetites in lava and dike samples from Mt. Etna
volcano whose crystallization conditions resemble those of
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our experiments. Cooling rates calculated for lava samples
are comparable with those measured in several volcanic
complexes. At Mt. Etna, compositional variations of ti-
tanomagnetite grains from the innermost to the outermost
part of a dike testify to progressively higher degrees of
cooling, in agreement with numerical simulations of ther-
mal gradients in and around magmatic intrusions.
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Introduction

Titanomagnetite is a common accessory mineral in many
igneous rocks (Toplis and Carroll 1995; Jang et al. 2001;
Freda et al. 2008). At temperatures above 600 °C, titano-
magnetite exhibits a complete solid solution of two end-
members, that is, magnetite (Mt; Fe;0,4) and ulvospinel
(Usp; Fe,TiO4). This solid solution is described as
Fe;_Ti,O4, where 0 <x < 1 is the proportion of Usp
formed by the replacement of two Fe®" cations by Fe®"
and Ti** (Putnis 1992; Bosi et al. 2009; Pearce et al. 2010
and references therein).

The amount of Usp plays a major role in controlling
rock magnetism and the paleomagnetic properties of the
Earth’s crust (O’Reilly 1984; Banerjee 1991; Pick and
Tauxe 1994; Zhou et al. 2000; Bowles et al. 2011). At
room temperature, pure Mt is ferromagnetic, whereas pure
Usp is paramagnetic. As a result, higher contents of Usp
component in titanomagnetite cause lower magnetic sus-
ceptibilities, lower saturation magnetization, and lower
spontaneous magnetization and Curie temperatures of the
hosting rocks (Lattard et al. 2006; Chadima et al. 2009).
For this reason, the knowledge and quantification of factors
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controlling the amount of Usp are of fundamental impor-
tance for paleomagnetic studies (e.g. Zhou et al. 2000).

A wealth of experimental investigators have docu-
mented that the chemistry of titanomagnetite changes in
response to variations in melt composition, temperature,
and oxygen fugacity (Spencer and Lindsley 1981; Juster
et al. 1989; Ghiorso and Sack 1991; Scaillet and Evans
1999; Toplis and Carroll 1995; Thy et al. 2006). However,
there is now recognition that igneous crystals may grow
rapidly during cooling and, in the process, may deviate
from equilibrium (Hammer 2008 and references therein).
Accordingly, studies dealing with pillows of mid-ocean
ridge basalts (MORBs), lava flows, and dikes have dem-
onstrated, by means of chemical and magnetic measure-
ments, that the Usp content in titanomagnetite 1is
significantly dependent on the kinetic conditions of the
system (e.g. Smith and Prévot 1977; Zhou et al. 2000;
Kissel et al. 2010; Mollo et al. 2011a, 2012a). Large and
euhedral Ti-rich titanomagnetites are found in the inner-
most and less efficiently cooled parts of pillows, dikes, and
lava flows, whereas tiny and dendritic Ti-poor crystals are
observed near the outermost and rapidly cooled portions.
These observations have also been recently corroborated
by kinetically controlled experiments on Fe-rich basaltic
(Hammer 2006) and andesitic (Iezzi et al. 2011) melts.

However, although several studies have experimentally
quantified the effect of cooling rate on the composition of
some important silicate phases, such as, clinopyroxene and
plagioclase (Muncill and Lasaga 1987; Lofgren et al. 2006;
Hammer 2008; Iezzi et al. 2008, Mollo et al. 2010a, 2011b,
2012b), there has been no investigation focused on the
compositional variation of titanomagnetite.

In order to remedy this paucity of information, we
present new data on the variation of Ti and other minor
components, such as, Al and Mg, in titanomagnetite as a
function of cooling rate. Titanomagnetite crystals were
grown from a trachybasaltic melt commonly characterizing
the magmatic activity of Mt. Etna volcano (Italy). The
experiments were conducted at 0.1 and 500 MPa to
reproduce both sub-aerial and sub-volcanic magma
emplacement conditions. Indeed, eruptive activity at Mt.
Etna typically occurs through (1) summit lava flow emis-
sions fed by the central conduit and (2) lateral events
triggered by deep tectonic fracturing that allows dike-like
intrusions to propagate from >11-km depth up to the sur-
face (Corsaro et al. 2009). This means that magma does not
only cool at sub-aerial conditions, but it also solidifies at
depth originating as a complex system of dike intrusions
(Mollo et al. 2011a, c). Three different experimental sets
were performed over the buffering conditions of
NNO + 1.5: (1) cooling rate experiments of 0.5, 2.1, 3,
9.4, and 15 °C/min from 1,250 down to 1,000 °C, (2)
quenching temperature experiments of 1,025, 1,050, 1,075,
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1,090, and 1,100 °C at the fixed cooling rate of 0.5 °C/min,
and (3) isothermal temperature experiments of 1,000,
1,025, 1,050, 1,075, 1,090, and 1,100 °C. The composi-
tional variations measured for titanomagnetites allowed us
to calibrate a geospeedometer based on the kinetically
controlled cation redistributions in the crystals. This model
was tested on natural alkaline samples from lava flows and
dikes outcropping at Mt. Etna volcano. Results show
cooling rates that are in good agreement with those deter-
mined by means of different geospeedometers and thermal
models.

Starting material, experiments, and analyses

All experiments and analyses were carried out at the HP-HT
Laboratory of Experimental Volcanology and Geophysics
of the Istituto Nazionale di Geofisica e Vulcanologia in
Roma (Italy). The chemistry of the synthetic starting
material used for the experiments corresponds to a basaltic
lava erupted in 2001 from Mt. Etna volcano. This starting
material was synthesized by mixing oxide and carbonate
powders in a ball mill. The resulting mixture was melted
twice, to ensure the homogeneity of the glass using a Pt-
crucible loaded in 1-atm furnace at 1,600 °C for 3 h. The
glass was analyzed by X-ray powder diffraction and scan-
ning electron microscopy, and no crystalline phases were
detected (see also Del Gaudio et al. 2010 for further details).
Twenty microprobe analyses of this glass yielded an aver-
age composition (in wt%) of SiO, = 47.61 (£0.35), TiO, =
1.65 (£0.4), AlLO; =16.76 (£0.21), FeO = 10.58
(£0.12), MnO = 0.17 (£0.02), MgO = 6.51 (£0.12),
CaO = 11.13 (£0.14), Na,0O = 3.31 (£0.07), K,0 = 1.82
(£0.04), and P,05 = 0.46 (£0.04).

High-pressure experiments were performed at 500 MPa
in a piston cylinder apparatus. Fe-presaturated Pt-capsules
loaded with the starting powder were positioned into a
19.1-mm NaCl-crushable alumina—pyrophyllite—Pyrex
assembly which produces a fO, during the experiments of
NNO + 1.5 (see also Freda et al. 2008; Mollo et al.
2010b).

Atmospheric pressure experiments were performed in a
vertical tube gas-mixing furnace. Fe-presaturated Pt-cap-
sules loaded with the starting powder were suspended
within the furnace where a flux of CO/CO, gas mixture
imposed a buffering condition of NNO + 1.5. Oxygen
fugacity was monitored and maintained constant over the
experimental temperatures by means of an yttria-doped-
zirconia solid electrolyte oxygen sensor (SIRO,, Ceramic
Oxide Fabricators, Ltd., Australia) and two digital thermal
mass flow meters controlled via software. Following Tor-
mey et al. (1987), the experiments were performed under a
partial pressure of sodium (in the form of Na,SiO;) in the
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furnace atmosphere to minimize the sodium loss in the
melt.

Our experiments at both 500 and 0.1 MPa can be divi-
ded into three sets (Table 1). Experimental Set 1 was
designed to quantify the systematic changes in titanomag-
netite composition due to cooling rate; the samples were
cooled using five rates of 15, 9.4, 3, 2.1, and 0.5 °C/min
from 1,250 down to 1,000 °C. As determined by Del
Gaudio et al. (2010), 1,250 °C is a superliquidus temper-
ature and is 39 °C higher than the liquidus temperature
(1,211 °C) of the trachybasalt. Experimental Set 2 was
performed to track the role of crystallization path on the
titanomagnetite crystal chemistry; the samples were cooled
at the fixed cooling rate of 0.5 °C/min using five different
quenching temperatures of 1,025, 1,050, 1,075, 1,090, and
1,100 °C. For both Experimental Set 1 and 2, the super-
liquidus temperature of 1,250 °C was achieved starting
from room temperature with a ramp of 100 °C/min which
was then maintained for 30 min. According to nucleation
theory, nucleation energy barriers scale with melt structure
that, in turn, changes as a function of the thermal pre-
treatment of the starting material (Hammer 2008). As both
the experimental duration and the superliquidus tempera-
ture are increased, the melt is progressively depolymerized,
decreasing the quantity of large clusters that can become
nuclei (Hammer 2008). Our study uses the assumption that,
at magma chamber conditions and over the time scale of
magmatic processes, the melt is in equilibrium with co-
existing titanomagnetite crystals (i.e. the melt structure is
fully relaxed). Therefore, compositional variations of
titanomagnetites are mainly driven by dynamic crystalli-
zation conditions during magma emplacement. In this
view, we need apply pre-heating conditions (i.e. 1,250 °C
and 30 min) such that within our experiments, tempera-
tures were sufficient for the destruction of pre-existing melt
structures. To test this, we have performed two additional
experiments at atmospheric pressure. Experiments were
cooled from 1,400 °C down to 1,000 °C using a rate of 15
and 0.5 °C/min (Table 1). The superliquidus temperature
was achieved (and then maintained for 180 min) starting
from room temperature with a ramp of 100 °C/min. It is
worth stressing that Tsuchiyama (1983) have demonstrated
that both the heating duration of 180 min and temperature
of 1,400 °C are higher than those required to achieve
equilibrium in primitive silicate melts. Furthermore,
Kirkpatrick et al. (1979) and Muncill and Lasaga (1987)
have pointed out that when equilibrium is attained, no
differences are observed in results from crystal-growth
experiments with crystalline starting materials or reheated
quenched glasses. By comparing run products obtained
using thermal pre-treatments of 1,250 °C (30 min) and
1,400 °C (180 min), we did not observed significant

variations, for example, no delay of crystal nucleation and
no change in phase assemblage and phase proportion
(Table 1). Consequently, crystalline precursors (e.g.
embryonic clusters that can become nuclei) did not survive
to thermal pre-treatments. We can conclude that, at
1,250 °C, the relaxation time to reach equilibrium would
be much higher than the 30 min used for the trachybasaltic
melt, in agreement with the general observation that
relaxation kinetics of the melt are extremely rapid in time
(i.e. from milli- to micro-seconds) at superliquidus tem-
peratures (Richet 2002; Webb 2005; Dingwell 2006).
Experimental Set 3 was carried out in order to asses the
compositions of titanomagnetites under equilibrium con-
ditions; six samples were heated from room temperature up
to 1,000, 1,025, 1,050, 1,075, 1,090, and 1,100 °C, holding
the final temperature constant for 42 h. To test the
achievement of equilibrium, two reversal experiments were
also performed at atmospheric pressure (Table 1). The
sample was heated from room temperature up to 1,250 °C,
which was maintained for 30 min. The superliquidus
temperature was decreased using a rate of 15 °C/min to the
target temperature (i.e. 1,000 and 1,100 °C) which was
then held constant for 42 h.

Chemical analyses were conducted with a JEOL-
JXA8200 EDS-WDS combined electron microprobe
equipped with five wavelength-dispersive spectrometers,
using a 15 kV accelerating voltage and 10 nA beam current.
Crystals were analyzed with a beam size of 2 um and a
counting time of 20 and 10 s on peaks and background,
respectively. The following standards have been adopted for
the various chemical elements: jadeite (Si and Na), corun-
dum (Al), forsterite (Mg), andradite (Fe), rutile (Ti), ortho-
clase (K), barite (Ba), apatite (P), and spessartine (Mn).
Sodium and potassium were analyzed first to reduce possible
volatilization effects. Precision was better than 5 % for all
cations. Images were obtained with a JEOL FE-SEM 6500F
equipped with an energy dispersion microanalysis system.

Results

Run products obtained at 500 and 0.1 MPa show compa-
rable phase assemblages and textural features (Table 1 and
Fig. 1). Plagioclase, clinopyroxene, and titanomagnetite
occur in all charges with an almost constant ratio of
1.5:1:0.2. The melt is present in each run product and its
abundance increases with increasing temperature and
cooling rate.

In detail, as the cooling rate is increased from 0.5 to
15 °C/min, the amount of crystals in run products decrea-
ses from 81 to 14 vol.%; in addition, as the quenching and
isothermal temperatures are increased from 1,000 to
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Table 1 Run conditions and phases occurring in experimental products

Run# Cooling rate Initial Final SO, (buffer) Pressure Phases(vol. %)

(°C/min) temperature (°C) temperature (°C) (MPa)
Variable cooling rate
EB1D 0.5 1,250 1,000 NNO + 1.5 500 cpx(31) + plg(46) + timt(3) + gl(19)
EBSA 2.1 1,250 1,000 NNO + 1.5 500 cpx(29) + plg(44) + timt(3) + gl(24)
EBIE 3.0 1,250 1,000 NNO + 1.5 500 cpx(25) + plg(26) + timt(3) + gl(46)
EB7B 9.4 1,250 1,000 NNO + 1.5 500 cpx(13) + plg(19) + timt(2) + gl(66)
EBI1F 15 1,250 1,000 NNO + 1.5 500 cpx(12) + plg(8) + timt(1) + gl(79)
EB1VF 0.5 1,250 1,000 NNO + 1.5 0.1 cpx(27) + plg(40) + timt(4) + g1(29)
EB2VF 2.1 1,250 1,000 NNO + 1.5 0.1 cpx(24) + plg(38) + timt(4) + gl(34)
EB3VF 3.0 1,250 1,000 NNO + 1.5 0.1 cpx(11) + plg(20) + timt(3) + gl(66)
EB4VF 9.4 1,250 1,000 NNO + 1.5 0.1 cpx(10) + plg(21) + timt(2) + gl(67)
EB5VF 15 1,250 1,000 NNO + 1.5 0.1 cpx(5) + plg(7) + timt(2) + gl(86)
EB18VF 0.5 1,400 1,000 NNO + 1.5 0.1 cpx(25) + plg(41) + timt(4) + gl(30)
EB19VF 15 1,400 1,000 NNO + 1.5 0.1 cpx(6) + plg(9) + timt(2) + gl(83)
Variable quenching temperature
EB1D 0.5 1,250 1,000 NNO + 1.5 500 cpx(31) + plg(46) + timt(3) + gI(19)
EB12A 0.5 1,250 1,025 NNO + 1.5 500 cpx(14) + plg(25) + timt(1) + gl(60)
EB13A 0.5 1,250 1,050 NNO + 1.5 500 cpx(14) + plg(15) + timt(1) + gl(69)
EB14A 0.5 1,250 1,075 NNO + 1.5 500 cpx(7) + plg(11) + timt(2) + gI(80)
EB10A 0.5 1,250 1,090 NNO + 1.5 500 cpx(4) + plg(4) + timt(1) + gl(91)
EB11B 0.5 1,250 1,100 NNO + 1.5 500 cpx(7) + plg(5) + timt(1) + gl(87)
EB6VF 0.5 1,250 1,000 NNO + 1.5 0.1 cpx(27) + plg(40) + timt(4) + g1(29)
EB7VF 0.5 1,250 1,025 NNO + 1.5 0.1 cpx(10) + plg(20) + timt(2) 4 gl(68)
EB8VF 0.5 1,250 1,050 NNO + 1.5 0.1 cpx(10) + plg(12) + timt(2) + gl(76)
EBOVF 0.5 1,250 1,075 NNO + 1.5 0.1 cpx(5) + plg(11) + timt(2) + gl(82)
EB10VF 0.5 1,250 1,090 NNO + 1.5 0.1 cpx(4) + plg(7) + timt(2) + gl(87)
EBI11VF 0.5 1,250 1,100 NNO + 1.5 0.1 cpx(4) + plg(7) + timt(2) + gl(87)
Variable isothermal temperature
EB9A - 1,000 1,000 NNO + 1.5 500 cpx(33) + plg47) + timt(4) + gl(17)
EB17A - 1,025 1,025 NNO + 1.5 500 cpx(19) + plg(29) + timt(3) + gI(50)
EB18A - 1,050 1,050 NNO + 1.5 500 cpx(17) + plg(20) + timt(3) + gl(61)
EB19A - 1,075 1,075 NNO + 1.5 500 cpx(10) + plg(16) + timt(3) + gl(72)
EB20A - 1,090 1,090 NNO + 1.5 500 cpx(9) + plg(11) + timt(2) + gl(78)
EB21A - 1,100 1,100 NNO + 1.5 500 cpx(8) + plg(10) + timt(2) + gI(80)
EB12VF - 1,000 1,000 NNO + 1.5 0.1 cpx(27) + plg41) + timt(3) + gl(29)
EB12VF-R - 1,000 1,000 NNO + 1.5 0.1 cpx(26) + plg(39) + timt(4) + gl(31)
EB13VF - 1,025 1,025 NNO + 1.5 0.1 cpx(16) + plg(25) + timt(3) + gl(56)
EB14VF - 1,050 1,050 NNO + 1.5 0.1 cpx(9) + plg(14) + timt(2) + gl(75)
EB15VF - 1,075 1,075 NNO + 1.5 0.1 cpx(7) + plg(12) + timt(2) + gI(80)
EB16VF - 1,090 1,090 NNO + 1.5 0.1 cpx(5) + plg(10) + timt(2) + gl(83)
EB17VF - 1,100 1,100 NNO + 1.5 0.1 cpx(5) + plg(9) + timt(2) + gl(84)
EB17VF-R - 1,100 1,100 NNO + 1.5 0.1 cpx(6) + plg(10) + timt(1) + gl(83)

1,100 °C, the crystal content progressively decreases from
83 to 16 vol.% and from 81 to 13 vol.%, respectively
(Table 1). In the following, we focus on the effect of
cooling rate on the textural and compositional variations of
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titanomagnetite crystals; the morphological and chemical
features of clinopyroxene and plagioclase have been
extensively discussed in Del Gaudio et al. (2010) and

Mollo et al. (2010a, b).
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Titanomagnetite texture

Irrespective of temperature and pressure conditions, cool-
ing rate exerts the primary control on the morphology of
titanomagnetite crystals (Fig. 1). In general, experiments
cooled more rapidly than 2.1 °C/min contain tiny crystals
that form texturally immature dendrites with side branches
growing from the major dendrite arms (Fig. la, b, c),
whereas, at lower cooling rates, cruciform anhedral crystals
are progressively replaced by sub-euhedral titanomagne-
tites (Fig. 1d, e, f).

This textural maturation also includes the following:
(1) at 15 °C/min, crystals have swallowtail (or dendritic)
shapes with a limited number of developed planar faces
(Fig. 1a), (2) at 9, 3, and 2.1 °C/min, titanomagnetites

%u uu||.
timt

Fig. 1 Textural features of titanomagnetites formed at 500 and
0.1 MPa from run products cooled from 1,250 to 1,000 °C at 15 (a),
9.4 (b), 3 (¢), 2.1 (d), 0.5 (e) °C/min and from run products kept at
the isothermal temperature of 1,000 °C (f). Plg plagioclase, Cpx
clinopyroxene, Timt titanomagnetite, GI glass

show swallowtail and hopper (or skeletal) shapes with a
significant number of well developed faceted edges
(Fig. 1b, ¢, d), and (3) at 0.5 °C/min and at the isother-
mal temperature of 1,000 °C, titanomagnetites are char-
acterized by nearly well-formed planar rims with a few to
no hopper inclusions, that is, a quasi-mature texture

(Fig. le, 1).
Titanomagnetite composition

In Table 2, the average titanomagnetite composition is
reported for each experimental run (see also Table 1S
available as supplementary material). The crystal chemical
formulas are recalculated following Stormer (1983): (1) we
calculated the molar proportions of all cations in the
analyses; (2) the cations were normalized to a formula unit
of 3 sites; (3) we calculated the sum of the cationic charges
per formula unit and subtracted 8; (4) the charge deficiency
was eliminated by convert Fe** to Fe**; (5) we obtained
the number of moles of each cation per formula unit,
considering the mole fraction of Fe*" relative to the sum of
all divalent cations, and the mole fraction of Fe>" relative
to all trivalent cations.

Titanomagnetite compositional variations as a function
of experimental conditions are displayed in Fig. 2. In
general, titanomagnetites formed at 500 MPa show higher
concentrations of Al + Mg and a slightly lower Ti content
relative to crystals obtained at 0.1 MPa. As both isothermal
(Fig. 2a) and quenching (Fig. 2b) temperatures are
increased, the amount of Al + Mg increases, whereas the
Ti content decreases. In parallel, the total iron content and
the Fe’'/Fe’™ ratio in titanomagnetite also increase
(Table 2 and Fig. 2a, b).

Figure 2c shows that titanomagnetites formed under
increasing cooling rate conditions are characterized by
chemical trends similar to those observed as a function of
temperature, except more exaggerated. Quantitatively,
concentrations of Al, Mg, and Ti in titanomagnetite change
by 35, 26, and 50 % with increasing cooling rate; in con-
trast, they change only by 6, 7, and 10 % with increasing
temperature.

In Fig. 3, titanomagnetite compositions from each
experimental run are plotted in the FeO-Fe,O3-TiO, ter-
nary diagram. Crystals formed under both isothermal and
variable quenching temperatures lie at the boundary of the
Mt-Usp solid solution field. The amount of Usp progres-
sively decreases with increasing temperature due to the
lower Ti content (Fig. 2a, b). Similarly, as the cooling rate
is increased, titanomagnetites from cooling rate experi-
ments are characterized by decreasing Usp amounts.
However, at the faster cooling rates, concentrations of
Al + Mg are significantly higher, causing the departure
from the Mt—Usp tie line (Fig. 2c).
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Fig. 2 Titanomagnetite compositions from isothermal runs (a),
variable quenching temperature runs (b) and cooling rate runs (c).
The titanomagnetite composition from isothermal runs at 1,000 °C
are also reported for comparison in panel (c). Recalculation of
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Fig. 3 Titanomagnetite compositions from experimental runs are
plotted in the FeO—-Fe,05-TiO, ternary diagram. Error bars are within
symbols
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titanomagnetite analyses is done on a 3-cation basis. Major element
concentrations are reported in atoms per formula unit (apfu). Error
bars are within symbols

Discussion

Dependence of titanomagnetite composition
on P-T-X-fO, and cooling rate

The crystal chemistry of titanomagnetite significantly
changes in response to P-T-X—f0O, variations in the melt
(Spencer and Lindsley 1981; Frost et al. 1988; Andersen
et al. 1991; Snyder et al. 1993; Thy and Lofgren 1994;
Toplis and Carroll 1995; Thy et al. 2006); however, from a
quantitative point of view, the effects induced by variable
kinetic conditions are still unknown. This is surprising if
we consider that the Ti content of titanomagnetites found in
pillows of MORBs, lava flows, and dikes changes as a
function of cooling rate (e.g. Smith and Prévot 1977; Zhou
et al. 2000; Kissel et al. 2010; Mollo et al. 2011a, 2012b).
Such variation alters the magnetic properties of rocks
(Zhou et al. 2000 and references therein) due to mineral
compositional variations lowering Ti in titanomagnetite
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Fig. 4 Variations of Mg>™,

A" and Ti*" in _ 0.800 -
titanomagnetite as a function of -.g
melt mg-number. Data from & 0.600
literature are compared with -
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and frequently counterbalanced by higher Al 4+ Mg con-
centrations (Richards et al. 1994; O’Donovan and O’Reilly
1977; Chadima et al. 2009).

Therefore, our experimental results allow us to quantify
for the first time the effect of cooling rate on titanomag-
netite composition over temperature and pressure intervals
of 1,000-1,100 °C and 0.1-500 MPa, respectively.
Although the melt redox state plays a major role in deter-
mining the stability of titanomagnetite as well as the degree
of solid solution between Mt and Usp (Ghiorso and Sack
1991), the constant buffering condition (NNO + 1.5) of
our experiments implies that cationic substitutions in
titanomagnetite observed here are necessarily related to
changes in pressure, temperature, and cooling rate.

As pressure is increased from 0.1 to 500 MPa, titano-
magnetite crystals are slightly enriched in Al + Mg
(Fig. 2). This agrees with the observation that Mg—Al-rich
spinels are characteristic of high-pressure conditions,
where aluminum and magnesium are preferentially incor-
porated from the liquid into the crystals (Barnes and
Roeder 2001 and references therein). By contrast, the
amount of Ti slightly decreases with increasing pressure;
notably, the Usp content does not significantly change

@ Springer
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(Table 2 and Fig. 3), confirming that temperature and
oxygen fugacity mainly dictate the amount of Usp in
titanomagnetite (Ghiorso and Sack 1991) in the pressure
range of 0.1-500 MPa (Spencer and Lindsley 1981).

In our study, major compositional changes of titano-
magnetite are observed as a function of temperature and
cooling rate (Figs. 2, 3). However, chemical trends indicate
that the Ti—Al-Mg cationic substitutions in titanomagnetite
are mostly related to the effect of cooling rate rather than to
that of temperature (Figs. 2, 3). It is worth noting that
titanomagnetite compositions from our isothermal runs are
comparable with to those from variable quenching exper-
iments conducted at the slowest cooling rate of 0.5 °C/min
(Fig. 2). This feature emphasizes the fact that cooling rates
<0.5 °C/min would be slow enough to promote the
nucleation and growth of titanomagnetites that closely
approach equilibrium (but never fully do so). In fact,
titanomagnetite compositions invariably migrate toward
that of equilibrium for each quenching temperature con-
sidered (Fig. 2).

To properly assess the departure from equilibrium of
titanomagnetites formed under kinetically controlled con-
ditions, we need to have knowledge of the distribution of
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Fig. 5 Variations of Mg>™,
A" and Ti** in
titanomagnetite as a function of
melt NBO/T (i.e. the number of
non-bridging oxygens per
tetrahedral cations). Data from
literature are compared with
those from this study. Cation
variations from this study are
also evidenced by an accessory
insert panel. Error bars are
within symbols
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chemical components between titanomagnetite and melt
under equilibrium conditions. To do this, we have selected
titanomagnetite—melt pairs from several equilibrium
experiments reported in the literature and conducted on
both alkaline and sub-alkaline compositions (Baker and
Eggler 1987; Meen 1987, 1990; Grove and Juster 1989;
Juster et al. 1989; Sisson and Grove; 1993; Auwera and
Longhi 1994; Grove et al. 1997; Martel et al. 1999; Dann
et al. 2001; Scoates et al. 2006; Villiger et al. 2007,
Alonso-Perez et al. 2009). The experiments were per-
formed at intervals of pressure, temperature, and oxygen
fugacity of 0.1-800 MPa, 876-1,210 °C, and MW-
NNO + 2, respectively. The phase assemblages of the
charges usually include four or five minerals plus a quen-
ched glass; plagioclase is generally present, and ferro-
magnesian phases consist of olivine, orthopyroxene,
clinopyroxene, and amphibole, in various combinations.
Glasses span in composition from basalt to rhyolite for
both alkaline and sub-alkaline series.

In Fig. 4, we plot the variation of Al, Mg, and Ti cations
in titanomagnetite as a function of melt mg-number [mg-
number = molar ratio of Mg/(Mg 4 Fe?")]. Data from our

experiments are also reported for comparison, and their
variations are evidenced by an accessory insert panel. The
compositions of glasses coexisting with titanomagnetites
are reported in Table 2S available as supplementary mate-
rial. Notably, we can affirm that our isothermal experiments
attained equilibrium on the basis of the following obser-
vations: (1) both the amount (Table 1) and chemistry
(Tables 1s and 2s) of titanomagnetites and glasses from
reversal experiments do not substantially vary at isothermal
conditions; (2) data reported by Mollo et al. (2010a) and
based on Fe-Mg exchange between clinopyroxene and
melt [cprmeltI<dFeng — (FCCPX % Mgmelt)/(Mgcpx x Femelt)]
agree with the equilibrium value of 0.27 £ 0.03 (Putirka
1999; Putirka et al. 2003); (3) data reported by Mollo
et al. (2011b) and based on the Ab—An exchange
between plagioclase and melt [P'& ™" Kdap o, = PAb x
A0, 5 x ™M'Ca0)/(PEAn x ™'NaOys x ™!Si0,)] agree
with the equilibrium intervals of 0.10 £ 0.05 (at
T < 1,050 °C) and 0.27 £ 0.11 (at 7 > 1,050 °C) calcu-
lated by Putirka (2008); (4) silicate mineral compositions
are close to those computed by the MELTS program
(Ghiorso and Sack 1995) at thermodynamic equilibrium

@ Springer
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Fig. 6 Chemical profiles of
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Experimental run at 0.1 MPa
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(cf. Mollo et al. 2010a, 2011b); (5) the duration of our
isothermal experiments is substantially longer than that
adopted by previous authors to obtain homogeneous phase
assemblages and compositions for basaltic liquids (cf. Tor-
mey et al. 1987 and references therein). Figure 4 shows that
for a fixed mg-number value, titanomagnetites from subal-
kaline melts are characterized by higher concentrations of
Al + Mg and a lower Ti content with respect to crystals
from alkaline liquids. Such a feature occurs in response to a
compositional control of the starting melt on the titano-
magnetite crystal chemistry. In subalkaline basalts, con-
centrations of Al,O3 (15.3-17.7 wt%), and MgO (6.5-8.4
wt%) are higher, whereas the TiO, (0.8-2.5 wt%) content is
lower relative to the amounts of Al,O5; (14.3-16.7 wt%),
MgO (5.7-6.8 wt%), and TiO, (1.6-4.14 wt%) in alkaline
basalts (Winter 2001 and references therein). However,

@ Springer
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O Cooling rate of 9.5 °C/min
® Cooling rate of 15 °C/min

Fig. 4 also highlights that, as the mg-number of glasses
increases (i.e. as the experimental temperature is increased),
the amount of Al + Mg in titanomagnetites increases; on
the contrary, the Ti content decreases. Such trends agree
with those observed from our equilibrium experiments
(Fig. 2) and with thermodynamic computations performed
through the MELTS code (Ghiorso and Sack 1995) at the
P-T-X—fO, conditions used in this study. The Al-Mg-Ti
cation redistribution has been also observed in multicom-
ponent thermodynamic models in response to the influence
of Al and Mg on the amount of Ti (Spencer and Lindsley
1981; Stormer 1983; Ghiorso and Sack 1991).

It is evident from literature data that, at the equilibrium
condition, the crystal chemistry of titanomagnetite is con-
trolled by the melt composition. Importantly, our experi-
ments extend this finding also to titanomagnetites formed
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Fig. 7 The effect of equilibrium and disequilibrium growth on the
TiO,/FeOy, ratio in titanomagnetite. As the cooling rate is increased,
the TiO,/FeO,, ratio in titanomagnetite progressively decreases down
to the TiO,/FeOy, ratio of the starting melt (0.16). Error bars are
within symbols

under disequilibrium conditions. Since the amount of
crystals progressively decreases (Table 1) with increasing
cooling rate (cf. Kirkpatrick 1981), the melts are progres-
sively less differentiated and their mg-number values
(49-56) are higher than those (44-51) determined under
isothermal temperatures (Fig. 4). Titanomagnetite compo-
sitions parallel the melt variation and, consequently, major
changes of Al, Mg, and Ti are measured for crystals from
rapidly cooled charges (Fig. 4). Such a feature mirrors
results from recent studies demonstrating, by means of
thermometric models, that early-formed microlites do not
re-equilibrate with the melt over faster cooling rates,
recording higher temperature compositions (Mollo et al.
2010a; Mollo et al. 2011a, b, 2012a).

In Fig. 5, we plot the titanomagnetite—melt partition
coefficients determined for Al, Mg, and Ti as a function of
the degree of melt polymerization. Partition coefficients are
expressed as K; = *X;/"X; [X; = mole fraction of i in a
crystal (x1) or liquid (liq)], and they are calculated using the
compositions of titanomagnetite and coexisting melt. The
degree of melt polymerization is expressed as the param-
eter NBO/T (i.e. the number of non-bridging oxygens per
tetrahedral cations) determined following the procedure
reported in Mysen and Richet (2005). It has been demon-
strated that the NBO/T is a powerful tool to represent the
melt compositional variations under both equilibrium
(Kushiro and Walter 1998; Kushiro and Mysen 2002;
Mollo et al. 2010b) and disequilibrium (Mollo et al. 2011b)
conditions. Moreover, since the P-T-X—fO, conditions of
the melt do not vary simultaneously in our experiments, the
individual effect of cooling rate and temperature on the
melt structure can be considered isolated. Figure 5 shows
that Al and Mg are generally more compatible in titano-
magnetite crystals formed from subalkaline melts relative
to those crystallized from alkaline liquids; the opposite

occurs for Ti. Although literature data do not show well-
defined trends for KA, and Ky, we observe that Ky sig-
nificantly decreases with increasing NBO/T. Moreover, our
experimental data highlight a strict dependence of Ky,
Kwmg, and K with the NBO/T under both equilibrium and
disequilibrium conditions (Fig. 5); however, major varia-
tions of partition coefficient are observed with increasing
cooling rate. Notably, in response to the melt composi-
tional variation, the NBO/T values (0.35-0.45) from
cooling rate runs result to be lower than those (0.34-0.53)
measured as a function of temperature.

The effect of cooling rate on melt composition is evi-
denced in Fig. 6 by means of chemical profiles measured at
the crystal-melt interface (see also Table 3S available as
supplementary material). The disequilibrium growth of
dendritic titanomagnetites from rapidly cooled charges
implies that chemical elements are rejected less efficiently
into the melt next to the crystal surface (cf. Lofgren et al.
2006 and references therein) during dendritic growth
compared with crystal textures resulting from closer-
to-equilibrium growth. This disparity in growth versus
diffusion rate (see also Kirkpatrick 1981) causes the
development of a boundary layer at the titanomagnetite—
melt interface enriched in elements incompatible with
titanomagnetite (e.g. Al + Mg) that are then more easily
incorporated into rapidly growing crystals (Figs. 2, 4, 5)
compared with slowly grown crystals. As discussed in the
recent studies of Baker (2008) and Watson and Miiller
(2009), the complex interplay between crystal growth and
the element diffusivity cannot be unraveled by our exper-
iments; in fact, a different experimental strategy is neces-
sary to determine to what extent incompatible species are
modified by chemical gradients at the crystal-melt interface
as the system attempts to return to equilibrium concentra-
tions. However, our chemical profiles highlight that, as
cooling rate is increased, the amount of MgO progressively
increases in the melt next to titanomagnetite crystals
(Fig. 6), whereas the opposite occurs for FeO. These trends
explain increased melt mg-numbers measured as cooling
rate increases (Fig. 4). Moreover, since titanomagnetite is
not an aluminosilicate mineral, both network-former (e.g.
Si and Al) and network-modifier (e.g. Mg and Ca) cations
increase at the crystal-melt interface (Fig. 6 and Table 3S),
causing lower variations of the melt NBO/T for cooling
rate runs with respect to temperature runs (Fig. 5). Figure 6
also highlights the importance of the melt composition in
determining partition coefficients under disequilibrium
growth conditions. Diffusion-controlled crystal growth at
high cooling rates means that the crystal growth rate
exceeds the ability of chemical elements to diffuse through
the melt (Hammer 2008 and references therein). In this
view, we obtain different titanomagnetite/melt pairs as the
melt composition progressively changes toward the crystal
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Fig. 8 In the Na,O + K,O versus SiO, diagram, the melt compo-
sitions from this study are compared with the compositions of Etnean
magmas (a). In the Usp-Wu-Mt portion of the FeO-Fe,05-TiO,
ternary diagram, the titanomagnetite compositions from this study are

surface (Fig. 6). In particular, two extremely different melt
compositions can be distinguished (Fig. 6): (1) the com-
position of the melt next to the crystal surface, that is, the
composition of the melt coexisting with the crystal rim and
enriched in elements incompatible with the crystal lattice
in response to a diffusion-controlled crystal growth, and (2)
the composition of the residual melt far from the crystal
surface, that is, the composition of the melt where chemical
gradients due to a diffusion-controlled crystal growth
ceases and the system returns to homogeneous concentra-
tions. In this study, we have strictly considered the com-
position of the melt coexisting with the crystal surface
(Fig. 6) because this liquid is enriched (or depleted) in
chemical elements feeding the rapidly growing crystals.
This means that, under disequilibrium conditions, the melt
coexisting with the crystal surface exerts a primary control
on the titanomagnetite composition.
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compared with those from Mt. Etna volcano (b). Textural evolution of
titanomagnetite crystals found in rocks sampled from innermost to the
outermost portion of a dike outcropping at Mt. Etna volcano (c)

Importantly, the compositional variation of titano-
magnetites from this study allows us to experimentally
demonstrate the disequilibrium growth process suggested
by Zhou et al. (2000) for titanomagnetite crystals ana-
lyzed in pillow lavas with MORB affinity. These authors
affirmed that the equilibrium fractionation between Ti and
Fe at the crystal-melt interface causes a TiO,/FeOy, ratio
(0.26) in titanomagnetite much higher than that (0.11)
measured for the starting MORB composition. As the
degree of cooling increases from innermost to the outer-
most portion of the pillow, the TiO,/FeO,, ratio in ti-
tanomagnetite progressively decreases down to the TiO,/
FeO,, ratio in the starting melt. Notably, a similar
behavior has been also observed for the ratio of Si/Al, Ca/
Na, and Mg/Fe, in plagioclase (Iezzi et al. 2008, 2011;
Mollo et al. 2011b) and clinopyroxene (Mollo et al.
2010a). According to Zhou et al. (2000), we have
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compared in Fig. 7 the TiO,/FeO,, ratio of titano-
magnetites from our experiments with that of the starting
trachybasaltic liquid. At the equilibrium condition, the
TiO,/FeO,, ratio (0.27) in titanomagnetite is higher than
that (0.16) of the melt and progressively decreases as the
degree of cooling is increased (Fig. 7). Zhou et al. (2000)
addressed this decreasing trend to the lower diffusivity of
Ti relative to Fe in the melt during the disequilibrium

growth of titanomagnetite crystals (Zhang et al. 1989). As
the cooling rate is increased, diffusion cannot supply both
Ti and Fe at the equilibrium proportion to the growing
crystals, causing much lower Ti concentrations in the melt
next to the crystal surface. Results from our experiments
support this hypothesis because, as the cooling rate is
increased from 0.5 to 15 °C/min, chemical profiles indi-
cate that TiO, drastically decreases by 53 %, whereas
FeO increases only by 13 % (Fig. 6).

To conclude, titanomagnetite compositional variations
are strictly related to (1) the temperature, pressure, and
melt composition (including oxygen fugacity) at the time
of crystallization and (2) the kinetic control on element
partitioning between titanomagnetite and melt. Undoubt-
edly, as it was already observed for clinopyroxene (Mollo
et al. 2010a) and plagioclase (Mollo et al. 2011b and ref-
erences therein), cooling rate is a powerful control on the
ability of early-formed titanomagnetite crystals to equili-
brate or not with the melt. Since element distributions
between crystals and melt progressively depart from their
equilibrium values over the effect of cooling rate, we can
use this cationic substitution to calibrate a geospeedometer
applicable to titanomagnetite-bearing alkaline rocks.

Implications for a geospeedometry model applicable
to alkaline rocks from Mt. Etna volcano

Thermometers and oxygen barometers based on Fe-Ti
oxides, that is, exchange reactions between Ti-bearing

14

O NNO buffer
12 4 |OMNO buffer
< HM buffer
10 ) NN NN NN NN
8. Maghemite
and

titanohematite
_crystallization

C. R. used by Hammer (2006) (°C/min)

0 2 4 6 8 10 12 14
C. R. predicted by Eqn. (1) (°C/min)

Fig. 11 Equation (1) was tested using titanomagnetite compositions
reported by Hammer (2006) in Appendix T3 and obtained by cooling
a tholeiitic Fe-rich basalt over a variety of redox conditions. Cooling
rates (i.e. C. R.) used in laboratory are plotted versus cooling rates
estimated by Eq. (1). To do this, we used the titanomagnetite
compositions from run products MA-25 and MA-49 (obtained at the
NNO buffer), MA-21 (obtained at the HM buffer), and MA-26, MA-
34, MA-41, MA-46, and MA-50 (obtained at the MNO buffer)
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magnetite and ilmenite, are commonly used for decipher-
ing the crystallization conditions of igneous rocks
(Andersen and Lindsley 1988; Andersen et al. 1991;
Ghiorso and Sack 1991; Sauerzapf et al. 2008).

However, under kinetically controlled conditions, ti-
tanomagnetite occurs as a single phase and, even under the
slowest cooling rates, the ulvospinel component does not
exsolve out in the host titanomagnetite to form ilmenite
lamellae (Buddington and Lindsley 1964). Such a feature
may play an important role in the modeling of geospee-
dometers based on cation exchange reactions in titano-
magnetite crystals. Moreover, although in tholeiitic
magmas, titanomagnetite saturation drives the residual
melt to the stability field of ilmenite (e.g. Snyder et al.
1993), in low-silica alkaline melts, like those from MLt.
Etna volcano, ilmenite crystallization is suppressed (e.g.
Carmichael et al. 1974).

Mt. Etna is the largest sub-aerial volcano in Europe, and
one of the most active and intensely monitored on Earth. It
represents a 1,200-km*wide and 3.3-km-high stratovol-
cano whose greater part was constructed by products
associated with distinct centers of activity. Over the last
300 kyrs, Mt. Etna emitted abundant trachybasalt to
basaltic trachyandesite to trachyandesite lavas, mainly
characterized by the ubiquitous occurrence of clinopyrox-
ene, plagioclase, and titanomagnetite (Tanguy et al. 1997).
Petrological and geophysical studies (Métrich and Ruth-
erford 1998; Mollo et al. 2011b, c; Heap et al. 2011) have
attested that intratelluric crystals form at low-pressure
conditions (500 MPa or lower) under high melt-water
concentrations (1-3.5 wt%) and high oxygen fugacities
(NNO-NNO + 2). Notably, simple calculations based on
the fO, model of France et al. (2010) for alkaline rocks
using the phase compositions of lava flows (Tanguy et al.
1997) and dikes (Mollo et al. 2011a) testify to high redox
conditions that, as demonstrated by previous studies
(Gerlach 1993; Lange and Carmichael 1996), do not sig-
nificantly change even after substantial degassing, cooling,
and crystallization.

Since the P-T-X—f0O, conditions of the Mt. Etna
plumbing system are very close to those used in our
experiments, it is not surprising that the liquid line of
descent of Etnean alkaline magmas (Tanguy et al. 1997) is
faithfully reproduced by the composition of our experi-
mental glasses (Fig. 8a). Similarly, the analyses of natural
titanomagnetites in lava and dike samples from Mt. Etna
volcano evidence compositional variations (Fig. 8b and
Table 3) and textural evolutions (Fig. 8c) resembling those
observed in this study. Notably, our experimental glasses
obtained at both equilibrium and disequilibrium conditions
do not reproduce the full variation of Etnean magmas
(Fig. 8a). Conversely, our experimental titanomagnetites
formed at the fastest cooling rate of 15 °C/min surpass the
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whole compositional range of natural crystals (Fig. 8b).
This result underlines that rapidly growing titanomagnetite
crystals from cooling lava flows may exhibit compositional
variations greater than those expected at magma chamber
conditions (Fig. 8b) due to incorporation of Al and Mg at
the expenses of Ti (Fig. 6). We therefore take advantage of
the different redistribution rates of Ti, Al, and Mg in ti-
tanomagnetite crystals from equilibrium and disequilib-
rium growth conditions (Figs. 2, 3, 4, 5) to calibrate a
geospeedometer model for titanomagnetite-bearing alka-
line rocks at Mt. Etna volcano.

Geospeedometers are based on reactions or processes
whose kinetics freeze out further progresses at certain
temperatures during cooling, for example, exchange reac-
tions in crystals, and they represent an important source of
information on the time—-temperature paths experienced by
volcanic rocks. The compositional variation of titanomag-
netite crystals from this study shows that the TiO,/
(Al,O3 + MgO) ratio changes as a function of cooling rate
(CR) drawing an exponential trend fitted by the following
regression:

CR(°C/Min) = 17.1333(0.2221)
« exp™ 2! (£0.0452) x =2 (wr. %) (1)
Equation (1) represents the first quantitative description of
the effect of cooling rate on titanomagnetite composition,
and it has a high precision of +0.5068 °C/min (Fig. 9).

The titanomagnetite-bearing alkaline rocks from Mt.
Etna volcano represent the best candidates to test Eq. (1).
To do this, we used the titanomagnetite compositions
reported in Table 3, corresponding to those of crystals
analyzed in lava flows (Tanguy et al. 1997) and dike
samples (Mollo et al. 2011a). Regarding the thermal his-
tory of lava flows, Eq. (1) predicts cooling rates ranging
form 0.019 to 8.0527 °C/min (Table 3; Fig. 10). These
values are comparable with those determined by means of
relaxation geospeedometry applied to lava flows from other
volcanic complexes, for example, Tenerife, Kenya, and
Hawaii (Wilding et al. 1995; Gottsmann et al. 2004). The
cooling rate may vary of several order of magnitude in
volcanic systems; in particular, previous studies have
highlighted a difference of volcanic cooling rate of four
orders of magnitude (8—0.0003 °C/min) for rock samples
from a relatively limited suite of volcanic facies (Wilding
et al. 1995 and references therein).

On the contrary, in the case of the dike, we used ti-
tanomagnetite grains found in rock samples collected along
a traverse from dike core-to-rim. Eq. (1) predicts that the
cooling rate increases from 0.0019 to 1.7758 °C/min with
proceeding from the innermost to the outermost portion of
the dike (Table 3; Fig. 10). This cooling history is in
agreement with previous estimates performed on the same
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dike samples by means of (1) clinopyroxene compositional
changes as a function of cooling rate (Mollo et al. 2011a)
and (2) numerical simulations of thermal regimes in and
around magmatic intrusions (cf. Ujike 1982; Del Gaudio
et al. 2010; Mollo et al. 2011a, c).

We warn, however, that Eq. (1) may be applied only to
cooling systems characterized by a redox state comparable
to that (NNO + 1.5) of our experiments. To demonstrate
that our geospeedometry model is not suitable for melts
solidifying over buffering conditions very different from
NNO + 1.5, we have tested Eq. (1) using titanomagnetite
compositions reported by Hammer (2006). The author has
conducted disequilibrium growth experiments on a tholei-
itic Fe-rich basalt cooled from 3.85 to 0.04 °C/min over a
variety of oxygen buffers. Results from our computations
are presented in Fig. 11. Cooling rates predicted for ti-
tanomagnetites formed at NNO are close to those used by
Hammer (2006). In contrast, cooling rate predicted at the
higher redox states of MNO (i.e. MnO-Mn30, buffer) and
HM (i.e. Fes04—Fe,O5 buffer) exhibits larger errors of
estimate (Fig. 11). It is worth nothing that data affected by
the highest uncertainty come from two run products in
which titanomagnetite crystallized with maghemite and
titanohematite, respectively. Since our geospeedometer is
based on cation exchange reactions in titanomagnetite, the
crystallization of multiple oxide phases causes partitioning
of major crystal constituents (e.g. Ti) through paths dif-
ferent from those investigated in this study. Therefore, any
attempt to use Eq. (1) with titanomagnetites obtained at
conditions far from those of our calibration data would
result in drastic overestimates (Fig. 11).

Conclusions

The following conclusions can be drawn from this study:

(i) with respect to temperature variations, cooling rate
exerts a primary control on the abundance, texture,
and composition of titanomagnetite;

(i) rapidly cooled experiments show texturally immature
crystals are progressively enriched in Al + Mg and
depleted in Ti;

(iii) the Usp content of titanomagnetite significantly
decreases in response to the disequilibrium growth
conditions of the system;

(iv) the Al-Mg-Ti cation substitution in titanomagnetite is
strictly dependent upon the melt composition (i.e. mg-
number) and degree of polymerization (i.e. NBO/T);

(v) the different redistribution rates of Ti, Al, and Mg in
crystals from equilibrium and disequilibrium growth
conditions may be used to calibrate geospeedometers.
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