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Abstract 

In this study we present the compositional changes of clinopyroxene (cpx), plagioclase (plg), 

spinel (sp), and glass experimentally solidified from an Icelandic MORB melt. The starting material 

was cooled at Patm and fO2 of air, in the thermal range of cooling (ΔTc) between 1300 °C 

(superliquidus) to 800 °C (solidus) with rates (ΔT/Δt) of 1, 7, 60, 180, 1800, and 9000 °C/h. The 

run products obtained at 1, 7 and 60 °C/h are holocrystalline, whilst between 60 and 180 °C/h plg 

disappears, and texture of cpx + sp shifts from faceted to dendritic.  

As cooling rate increases, we observe that Fe2O3 decreases and Al2O3 increases in sp and 

Al2O3 + Fe2O3 increase and CaO + MgO decrease in cpx. These measured variations mirror changes 

induced by cooling rate in cation (atoms per formula unit, a.p.f.u.) and molecular abundances of 

these two crystalline phases. Plg composition shows clear linear trends versus cooling rate. The 

chemistry of sp, cpx and, to a minor extent, plg solidified from this basaltic liquid is thus strictly 

related to the cooling rate condition and is similar to those observed in previous investigations on 
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alkaline and evolved basaltic systems. In particular, cpx is the only mineral phase profusely present 

at all the cooling rates, showing the greatest chemical variations in terms of oxides, cations, and 

components. The intra-crystalline glass (≤ 50 µm from crystal rims) obtained at 180-1800 °C/h 

shows compositional variations related to the surrounding crystal growth, evidencing strong 

supersaturation phenomena (such as dendritic texture) due to the establishment of a diffusion-

controlled growth regime. Chemical attributes of mineral phases are also quantitatively related with 

the maximum (Gmax) and average (GCSD) growth rates of sp, cpx, and plg.  

When compared with the starting melt composition, the chemistry of cpx suggests the 

attainment of near-equilibrium crystallization conditions at cooling rate ≤ 60 °C/h, whereas 

disequilibrium effects are found at cooling rate > 60 °C/h. In contrast, plg is in disequilibrium with 

the initial melt chemistry in all experiments. By using thermometric models, the calculated 

crystallization of plg takes place at temperatures much lower than those of cpx, when the crystal 

content is high and the diffusion of cations in the melt is slow due to the higher (residual) melt 

viscosity. Under such conditions and due to the effect of cooling, the system cannot return to 

homogeneous concentrations and, consequently, plg more effectively records the disequilibrium 

partitioning of cations between the growing crystal surface. 

The data-set reported here captures the entire (superliquidus to solidus) and intrinsic 

(heterogeneous site-free silicate liquid) solidification behavior from an actual MORB melt from 

very rapid to extremely sluggish cooling rate. Finally, all analytical relationships found in this work 

enable careful reconstruction of the solidification conditions of MORB melts, providing novel geo-

speedometers for them at high fO2. 

 

 

Keywords 

MORB, mineral chemistry, solidification kinetics, cooling rate, geospeedometer.  
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1. Introduction 

The chemistry and texture of minerals record the solidification kinetics of silicate melts and 

are, thus, extremely important to retrieve the crystallization path experienced by volcanic rocks. 

Cooling rate (ΔT/Δt) is one of the most important parameters controlling the solidification of a 

silicate melt, changing by several orders of magnitude in volcanic systems (Wilding et al., 1995; 

Vetere et al., 2015; Giuliani et al., 2020a). Mid-Ocean Ridge Basalt (MORB) is the most important 

and abundant lava type on Earth (Crisp 1984; Gale et al., 2013; Iwamori and Nakamura, 2015), 

emitted predominantly as nearly dry liquids with H2O < 0.1/0.2 wt.%, (Soule, 2015; Wallace et al., 

2015; Zhang et al., 2018) and frequently characterized by aphyric to sub-aphyric textures, 

containing small amounts of spinel (sp) and abundant clinopyroxene (cpx) and plagioclase (plg) 

(Coish and Taylor, 1979; Lesher et al., 1999; Zhou et al., 2000). 

Solidification experiments are fundamental to understand, constrain, and ultimately quantify 

the chemical variations induced in minerals by cooling kinetics (Hammer, 2006; Lofgren et al., 

2006; Iezzi et al., 2008, 2011; Mollo and Hammer, 2017 and references therein). If these variations 

are monitored and modelled, then crystal-chemical features in addition to textural features (Giuliani 

et al., 2020b and c) can depict the crystallization conditions (Putirka, 2008; Zhang, 2008), might 

inform on cooling regimes undergone by volcanic rocks, and discriminate where and when minerals 

solidify. Many studies have investigated basaltic systems and have highlighted the possible link 

between cooling rate and the changes of minerals and host melts (Mevel and Velde, 1976; Coish 

and Taylor, 1979; Grove and Raudsepp, 1978; Grove and Bence, 1979; Ujike, 1982; Heltz and 

Thornber 1987; Zhou et al., 2000; Conte et al., 2006; Bagiński et al., 2009; Hammer, 2006; Mollo 

et al., 2010, 2011a, 2011b, 2012, 2013a, 2013b, 2013c; Iezzi et al., 2014; Mollo and Hammer 2017; 

Giuliani et al., 2020b and 2020c). It is widely accepted that high cooling rate leads to disequilibrium 
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crystallization conditions (Backer and Grove, 1985; Del Gaudio et al. 2010; Hammer, 2006, 2008; 

Iezzi et al., 2008, 2011), causing an increase in the concentrations of incompatible elements in a 

crystal lattice (Lofgren, 2006; Hammer, 2008; Mollo and Hammer, 2017). This is related to the 

competition between crystal growth and chemical diffusion rates, which favors the enrichment of 

incompatible cations in the melt feeding the crystal growth (Smith et al., 1955; Smith and Lindsley, 

1971; Matsui et al., 1977; Kirkpatrick, 1981; Watson and Liang, 1995; Lasaga, 1998; Wood and 

Blundy, 1997, Hammer, 2006; Zhang, 2008; Mollo et al., 2010, 2013c) and/or by advection 

(Kouchi et al. 1986; Vona et al. 2011; Kolzenburg et al. 2018a) 

However, only few experimental investigations report on quantitative crystal-chemical 

modifications induced by cooling kinetics. Among them, the works of Mollo et al., (2010; 2011b; 

2013b), Hammer (2006), Baker and Grove, (1985) and in Schiffman and Lofgren, (1982) are useful 

to be discussed with the aim to show a more comprehensive scenario on the role of kinetics effects 

in magmatic system. Importantly, these previous studies focus on alkaline, high-Fe or evolved 

basaltic liquids, whereas actual tholeiitic melt is still not investigated. In particular, sp growing from 

basaltic melts have been studied by Mollo et al. (2013b). They have illustrated that a ΔT/Δt increase 

causes a general depletion in Ti + Fe
2+

 coupled with the enrichment of Al + Mg in Etnean 

trachybasalts. This leads to an increase in spinel sensu stricto (
T
Mg

M
Al2O4,) and magnetite 

(
T
Fe

3+M
Fe

2+M
Fe

3+
O4) and a decrease in ulvospinel (

T
Fe

2+M
Fe

2+ M
Ti

4+
O4) components.  

Due to their abundance in basaltic rocks, cpx compositions have been more extensively 

investigated than sp (Grove and Raudsepp, 1978; Grove and Bence, 1979; Gamble and Taylor, 

1980; Mollo et al., 2010, 2013a, 2013c); cpx shows that as cooling rate increases, 
T
Al + Fe

3+
 + Ti+ 

Na augment, whereas Si + Fe
2+

 + Ca+ Mg deplete. This causes also a general decrease of diopside 

(
M2

Ca
M1

Mg
T
Si2O6) + hedenbergite (

M2
Ca

M1
Fe

2+T
Si2O6) components, and increase of enstatite 

(
M2

Mg
M1

Mg
T
Si2O6) + jadeite (

M2
Na

M1
Al

T
Si2O6) + Tschermak (

M2
Ca

M1
Al

T
Si

T
AlO6) + CaFe-
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Tschermak (
M2

Ca
M1

Fe
3+T

Si
T
Fe

3+
O6) components, attesting progressive departure from equilibrium 

crystallization (Mollo et al., 2010; Mollo and Hammer, 2017).  

Chemical variations in plg with increasing cooling rate lead to Al + Ca+ Fe
2+ 

+ Mg 

enrichments coupled with Si + Na + K depletions. As a consequence, anorthite component 

(
M

Ca
T
Al2

T
Si2O8) increases and albite (

M
Na

T
Al

T
Si3O8) + orthoclase (

M
K

T
Al

T
Si3O8) components 

decrease (Mollo et al., 2011b). A similar behavior has been also observed for plg solidified from 

andesitic and latitic melts (Iezzi et al., 2008; 2011; 2014). The mineral chemistry from solidification 

experiments is also used to define equilibrium versus disequilibrium conditions, as well as to model 

thermometers, barometers, hygrometers, and geospeedometers (Hammer, 2009; Mollo et al., 2013; 

Iezzi et al., 2014; Mollo and Hammer, 2017).  

Experiments at oxidized (atmosphere fO2) and reduced (NNO buffer condition) on different 

eruptive products of Stromboli (evolved basalts) by applying slow (1°C/h) and fast (900 °C/h) 

cooling rates were investigated to decipher kinetic factors controlling textural and compositional 

features by Conte et al. (2006). Results indicate that cooling rates have profound implications on 

crystal size and morphology and growth rate. Polacci et al., (2018) and Arzilli (2019) presented 

real-time experimental data on crystal nucleation and growth at disequilibrium condition, showing 

the occurrence of crystal nucleation and growth in pulses and point out very fast growth allowing 

transport properties, such as viscosity, to rapidly increase and possibly cause high energetic 

eruptions. A similar appraisal is provided by crystallization experiments monitored in situ by DSC 

(Giuliani et al., 2020c). Masotta et al. (2020) also investigate an Etnean basalt at relatively high 

pressure (4-8 Kbar) in thermal range 1050-1200 °C providing compositional data on clinopyroxenes 

grown at isothermal conditions and at constant cooling rates. They suggested that hourglass sector 

zoning could be an effective indicator of sluggish kinetic effects caused by relatively low degrees of 

undercooling and crystal’s growth rate decreases as cooling rate increases. All these studies 

demonstrate the variability of crystal chemistry with cooling rate.  
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However, an analysis of the effects of very slow to progressively high cooling rate on the 

kinetics and chemistry of minerals over a broad thermal range of cooling (ΔTc), i.e. from liquidus to 

solidus, has not been investigated yet for actual MORB liquids (Tab. 1). Here, we quantify the 

compositional changes induced by cooling rate on sp, cpx, and plg solidified from super-liquidus 

conditions at different cooling rates and compare them with the few available experimental 

literature data, as well as with their textural attributes (Vetere et al., 2013; 2015; Giuliani et al., 

2020b). Since the range of applied cooling rate and ΔTc reported in Vetere et al. (2015) and 

Giuliani et al. (2020b) are the largest ever investigated, the analysis of the mineral chemical 

changes presented in this study significantly extend previous data and models. 

Oxygen fugacity plays major role in magmatic and volcanic systems, although some debate 

on its correct evaluation in MORB systems still exists (Hammer 2006; Bezòs et al., 2021). Being 

aware that most MORBs are emplaced at pressure between ~25 MPa at the 2.5 km depth of water 

and at moderate/reduced fO2. However, some mid-ocean ridge basalts solidify at pressure of ca. 0.1 

MPa and under truly subaerial conditions such as Iceland, and similar spreading tectonic context. 

(Crisp 1984; Gale et al., 2013; Soule, 2015; Maclennan, 2019). In fact, it is common to find and 

observe aphyric tholeiitic basalt erupted in several Icelandic places (Óskarsson and Riishuus, 2013 

and 2014; Óskarsson et al., 2017). Considering that: 1) cooling-induced solidification experiments 

were initiated from the super-liquidus temperature, 2) they derive from a homogeneous MORB melt 

and 3) data span for a wide range of temperature (1300-800 °C), our results are relevant for 

geological condition since aphyric, degassed and oxidized MORBs are abundant. Hence, these data 

provide general chemical constrains on the crystallization kinetics of the most abundant lavas 

erupted on Earth.  

 

2. Materials and methods 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



Chemical analyses were carried out on the run products solidified from dynamic experiments 

performed by Vetere et al. (2013, 2015). The starting glass material, which has the composition of a 

natural tholeiitic basalt (B100, Tab. 1), was produced at P and fO2 of air, by cycles of melting at 

1600 °C for 4 h, quenching on metal plates and grinding. In particular the starting glass derived 

from the melting of BIR-1 Standard USGS powdered rocks collected from one of the lava flows 

often referred to as the Reykjavik dolerites (Flanagan, 1984). ~50 mg of the glass pieces produces 

were loaded into Pt tubes, squeezed and subsequently welded. The high temperature run was 

performed in tube furnaces equipped with thermal controllers and at air condition. After quench, 

duplicated Fe
2+

/Fetot was determined by using a modified Wilson method as described in Vetere et 

al. (2014). BIR-1 standard rock has Fe
2+

/Fetot close to 0.8 while in our starting glass Fe
2+

/Fetot is 0.4. 

Experimental literature data derived from starting material used in Mollo et al. (2013a), Hammer 

(2006), Baker and Grove (1985) and Schiffman and Lofgren (1982) have been added to Tab. 1 for 

comparison and further discussions.  

After experiments, the recovered run products were embedded in epoxy, ground flat, polished, 

and carbon-coated for microchemical analyses conducted at the HP-HT Laboratory of Experimental 

Volcanology and Geophysics of the Istituto Nazionale di Geofisica e Vulcanologia in Roma (Italy). 

Chemical attributes were determined by an electron probe micro-analyzer (EPMA) equipped with 

five wavelength dispersive spectrometers (WDS). Analyses were performed under vacuum using 

electron beams of both 2.5 and 5 μm, an accelerating voltage of 15 kV, and an electric current of 

7.5 nA. The following standards were used: albite (Na, Si, and Al), forsterite (Mg), orthoclase (K), 

augite (Fe), rutile (Ti), apatite (Ca and P) and spessartine (Mn). Sodium and potassium were 

analyzed first, to limit their possible migration. The chemistry of minerals with sizes ≤ 2.5 µm was 

investigated exploiting the energy dispersive spectrometry (EDS) detector of a field emission gun-

scanning electron microscopy (FE-SEM). The operative procedures of FE-SEM and EPMA 

analyses are extensively illustrated in Iezzi et al. (2008, 2011, 2014) and Vetere et al. (2013, 2015). 
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Differences in average chemical compositions between EPMA and FE-SEM on 25 analyses 

conducted on the starting glass are extremely low, as listed in Tab. 1. 

Cation (atom per formula unit, a.p.f.u.) and component (mol.%) abundances were computed 

from measured major oxide elements (wt.%) to satisfy charge balance and typical occupations of 

crystallographic sites by Si, Ti, Al, Fe, Mg, Ca, and Na in sp, cpx and plg.  

 

 

3. Results 

3.1 Textural features 

Starting from the superliquidus temperature of 1300 °C (plus one experiment at 1400 °C), the 

B100 melt has been cooled at rate of 1, 7, 60, 180, 1800, and 9000 °C/h, down to 800 °C and rapidly 

dropping capsules in water (Tab. 2). Run products are characterized by the crystallization of plg, 

cpx, sp, and glass (Tabs. 3a-d and Figs. 1a-d). Further details on the composition of phases are 

provided via cation (atom per formula unit, a.p.f.u.; supplementary materials Figs. 1S-4S) and 

component (mol.%) (Figs. 5S-7S) abundances and presented as supplementary material in Tabs. 1S, 

2S and 3S. Moreover, we use terms “intra” and “matrix” (Tab. 3d) corresponding to the glass 

analyzed via EPMA at a distance ≤ and > 50 µm from the crystal rims, respectively.  

The complementary textural outcomes of the same run products, in terms of abundance 

(area%), crystal size distributions (CSD), as well as maximum (Gmax) and average (GCSD) growth 

rates, were quantified by Giuliani et al. (2020b) using image analysis on BS-SEM micro-photos 

(Tab. 4) and are discussed below. Cpx and sp are ubiquitous in the run products, while plg nucleates 

only at cooling rate ≤ 60 °C/h (< 180 °C/h). The crystal abundances decrease from ca. 100 area% at 

1, 7, and 60 °C/h to < 2 area% at 9000 °C/h. Plg content monotonically decreases with cooling rate, 

while the abundance of cpx increases from 1 to 180 °C/h and then decreases towards 9000 °C/h; sp 

is always < 5 area% in all run products (Tab. 4). As a general rule, the increase of cooling rate 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



causes a reduction in crystal size, in concert with the change of crystal shape from faceted to 

dendritic at ΔT/Δt  60 °C/h.  

Linear regressions have been built in order to better visualize elements/oxides evolution 

trends with respect of the applied cooling rate. Only those having coefficient R
2
 ≥ 0.8 for all 

measured oxides (Figs. 1), cations (Figs. 1S, 2S, 3S and 4S) and components (Figs. 5S, 6S and 7S), 

have been considered and discussed. For each function found, confidence intervals at the 95% level 

are reported.  

 

3.2 Variations of oxides  

Abundances of major oxides (wt.%) in sp, cpx, plg, and glass are listed in Tab. 3a-d and are 

plotted in Figs. 1a-d. Also, experimental literature data on synthetic trachybasalt (investigated in 

Mollo et al. 2010: cpx; 2011b: plg; 2013b: sp), on synthetic Fe-rich basalt (Hammer 2006: sp and 

cpx), on basaltic andesite (Baker and Grove, 1985: cpx) and on an SiO2-rich pillow basalt 

(Schiffman and Lofgren, 1982: cpx and plg) are shown for comparison and further discussion (Tab. 

1 and Figs. 1). 

For sp, the average amount of TiO2 is < 1.5 wt.% and it slightly decreases as cooling rate 

increases. From 1 to 180 °C/h, Al2O3 increases by ca. 7 wt.%, while Fe2O3 decreases by comparable 

amount (6.9 wt.%, Tab. 3a). Both TiO2 and Fe2O3 trends follow a linear relationship with cooling 

rate and a slight decrease at higher ΔT/Δt (Fig. 1a). A more complex trend is observed for MgO, 

showing a slight decrease by ca. 4 wt.% between 7 and 60 °C/h and then an abrupt increase by ca. 5 

wt.% up to 180 °C/h (Tab. 3a, 1S and Fig. 1a). Model predictions computed by using alphamelts 

1.9, at the experimental fO2 close to QFM + 2.5 (QFM: quartz-fayalite-magnetite buffer; Asimow 

and Ghiorso 1998; Ghiorso et al., 2002; Smith & Asimow, 2005), results sp in at temperature of 

1084 °C (Fe
2+

1.23Mg0.29Fe
3+

0.78Al0.17Cr0.00Ti0.52O4). Indeed, even at 1°C/h the dynamic cooling 

experiments solidify sp richer in Fe and more depleted in Ti with respect of the theoretical 
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equilibrium conditions (Fig. 1a). At the highest cooling rates, experimental spinel composition 

deviates even more from those predicted by alphaMELTS.  

For cpx, only CaO show a linear and well-defined trend as a function of cooling rate (Fig. 1b), 

although its variation shows a significant decrease only between 180 and 1800 °C/h, while: i) SiO2 

slight decreases from 1 to 180 °C/h and then remains almost constant up to 1800 °C/h, ii) Al2O3 

increases by ca. 8 wt.% from 1 to 1800 °C/h, iii) MgO decreases by ca. 4 wt.% and iv) Fe2O3 shows 

a slight increase at higher cooling rates (Tab. 3b and Fig. 1b). This could possibly reside to the fact 

that more acicular habits and tiny sizes (as those obtained at 1800 °C/h) will result in entrapment of 

interstitial melt, which 1) could affect the element mobility and 2) add relative difficulties in the 

analytical measurements of narrow melt pools (Giuliani et al., 2020b). In this case, alphaMELTS 

prediction results in good agreement with our data at lowest cooling rate except for Fe and Mg. 

These discrepancies derive from the computed assemblage modelled that fractionate olivine and 2 

cpx; cpx1 virtually appears at 1192 °C and evolve in composition from 

Na0.01Ca0.79Fe
2+

0.16Mg0.93Fe
3+

0.04Ti0.01Al0.17Si1.89O6 to Na0.02Ca0.79Fe
2+

0.28Mg0.78Fe
3+

0.05Ti0.03Al0.19 

Si1.86O6 as temperature drop down to 992 °C. Cpx2 appears at 1149 °C and evolve in composition 

from Na0.01Ca0.28 Fe
2+

0.42Mg1.21Fe
3+

0.03Ti0.00Al0.13Si1.92O6 to Na0.00Ca0.19Fe
2+

0.60Mg0.78Fe
3+

0.05Ti0.03 

Al0.01Si1.92O6 as temperature drop down to 992 °C. In Fig. 1b only composition at the lowest 

temperature (close to Tsolidus) are reported.  

All the major oxides of plg, except Na2O, show very little change and follow almost linear 

trends with high regressions (Fig. 1c). All the oxides vary faintly between 1 and 7 °C/h, while as the 

cooling rate increases up to 60 °C/h, SiO2, Fe2O3 and Mg also increase, and Al2O3 and CaO 

decrease (Tab. 3c and Fig. 1c). Alphamelts equilibrium condition data reported in Fig. 1c show 

putative feldspar composition evolving from high Ca and Al contents at high temperature (1217 °C) 

as first phase on liquidus (K0.00Na0.17Ca0.83Al1.83Si2.17) to high Na and low Al content at 1042 °C 

(K0.03Na0.66Ca0.31Al1.31Si2.69)  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



Intracrystalline glass is found in runs at 180 and 1800 °C/h. SiO2 decreases by ca. 4 wt.% as 

cooling rate increases, and Fe2O3 increase by ca. 3 wt.%, whereas variations in Al2O3, MgO, CaO, 

and Na2O contents are within the analytical uncertainty (Tab. 3d). The matrix glass is observed only 

at cooling rates ≥ 1800 °C/h, and its composition is almost homogeneous with variations ≤ 1 wt.% 

(Fig. 1d). 

 

3.3 Variations of cations 

Cation abundances (a.p.f.u.) are calculated considering 3, 4, and 5 cations and 4, 6 and 8 

oxygens for sp, cpx, and plg, respectively. As expected, cation variations generally reflect the wt.% 

trends as a function of cooling rate (Figs. 1S, 2S, 3S and 4S) showing standard deviations always ≤ 

0.1 a.p.f.u. for all the mineral phases (Tabs. 1S, 2S and 3S).  

On average, the amount of Ti changes little but show a definite linear decreasing trend, while 

Mg in sp remain almost constant; from 1 to 60 °C/h, Al increases by 0.3 a.p.f.u.. Fe
3+

 decreases by 

0.3 a.p.f.u. and Fe
2+

 increases by 0.2 a.p.f.u. (Tab. 1S). Resulting from these trends, Fe
tot

 is almost 

constant between 1 and 60 °C/h and then decreases up to 180 °C/h, while Fe
2+

/Fe
tot

 increases from 7 

to 60 °C/h and decreases up to 180 °C/h (Fig. 1S). Only Fe
tot

 shows a constant trend for the 3 lowest 

cooling rates, but it decreases for the highest cooling rate.  

The variations of cations in cpx are reported and shown in Tab. 2S and Fig. 2S, 3S. Si and 
T
Al 

show limited and also scattered variations as cooling rate increases, whereas 
M1

Al increases by 0.3 

a.p.f.u from 1 to 1800 °C/h. Al
tot

 mirrors the same trend of 
M1

Al. Fe
2+

 and Fe
3+

 show slight 

increasing and decreasing trends, respectively, resulting in an almost constant trend of Fe
tot

 as a 

function of cooling rate. Thus, this could reflect the ability of melt to re-equilibrate albeit the 

imposed fO2 is the same. For instance, fast cooling will result in the melt “remembering” the lower 

fO2 at the high T equilibration (Fig. 3S), whereas fO2 can equilibrate quite efficiently for slow 

cooling rates and small samples. Similarly, Mg and Ca stay more or less constant from 1 to 180 
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°C/h and then decrease from 180 to 1800 °C/h. Na is invariably ≤ 0.1 a.p.f.u. showing an no 

systematic trend. Note that only Ca is linearly and robustly correlated with cooling rate. 

Particularly, as ΔT/Δt increases Fe
2+

/Fe
tot

 increases by at least the 20%, whereas Mg# decreases 

from 93 ± 4 to 72 ± 7 (Fig. 3S and Tab. 2S). 

Plg records weak average variations of cations; the increasing of Si is the most significant 

ones, contrarily to those of Fe
3+

, Al and Ca (Fig. 4S). Mg is ≤ 0.01 a.p.f.u. in all the experimental 

charges and, for this reason, it is not considered in Tab. 3S and Fig. 4S.  

 

3.4 Variations of molecules  

Sp is a solid solution of the magnetite (Mag), spinel sensu stricto (Sp s.s.), and ulvospinel 

(Usp) end-members. Mag is the most abundant component, although Sp s.s. amount became 

relevant at higher cooling rates. The increasing of this latter follows linear functions as the cooling 

rate increases (Fig. 5S). Usp content is ≤ 10 mol.% on average, weakly increasing from 1 to 60 °C/h 

and then decreasing up to 180 °C/h (Tab. 1S and Fig. 5S).  

Cpx is expressed in terms of diopside (Di), hedenbergite (Hd), enstatite (En), ferrosilite (Fs), 

Tschermak (Ts), CaFe-Tschermak (CaFeTs), CaTi-Tschermak (CaTiTs), and jadeite (Jd) 

components (Tab. 2S and Fig. 6S). From 1 to 60 °C/h, cpx mainly consists of Di > 40 mol.%, plus 

En + Ts of about 20 and 13 mol.% on average, then the amount of Di is almost halved and that of 

Ts increases (Fig. 6S). As for the sp and plg, also the cpx components show limited variations from 

1 to 60 °C/h, while between 60 and 1800 °C/h, Di and CaFeTs decrease, En + Fs + Ts slightly 

increase, and Hd, Jd and CaTiTs do not display relevant variations (Tab. 2S and Fig. 6S). Between 

all the cpx components, only the increasing of Fs linearly scales with cooling rate (Fig. 6S).  

Plg is expressed in terms of anorthite (An) and albite (Ab), since the amount of orthoclase is 

negligible. However, as cooling rate increases, both An and Ab are almost constant, basically 
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reflecting their small cation changes (Fig. 7S). Even if very low, An-variations align along linear 

functions (Fig. 7S). 

 

 

3.5 Classification and abundance of minerals 

In the Mag - Sp s.s. - Usp ternary diagram, the composition of sp (Fig. 8S) mainly falls along 

the Mag - Sp. s.s. solid solution field, with only a limited amount of Usp, which is always ≤ 10 

mol.% (Fig. 8S). According to the quadrilateral of Morimoto (1988), cpx is classified as augite 

(Figs. 8S and 3). In the Ab-An-Or ternary diagram plg is mostly labradorite and minor bytownite 

(Fig. 8S). 

The abundance of crystals and glass determined by image analysis (Giuliani et al., 2020b) are 

here compared with those from least-square mass balance calculations based on the average 

chemical composition of phases (Fig. 9S). The retrieved area% and wt.% generally agree, although 

some discrepancies are evident especially for plg and cpx solidified at 1 and 7 °C/h, where the 

estimates are different (Fig. 9S and Tab. 4). Plg varies from 65.6 to 60.7 (area%) and 42.5 to 40.5 

(wt%) while cpx varies from 30.6 (area%) to 36.0 (area%) and 51.2 and 55.2 (wt%), respectively, 

when cooling rate is from 1 to 7 °C/h. The resulting mass balance underestimates the plg crystal 

content systematically by ca. 20% and overestimate cpx by ca. 20%. This can be attributed to the 

variations (core to rim) of chemical compositions of these crystalline phases, especially at slow 

cooling rates, when the crystal content is extremely high. As an example, in agreements with 

literature data based on cooling experiments on Etna basalt (Mollo et al., 2011), we do observe core 

to rim (En54 vs En43, respectively) compositional variation in cpx at 1 °C/h. This result is however 

not ubiquitous since there are crystals showing some scatter in the chemistry due to the dynamic 

systems imposed.  

 

4. Discussion 
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A first important result from this study is that increasing the cooling rate, most of the wt.% of 

major oxides in minerals gradually approach that of the starting bulk composition (Figs. 1). This 

especially holds for Al2O3 and TiO2 in sp (Fig. 1a), Al2O3, Fe2O3, MgO and CaO in cpx (Fig. 1b), 

and for Al2O3, Fe2O3, MgO and CaO in plg (Fig. 1c), suggesting the disequlibrium incorporation in 

the mineral lattice site of especially sluggishly diffusing Si, Ti, and Al high field strength elements. 

Instead, the SiO2 contents of plg differ from the starting bulk amount (Fig. 1c); however, this is 

probably related to the SiO2 enrichment in the residual melt(s) from whom it crystallizes after sp 

and cpx (see below). This behavior can be related to the fact that the melt is more rapidly cooled 

from liquidus to the solidus temperatures, preventing significant mobility of cations, especially the 

less mobile like Si, from the initial atomic distribution inherited from super-liquidus conditions. 

This diffusion behavior is qualitatively in line with previous observations conducted in experiments 

(Kirckpatrick, 1981; Dunbar et al., 1995; Roskosz et al., 2005, 2006; Iezzi et al., 2008, 2009, 2011; 

Del Gaudio et al., 2010; Mollo et al. 2010, 2011b, 2013; Vetere et al., 2013, 2015) and for naturally 

cooled volcanic rocks (Coish and Taylor, 1979; Gamble and Taylor, 1980; Lesher et al., 1999; 

Dingwell, 2006; Villeneuve et al., 2008; Chistyakova and Latypov, 2009), and should couple with 

advection process acting as counterbalance in diffusion constrained crystal growth and reducing the 

intensity of the disequilibrium as shown by Kouchi (1986), Vona (2011) and Kolzenburg (2018). 

Cpx is the only mineral phase that is present in significant amount at all the cooling rates, and 

the one showing the greatest chemical variations in terms of oxides, cations, and components (Tabs. 

3b, 2S and 4 and Figs. 1b, 2S and 6S). Considering the fO2 experimental conditions, chemical 

variation in cpx has the potential to retrieve the thermal paths of the MORB liquids or in general 

basaltic systems and could be employed to model the kinetics of cooling for these rocks (see 

below). The available experimental literature data on starting composition presented in Tab. 1 and 

those computed by using alphamelts 1.9 (Asimow and Ghiorso 1998; Ghiorso et al., 2002; Smith & 

Asimow, 2005) are also reported in Figs. 1a-d.  
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4.1 Cation exchanges in cpx 

Fig. 2 shows the variation of Fe
3+

, 
M1

Al, and Fe
2+

 in cpx versus the other major cations as a 

function of cooling rate. The increase of Fe
3+

 is linearly correlated with the decrease of Fe
2+

 and 

M1
Al (R

2
 = 0.87-0.89). In a similar fashion, the increase of 

M1
Al is linearly related with the 

increasing of Fe
2+

and to the decreasing of Fe
3+

 + Mg (R
2
 = 0.82-0.97), while the increase of Fe

2+
 

determines a linear decreasing of Fe
3+

 and Ca and an increasing of 
M1

Al (R
2
 = 0.89-0.97) (Fig. 2). In 

turn, such relationships are the most valuable to retrieve kinetics of solidifications of MORB melts.  

The high linear correlation between Fe
3+

 and 
M1

Al (Fig. 2) is dictated by the substitution of 

these two cations in the same M1 site (Deer et al., 1997; Mollo et al., 2013c), leading to a decrease 

of CaFeTs coupled with the increase of CaTs as the cooling rate increases (Fig. 6S). The increase of 

Hd and the decrease of CaFeTs (Fig. 6S) highlight the effect of cooling kinetics on the coupled 

substitutions Fe
3+

 + 
T
Al for Fe

2+
 + Si, and the consequent collinearity between Fe

3+
 and Fe

2+
 (Fig. 

2). Likewise, the decrease of Di coupled with the increase of Hd + Fs (Fig. 6S) indicates that Fe
2+

 is 

replaced by both Ca and Mg as cooling rate increases (Fig. 2). Fig. 2 also shows that cation 

exchanges operate at the same M1 crystallographic site of cpx (i.e., Fe
3+

versus
M1

Al and Fe
3+

versus 

Fe
2+

), at the M2 site (i.e., Fe
2+ 

versus Ca), as well as both M1 and M2 sites (
M1

Al versus Fe
2+

, and 

Fe
2+

versus
M1

Al).  

According to these cation exchanges, there is collinearity between the most abundant (> 10 

mol.%) components in cpx (i.e., Di versus En + CaTs, Figs. 3). Moreover, the ratios between these 

components (i.e. Di/(En+CaTs)) scale with the cooling rate following a logarithmic function (Figs. 

3). This condition of linear and logarithmic functions implies that the compositional changes of cpx 

can be used as a proxy for solidifying MORB systems over either very rapid or extremely slow 

cooling rates. Therefore, the relationships provided in Figs. 2 and 3 are geospeedometers.  

 

4.2 Mineral chemistry versus textures  
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Several experimental studies focusing on melt crystallization kinetics lack for an overall 

discussion in which the changes in chemical and textural parameters of minerals are concurrently 

quantified and evaluated (Coish and Taylor, 1979; Gamble and Taylor, 1980; Tsuchiyama, 1985; 

Dunbar et al., 1995; Lesher et al., 1999; Couch, 2003; Hammer, 2006, 2008; Pichavant et al., 2007; 

Iezzi et al., 2008; Pupier et al., 2008; Schiavi et al., 2009; Mollo and Hammer, 2017). This gap can 

be here addressed by comparing the textural analysis conducted by Giuliani et al., 2020b with 

chemical data presented in Figs. 1, 2, 3 and 1S, 2S, 3S, 4S, 5S, 6S plus 7S as a function of cooling 

rate. Particularly, in this context, we refer to Gmax and GCSD (Tab. 4), that result linearly correlated 

with a R
2
 ≥ 0.80 with some oxides (wt.%.) and components (mol.%) of sp, cpx and plg (Figs. 4). 

As reported in Giuliani et al., (2020b), the maximum growth rate is calculated by averaging 

the major axes (Lmax) of the five longest crystals and dividing them by the cooling time (Gmax = 

Lmax/t). The average growth is calculated by interpolating the CSD slope (m) and the cooling time 

(t), as GCSD = −1/mt. For sp, Gmax and GCSD follow linear trends when compared with Sp s.s. (Fig. 

4a), while only Gmax is linearly related with Fe2O3. For cpx, Gmax follows linear trends with CaO and 

Di, Fs and CaFeTs, while GCSD is related with Fe2O3, Hd and Jd (Fig. 4b and 4c). For plg, Gmax is 

successfully linearly regressed versus Fe2O3, An and Ab, whilst GCSD correlates only with Na2O 

(Fig. 4d). All these analytical functions agree with the fact that the incompatible cations are 

preferentially incorporated from the melt into the lattice site of the rapidly growing crystal (Mollo 

and Hammer, 2017). In other words, the disequilibrium mineral composition is sympathetic to the 

enrichment/depletion of cations as a function of time averaged growth rate. The decrease in crystal 

size and increase of time averaged growth rates with increasing cooling rate (Kolzenburg et al., 

2020; Giuliani et al., 2020b, Tab. 4 and Figs. 4) is proportional to these supersaturation phenomena 

and the lack of melt re-homogenization; in turn, well-faceted crystal morphologies change into 

dendritic branches more enriched in incompatible and slow diffusing cations, such as Al and Fe
3+ 

(Figs. 4), in the melt (Pontesilli et al., 2019). 
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The obtained good regression statistics (R
2
 ≥ 0.81-0.99) between mineral compositions and 

Gs allow us to derive the crystal growth rate from simple chemical analyses of sp, cpx, and plg in a 

solidifying MORB system. (Figs. 4a, 4b and 4c).  

 

 

 

4.3 Crystallization of sp, cpx, and plg from basaltic melts. 

The oxide compositional variations observed in this study (Figs. 1) are compared with those 

reported for an Etnean trachybasaltic (Mollo et al., 2010; 2011b; 2013b), a synthetic Fe-rich basalt 

(Hammer, 2006), a basaltic andesite (Baker and Grove, 1985) and an SiO2-rich pillow basalt 

(Schiffman and Lofgren, 1982) melts (Figs. 1 and Tab. 1). The starting composition B100 used here 

is very close to that of Mollo et al. (2013a) except for MgO, Na2O and K2O, whereas the starting 

composition reported in Hammer (2006) is significantly richer in FeO, slightly lower in SiO2 and 

markedly poorer in Al2O3 and more depleted in MgO and CaO (Figs. 1 and Tab. 1). Compared to 

our bulk MORB system those experimented by Baker and Grove (1985) and Schiffman and Lofgren 

(1982) are both richer in SiO2 plus alkalis and both poorer in MgO plus CaO; the former study used 

a relative Al2O3-rich and FeO-poor melt, the latter a relative Al2O3-poor and FeO-rich melt (Figs. 1 

and Tab. 1). Therefore, the bulk chemical differences shown in Figs. 1 provide a general appraisal 

of dynamic solidification induced by cooling at Patm and variable fO2.  

Mollo et al (2010; 2011b and 2013b) alkaline basaltic melt undergo solidification in 

laboratory at fO2 of 1.5 log units above the nickel-nickel-oxide buffer (NNO+1.5) equivalent to 

QFM+2.2 (recalculated here, with QFM: quartz-fayalite-magnetite buffer). The experimental 

cooling rate were 30, 126, 180, 564, at temperature of 900 °C/h. Cooling rates were initiated at 

1250, 30 °C above the Tliquidus of 1220 °C, and terminated at 1100 °C, significantly above the solidus 

(Del Gaudio et al., 2010; Mollo et al., 2010, 2011b and 2013c). Hammer (2006) experiments were 
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run at fO2 from QFM-4 to QFM+5, cooling rates of 2.8, 5.7, 18.7, 72.4, and 231 °C/h, started from a 

T of 1210 °C, close to the estimated Tliquidus ranging between 1205 and 1245 °C (as a function of 

fO2); the quenching was done at temperature between 300-400 °C, far below the solidus. 

Experiments performed by Baker and Grove (1985) were run at fO2 of QFM buffer at cooling rate 

of 50, 10, 5, 1 and 0.5 °C/h; however, only the 0.5, 1 and 5 °C/h experiments reported chemical 

analyses of phases. Initial experimental temperature was set at 1170 °C, 20 °C below the reported 

Tliquidus and contained already plg and ol at the initiation of cooling; they terminated the cooling 

rates between 1108-1055 °C above the solidus. Finally, experiments presented by Schiffman and 

Lofgren (1982) were also run at QFM buffer, using cooling rates of 0.5, 1, 10, 25, 84, 120 and 218 

°C/h, respectively. The liquidus temperature was estimated to be 1140 °C (presumably too low for 

this system) and the cooling rate initiated at 1125 °C, so in the presence of already formed crystals; 

the experimental runs were quenched close to 1000 °C, thus before the solidus temperature.  

Thereby, only our B100 melt and that used by Mollo et al. (2010; 2011b and 2013b) initiated 

the solidification well above the liquidus, while Hammer (2006), Baker and Grove (1985) and 

Schiffman and Lofgren (1982) started close or even below liquidus temperatures. Consequently, the 

latter three investigations could nucleate heterogeneously on early-formed crystalline phases 

(Vetere et al., 2013 and 2015) and from already evolved melts before the onset of their applied 

dynamic cooling conditions. In parallel, only our experiments and those of Hammer (2006) 

terminated at or below solidus region, constraining the entire crystallization sequence. Our run-

products are the only ones performed at very high fO2 environment, i.e. air (see below), where the 

other change from very reduced to relative oxidized conditions (Figs. 1). To summarize, only the 

data-set reported here captures the entire (superliquidus to solidus) and intrinsic (heterogeneous 

site-free silicate liquid) solidification behavior from an actual MORB melt from very rapid to 

extremely sluggish cooling rate. In sp, the increase of ΔT/Δt induces a pronounced decrease of TiO2 

in the trachybasalt (Mollo et al., 2013b), while in our tholeiitic B100 and Fe-rich basalt of Hammer 
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(2006) such behavior is more restricted (Fig. 1a). The Fe2O3 in Mollo et al. (2013b) and Hammer 

(2006) follow similar slightly variable trends, while in the B100 the sp is progressively depleted 

especially at high cooling rate; in parallel, the Fe2O3 contents from the trachybasalt and Fe-rich 

liquids are higher than in the B100, although the latter was solidified at the highest redox condition 

(Fig. 1a). The amount of Al2O3 in sp increases either in the B100 and trachybasalt systems, but is 

slightly variable in the Fe-rich basaltic liquid. The amount of MgO follows a scattered behavior for 

the B100 and Fe-rich basaltic liquids and increasing for the trachybasalt (Fig. 1a, 1S). On the whole, 

these trends can be explained by the slower diffusion of the high field strength Ti with respect to Al 

and Fe
3+

, favoring the increasing of the spinel s.s. molecule when cooling rate increases (Fig. 5S) 

(O’Donovan and O’Reilly 1977; Kirkpatrick, 1983; Pick and Tauxe, 1994; Hammer, 2006; Lofgren, 

2006; Mollo et al, 2010, 2013b; Chadima et al. 2009).  

In natural domains, MORB-pillows, lava flows, and dikes show that Ti content in sp changes 

as a function of cooling rate, i.e. moving from the inner to the outermost portions and chilled 

margins (Smith and Prévot 1977; Zhou et al. 2000; Kissell et al. 2010; Mollo et al. 2011a, 2013b). 

Since the trends of TiO2, Al2O3, Fe2O3 and MgO are only crudely similar from the three basaltic 

liquids compared in Fig. 1a, it can be concluded that the effect of cooling rate on sp is extremely 

sensitive to the melt bulk composition. Interestingly, the trends of Fe2O3, Al2O3 and MgO displayed 

in Hammer (2006) for sp are weakly affected by strong variations in fO2, whereas TiO2 is more 

straightforward affected, at least at low cooling regimes (Fig. 1a). 

For cpx, chemical trends for both B100 and Etnean trachybasalt studied by Mollo et al., (2010), 

show again several similarities (Fig. 1b), at least in the range of ΔT/Δt = 30-900 °C/h. The increase 

of cooling rate causes a very similar increase of both Al2O3 and Fe2O3 and a slight decrease of both 

CaO and MgO (Fig. 1b). The SiO2 content of the trachybasalt decreases monotonically, whereas it 

is less regular for B100 (Fig. 1b). These relationships indicate that cpx behaves in a very similar way 

in B100 and trachybasalt despite their differences in bulk chemical composition and imposed fO2 
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conditions. Again, cpx is more appropriate for the calibration of general models based on a large 

experimental data set and due to their larger crystal sizes with respect to sp (Tab. 4), cpx can be 

easily analyzed also at high cooling rate.  

The chemical features of cpx as a function of cooling rate constrained in Hammer (2006) are 

in general more significantly scattered with respect to those provided here and by Mollo et al. 

(2010). However, the increasing trends displayed in Hammer (2006) by both Fe2O3 and Al2O3, 

mainly at the highest fO2, are similar to those observed here and by Mollo et al. (2010). SiO2 and 

MgO show similar behavior and a decreasing concentration at higher cooling rate (Fig. 1b). At low 

rates, the evolved basaltic melt of Schiffman and Lofgren (1982) show decreasing for SiO2 and 

increasing for Al2O3 trends similar to our outcomes when cooling rate increases, whereas the other 

oxides are extremely scattered (Fig. 1b). Finally, the basaltic andesite system investigated in Baker 

and Groove (1985) has composition of cpx that are close to those measured for B100 at the lowest 

cooling rate (Fig. 1b). To sum up, Al2O3 is the most sensible oxide component to cooling rate in cpx 

grown in basaltic rocks from tholeiitic to basaltic andesite systems, as well as in Fe-rich systems 

(Fig. 1b). 

For plg, chemical data of B100 differ significantly with respect the trachybasalt (Mollo et al., 

2011a) and the evolved basalt (Schiffman and Lofgren, 1982) like shown in Fig. 1c. In these latter 

two studies SiO2 decreases, whilst in B100 broadly increase when ΔT/Δt augments; the other oxide 

components in B100 follow well defined trend, but their actual variations are extremely limited and 

in general opposite to those displayed from run-products in the trachybasalt and evolved basalt. The 

qualitative trends are instead similar for the incompatible and minor Fe2O3 and MgO (Fig. 1c). 

Importantly, the two previous studies on plg were quenched at high T, compared to the 800 °C used 

for B100. This implies that the run-products of these previous studies (Mollo et al., 2011b; 

Schiffman and Lofgren, 1982) were quenched in the presence of a residual liquid, i.e. the 

solidification paths were halted before the possible occurrence of further crystallization. 
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Consequently, the different trajectories observed for the compatible cations are ascribed to the 

different thermal ranges of the experiments at low-T, bearing in mind that plg is the last mineral 

phase that crystallizes from the B100 melt (see below). In agreement, the trachybasalt was invariably 

glass-bearing (> 20 area%; Mollo et al., 2011b), while B100 was always holocrystalline at cooling 

rate ≤ 60 °C/h (Tab. 4). As a consequence, compatible cations in the trachybasalt are partitioned 

between crystal and glass. In contrast, compatible and incompatible cations in the B100 are 

invariably incorporated in the lately grown framework-silicate mineral. It remains the fact that 

incompatible cations can be potentially used as a proxy for cooling rate, due to their sensitivity to 

the formation of a diffusive boundary layer in the melt supplying nutrients at disequilibrium 

proportions to the rapidly growing plg crystals (Mollo et al., 2011b). 

On the whole, all data in Figs. 1 display a relative wide variation versus cooling rate. The first 

reason resides to kinetics effect. In fact, chemical difference on the residual melts (Fig. 1d) result in 

different proportion of the growing ingredient for crystals (Figs. 1a, b and c), up to a factor of ca. 

10x (e.g., TiO2 in sp from H2006 data Fig. 1a). The second aspect to be considered are due to 

differences in core to rim compositions, especially at low cooling rates. This is expected during 

crystal growth as the phases tend to continuously approach equilibrium, here represented by virtual 

sp, cpx and plg phases computed by alphamelts on the B100 basaltic system at solidus temperature of 

800 °C (Figs. 1).  

 

4.4 The role of fO2 in basaltic melts undergoing solidifications 

Since the 1950s it was acknowledged the importance of fO2 and its role in igneous 

differentiation (Kennedy, 1955; Eugster, 1957; 1959; Osborn, 1959) and tectonic settings 

(Haggerty, 1976; Christie et al., 1986; Wood et al., 1990; Carmichael, 1991; Frost and Lindsley, 

1992; Ballhaus, 1993; Canil, 1997). Calc-alkaline magmatic series crystallize under relatively high 

fO2 and at convergent plate boundaries, while tholeiitic magma series experienced low fO2 mainly 
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at divergent boundaries (Fig. 5a). However, Rowe et al., (2009) re-determined the fO2 in melt 

inclusion hosted in olivine from primitive basaltic lavas sampled from across the central Oregon 

Cascades to a more oxidized range of -0.25 < QFM < + 1.9. All these data highlight that MORBs 

can be also emplaced in relatively oxidized environments over the Earth crust, either in subaerial or 

submarine domains (Crisp 1984; Gale et al., 2013; Soule, 2015). In parallel; magmas en route to the 

Earth surface commonly slightly oxidized (Burgisser and Scaillet, 2007). In summary, data derived 

from literature indicate that MORBs lie around QFM buffer reaching sometimes value close to 

QFM+1, while other basaltic melts in different geological context can be even more oxidized 

(Cottrell et al., 2020; Fig. 5a). 

In addition to this general reappraisal, it is relevant to consider several other aspects on the 

relationship between fO2 and Fe-bearing crystalline phases solidified from basaltic melts either in 

nature and experimental charges, such as: i) close or open system conditions, ii) kinetics of re-

equilibration during the solidification at variable temperature and iii) crystal-chemistry constraints 

on the arrangement of Fe
2+

 and Fe
3+ 

in crystalline structures (Iezzi et al., 2005; Della Ventura et al., 

2006). All these aspects are relevant for the interpretation of our and literature experimental data 

(Figs.1, 1S-8S and 2), plus the following possible critical aspects. The redox state is not always 

accurately quantified in many of the experiments from literature and a lot of runs were simply 

buffered to the intrinsic oxygen fugacity (fO2) of the experimental capsule. If aH2O < 1 under self-

buffered conditions, an apparent redox state is attained within the capsule by the relationship: log 

fO2 capsule = fO2 apparent + 2ln(aH2O) (Vetere et al., 2014). Additionally, the gas phase in the 

capsule typically contains an uncontrolled amount of XN2
fluid

 due to incorporation of atmospheric 

nitrogen during loading of the powder into the capsule. This may represent a further source of error 

(Behrens et al., 2009). Finally, charge-balance equations are affected by a large degree of 

uncertainty and such calculations do not guarantee that the Fe
2+

 and Fe
3+

 contents are correctly 

quantified, due to intrinsic uncertainties obtained by using EPMA rather than Mössbauer or other 
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spectroscopic methods (Putirka et al., 2003; McGuire et al., 1989; Di Genova et al., 2016 and 

2018). In line, modelling clinopyroxene components and equilibria as a function of P-T-H2O 

conditions relies on the measurement of FeO
tot

 rather than the calculation of Fe
2+

/Fe
3+

 ratio in 

clinopyroxene (Putirka, 2008 and references therein). Therefore, great caution must be exercised in 

the assessment of the relationship between clinopyroxene-melt components and fO2, when only 

EPMA data are available.  

The B100 homogeneous starting glass has Fe
2+

/Fe
tot

 close to 0.4 after been rapidly quenched 

from 1300°C subsequent to a dwell of at least 2 h (Tab. 1). In fact, as reported in Vetere et al., 

(2013), the low viscosity of basaltic composition at 1300°C (ca. 20 Pa s) allows fast re-equilibration 

and relatively high diffusivity, close to ln(D) = -24.5. If it is considered x = (2Dt)
0.5

 as minimum 

homogenization distance in a melt with time (t), then it can be calculated a distance close to 0.2 mm 

in 2 h, for sluggish diffusive elements such as Si, Al and Fe
3+

. This time is enough to allow melt 

relaxation and equilibration (Vetere et al., 2013).  

According to the model of Kress and Carmichael (1991), an Fe
2+

/Fetot of 0.4 (Tab. 1) 

corresponds to a hypothetical redox state intermediate between 2.5 < QFM < 3 for temperatures 

ranging from Tm (1206 °C as measured in Giuliani et al., 2020c) and 1300 °C of the B100, thus 

significantly lower than the redox state corresponding to that of air (Fig. 5b). Interestingly, the high-

Fe basaltic melt investigated by Hammer (2006) indicates that even a huge variation in fO2 

determines a relative low variation in the amount of Fe2O3 in sp, that is close to that observed in the 

B100 melt, especially at QFM+5 (Fig. 1a), although it affects the T at which it crystallizes. An even 

more similar behavior is shown by the trends of iron (total iron calculated as Fe2O3) of the cpx in 

the B100 in comparison with the high-Fe basaltic melt of Hammer (2006) and the trachybasalt of 

Mollo et al. (2010) (Fig. 1b). The amount of Fe2O3 in plg, albeit very low, is similar between B100 

and the evolved basaltic system of Shifman and Lofgren (1982) (Fig. 1c). All these similarities 

attest that our results are close to those obtained at QFM and higher fugacity conditions. We 
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speculate that such behaviors of Fe in sp, cpx and plg versus fO2 in solidifying basaltic melts can 

result from internally buffered conditions in capsules and on short range arrangement of Fe
2+

 and 

Fe
3+ 

in the crystallographic sites of these crystalline structures.  

 

4.5 Equilibrium versus disequilibrium crystallization 

Mollo and Hammer (2017) have reviewed how rapid crystal growth conditions caused by 

increasing cooling rate lead to the disequilibrium uptake of incompatible elements in mineral-

bearing basalts with respect to equilibrium cation partitioning. On the whole, disequilibrium 

crystallization at 250-350 °C above the solidus region produces enrichments of Mag, Ts + Jd + En + 

Fs, and An that are accompanied by depletion of Usp, Di + Hd, and Ab + Or in sp, cpx, and plg, 

respectively. 

In this study, we observe that Sp s.s. increases, Mag decreases with ΔT/Δt, whereas Usp first 

increases in faceted sp crystals obtained at 1-60 °C/h and then decreases in dendritic crystals 

forming at higher cooling rate (Fig. 5S). A more complex compositional change of sp is observed 

for MORB melts undercooled within the solidus region but, in general, the effect of kinetics is 

better recorded by the disequilibrium partitioning of Al that is systematically incorporated in the 

lattice site when the cooling rate increases (Fig. 2a).  

For cpx, the enrichment in Al with cooling rate is also an indication of progressive departure 

from equilibrium (Mollo et al., 2010; Mollo and Hammer, 2017). Considering the limits of the 

standard errors, from 1 to 7 °C/h, Al does not substantially change in cpx crystals from B100. 

However, at higher cooling rate, Al + Fe
2+

 + Na become significantly more abundant, whilst Fe
3+

 + 

Mg + Ca decrease (Fig. 2S). At 1 to 7 °C/h, cpx is mainly composed by the Di + En solid solution 

(Tab. 3b) but, at 60-180 °C/h plg disappears, and Di in cpx importantly decreases counterbalanced 

by En + Fs + Jd + CaTs increasing (Fig. 6S). The shift from equilibrium to disequilibrium 

crystallization is also supported by the change from faceted to dendritic shapes of cpx at 60-180 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



°C/h (Giuliani et al. 2020b), a feature suggesting a diffusion-controlled regime favoring crystal 

nucleation rather than growth (Dowty, 1980; Kirkpatrick, 1981; Hammer, 2008).  

Figs. 6 and 10S show a quantitative evaluation of equilibrium versus disequilibrium 

crystallization of cpx by employing the value of 
cpx-melt

KdFe-Mg calculated for the B100 bulk 

composition, according to Putirka et al., (1996). At 1–60 °C/h, cpx approaches to the chemical 

equilibrium condition (
cpx-melt

KdFe-Mg = 0.28 ± 0.08), whereas a departure from the chemical 

equilibrium is observed at 180-1800 °C/h (at these conditions plg is absent) (Fig. 6). The lack of plg 

under fast cooling rate implies that the crystallizing bulk (crystal + melt) system changes from plg-

bearing to plg-absent, making more cations available for the remaining and more stable minerals. 

However, at 180-1800 °C/h, incompatible and abundant cations like Al (especially in absence of 

plg) are more favorably incorporated into the dendritic cpx crystals. The strength of the Si-O bonds 

in the melt (443 kJ/mol) is greater than that of Al-O bonds (330-422 kJ/mol) accounting for the 

influence of charge-balancing metal cations (e.g. Ca, Na, etc.) on the bonding forces of Al in 

tetrahedral coordination and the lower charge of trivalent Al compared to tetravalent Si 

(Kirkpatrick, 1983). This difference in bonding energy implies that the transfer rates of Al cations 

from the melt to the surface of rapidly growing cpx increases under diffusion-controlled crystal-

growth conditions, leading to systematic Al enrichments in the lattice site (Iezzi et al., 2014).  

Similarly to cpx, we have also evaluated the disequilibrium state of plg using the 
plg-melt

KdAn-

Ab model proposed by Putirka et al. (2008). Due to the absence of a residual glass in the run 

products containing plg, and considering that plg is the last crystallizing phase, we applied the 

equilibrium test for plg using both the B100 bulk composition and the intra-crystalline glass 

composition analyzed at 180 °C/h (Tab. 3d, Figs. 6 and 10S). The latter may simulate the 

composition of a hypothetical residual melt where plg could have crystallized from. Results show 

that plg is invariably out of the equilibrium range as suggested by equilibrium Kd values of 0.15 - 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



0.05 in Figs. 6 and 10S. Perhaps, this explains why An content in plg remains almost constant under 

both slow and fast cooling rate conditions (Fig. 3c).  

Using cpx-based (error  32 °C) and plg-based (error  36 °C) thermometers from Putirka et 

al. (2008), we have verified that the crystallization of plg takes place at temperatures statistically 

much lower than those of clinopyroxene (Figs. 6 and 11S), when the crystal content is high and the 

diffusion of cations in the melt is slow due to the higher viscosity. Under such conditions, the 

system cannot easily return to homogeneous concentrations over the effect of an ever-changing 

temperature caused by cooling rate and, consequently, plg more effectively records the 

disequilibrium partitioning of cations between the growing crystal surface and the diffusive melt 

(Fig. 6; Lormand et al., 2021).  

Temperature estimates agree with previous textural observations of Vetere et al. (2015) and 

Giuliani et al. (2020b), suggesting that, considering our experimental conditions, the order of 

mineral segregation is sp, cpx, and plg. This scenario explains the decreasing trend of Al2O3 of plg 

in the B100 contrarily to that of glass-bearing trachybasaltic run-products (Fig. 1c) and on what 

observed in other more evolved liquids (Iezzi et al., 2008; 2011; 2014). The progressive enrichment 

of Al at high rates in early grown sp and cpx depleted it from the residual melt from whom plg 

crystallized (Figs. 1a, 1b, 1c). Also, at high cooling rates, the low degree of crystallization indicates 

that sp forms homogeneously from the melt and favors the heterogeneous nucleation of cpx 

(Giuliani et al., 2020b). It is finally worthy of note that despite plg crystals are the latest 

crystallizing phase, they show the maximum crystal sizes (949-109 µm) and the most abundant 

crystal contents (65.6 - 46.1 area%). This points out that largest crystals are not necessarily the first 

to grow from natural MORB melts, or that they are not unequivocally interpretable like phenocrysts 

or microphenocrysts in volcanic rocks (Kuritani, 1999; Vetere et al., 2015; Giuliani et al., 2020b).  

Recent studies on the crystallization of cpx and plg from trachybasalt of the 2001 Mt Etna 

eruption, were performed in real time from 1250 °C to either 1170 and 1150 °C applying a cooling 
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rate of 1440 °C/h and then a dwell of 4 h (Polacci et al., 2018 and Arzilli et al., 2019). Results 

shows that blocky and prismatic cpx and sp crystals grew early. In experiments at 1170 and 1150 

the amount of cpx and sp were 1 - 8 and 8 - 8 vol.%, respectively. After a dwell of 4 h, an identical 

cooling rate was re-applied showing rapid crystallization events of both plg and cpx. During this 

second cooling event, authors report skeletal growths of plg, between 1112 and 1073 °C for the 

experiment cooled from 1150 °C and between 1131 and 1053°C for the experiment cooled from 

1170°C (Polacci et al., 2018 and Arzilli et al., 2019). Plg crystals grew to equilibrium abundance (~ 

10 vol.%) in ~ 90 seconds and after the first pulse of plg growth, cpx starts to growth in a dendritic 

fashion on plg until they reach a final abundance of ~ 65 vol.% in only 180 seconds. At this time 

sample was fully crystallized suggesting very fast nucleation and growth processes.  

Recently, Kolzenburg et al., (2018a; 2018b; 2020), Tripoli et al., (2019), Vetere et al., (2019; 

2020a; 2020b) performed studies on the role of shear rate effect in crystals nucleation and growth 

process. Both agree with the fact that stirring and/or mechanic perturbation enhance nucleation and 

crystal growth. This is due to a continuous available amount of feed growth ingredients, i.e. 

elements necessary to build a crystalline structure, favored by the presence of a shear rate (Petrelli 

et al. 2016; Vetere et al., 2020b). Also, experiments on dynamic crystallization performed on a 

shoshonitic composition, show a rapid crystals growth rate on the order of ~ 1-2 ×10
-6

 cm/s (Vetere 

et al., 2020a). Finally, it is also emerging that relatively high fO2 determines a relative high delay in 

nucleation and low temperature onset of nucleation, due to the more viscous and less diffusive 

properties of ferric-rich silicate melts (Kolzenburg et al., 2018a; 2020).  

 

4.6 Models for MORB solidification 

The crystal-chemical outcomes obtained in this study, coupled with the textural and numerical 

results of Giuliani et al. (2020a, 2020b), allow to define hypothetical models for MORB lavas 

solidifying under the effect of controlled cooling rate (Fig. 7). The thickness of MORB lava flows 
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can vary from cm to m, experiencing cooling rates from ≤ 10
0
 °C/h to > 10

3
 °C/h (Flynn and 

Mouginis-Mark 1992; Harris et al. 2005; Keszthelyi 1995; Cashman et al. 1999). Using two 

hypothetical thicknesses of 0.5 and 1.5 m (Fig. 7), we retrieved the cooling regimes of solidification 

from the numerical simulations conducted by Giuliani et al. (2020a). These conductive cooling 

models are based on an explicit finite-difference scheme (e.g. Wohletz et al., 1999, and references 

therein). The following conditions were assumed in the calculations: (i) an initial temperature of 

1300 °C for the melt, (ii) a specific heat and thermal conductivity of 1300 J/kgK and 0.9 W/mK; 

and (iii) a density of 2750 kg/m
3
 for the MORB melt (Vetere et al., 2015, Giuliani et al., 2020a, 

2020b). The latent heat of crystallization and heat convective transfer was assumed negligible. The 

cooling regimes have been related to the textural (Tab. 4 and Giuliani et al., 2020b) and crystal-

chemical outcomes. To the phase abundance (area%), Lmax (µm), and GCSD measurements (Tab. 4), 

we add the number crystal per area (#/A, µm
-2

), and the cpx-CSDs (Fig. 7). Moreover, the chemical 

results of this work, basing on the linear regressions followed by some oxides, cations, or 

components (Figs. 1, 1S-7S) have been reported. As example, Fig. 7 show as the variations of CaO 

in cpx, Al2O3 in plg, and Fe2O3 for sp, derived from WDS/EDS analysis, can be used to retrieve the 

solidification conditions. Likewise, also cations and components can be used (as examples consider 

Sp s.s. for sp and Di/En+Ts for cpx; Figs. 3 and 5S). Textural, chemical, and numerical results 

suggest that disequilibrium crystallization conditions prevail at the bottom and the top of the lava 

flows, while in their inner parts, crystals grow close to equilibrium conditions.  

From a rheological point of view, data provided here could be useful to better understand the 

rheological evolution of a basaltic magma undergoing cooling. Starting with the fact that Tm 

(melting temperature) is 1218 °C as computed by using alphamelts 1.9 (Asimow and Ghiorso 1998; 

Ghiorso et al., 2002; Smith & Asimow, 2005) or 1206 °C as measured in Giuliani et al. (2020c), the 

viscosity is log  = 1.01 (Pa s), according to Giordano et al., (2008). Below Tm a delay in nucleation 

time is expected as shown above (Polacci et al. 2018; Arzilli et al., 2019). The delay for all the 
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considered minerals can vary between less than 1 h at ΔT ~ 100 °C to 100 h and more near liquidus 

(ΔT=10/20 °C) (Rusieka et al., 2020). In situ differential scanning calorimetry (DSC) technique has 

been applied to investigate the solidification paths of the identical B100 liquid and results 

straightforward indicate that as the cooling rate increases, the onset temperature of crystal 

nucleation decreases (Txi in Giuliani et al., 2020c). More in details, Txi shifts from 1141 to 1086 °C 

as cooling rate increases from 7 to 1800 °C/h. In this scenario also the melt viscosity changes from 

10 to 110 Pa s. After this first steps, nucleation and growth of crystal is rapid (Giuliani et al., 2020b 

and c) and cause a further quick jump in viscosity (Vona et al., 2011; Kolzenburg et al., 2018a; 

2018b; 2020; Vetere et al., 2020a; 2020b). The progressive increasing of crystal content coupled 

with the progressive enrichment of SiO2 in the residual melt will be then driven by the 

crystallization behavior at variable cooling rates.  

Cooling conditions in lavas, pillows or dikes are a function of heat dissipation; heat 

removing depends on thickness, silicate liquid composition and thermal environment of 

surrounding medium (Giuliani et al., 2002a). In turn, cooling rates decreases moving from 

outermost to innermost portions, determining flowing in middle portions mainly in response to 

crystallization behavior and residual melt composition (Figs.1). The early solidified or poorly 

mobile external portions will be passively transported by innermost parts.  

Finally, it has become evident that the formation of Fe-oxide (Fe-rich spinel) nanolites, i.e. 

crystals lesser than one micron, can affect the rheological properties of melts and drive nucleation 

and growth processes of large crystals (Vetere et al., 2015; Di Genova et al. 2017, 2018 and 2020 

and reference therein). The analytical results presented here derive from experiments that span a 

wide range of cooling rates. Under fast rates it is evident the formation of sp nanolites (Giuliani et 

al., 2020b), although their actual composition is not measured here due to their tiny sizes (Fig. 1a). 

Micro-chemical characterizations with TEM are under development to bracket this aspect. At low 
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cooling rates it remains an open question if crystallization also initiates by an early appearance of 

such sub-micrometric sp phases. 

 

5. Conclusions 

In this study, the mineral compositional changes of sp, cpx, and plg formed from an actual, 

homogeneous and seed-free MORB melt have been measured (Figs. 1,2) and then integrated with 

the textural parameters (Figs. 3,4). Both these measurements involve experimental charges 

solidified at cooling rates variable from 1 to 9000 °C/h, applied from superliquidus to solidus 

conditions. Our experiments albeit run at air testify general common behaviors with previous 

investigations (Figs. 1). The bulk chemical system and fO2 plays a significant role in crystal-

chemical differences observed in early formed sp (Fig. 1a). Conversely, cpx is less affected by 

whole chemical systems and fO2 (Fig. 1b). The composition of lately formed plg is strongly 

dependent to the presence or absence of a residual liquid. Therefore, cpx is the most useful phase to 

retrieve kinetics of dynamic solidification conditions occurring at low and high cooling rates, at 

least at moderate to high fO2 conditions. 

The following conclusions can be drawn:  

1) the chemistry of sp, cpx and, to a minor extent, of plg is quantitatively related to the 

cooling rate condition, with emphasis for the preferential incorporation of incompatible cations in 

the lattice site with increasing cooling rate; 

2) several oxides, and consequently cations, and components, in minerals are found to be 

linearly correlated with cooling rate, showing very good statistics regression that provide robust 

geospeedometers for MORB rocks;  

3) the crystal growth rates (Gmax and GCSD) measured by textural analysis can be retrieved also 

by the mineral compositional changes, strengthening the observation that the solidifying system 

shifts from interface-controlled to diffusion-controlled growth regimes with increasing cooling rate;  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 4) at cooling rate ≤ 60 °C, the crystallization of cpx takes place under near-equilibrium 

conditions, albeit plg systematically crystallizes in disequilibrium regimes. This phenomenon pairs 

with the late saturation of plg and the slow diffusion of cations in the melt phase, which takes place 

at a temperature much lower than that of cpx; 

5) overall, as cooling rate increases by 3/4 orders of magnitude, there is a close relationship 

between the textural maturation of cpx and its chemistry. Because of its abundance, large crystal 

size, and great stability, we conclude that cpx is the most suitable mineral phase to monitor the 

crystallization kinetics of naturally cooled MORB melts; 

6) the application of geospedometers is a function of the silicate liquid, either initial or 

residual, from where a mineral grows; in turn, the order of mineral segregation and the presence of 

glass have to be evaluated.  

The quantitative relationships found in this work, coupled with previous textural and 

numerical results furnish novel geo-speedometers for MORB melt at atmospheric fO2 and allows us 

to bracket quantitative solidification models for dry and aphyric MORB lavas with variable 

thicknesses.  

 

Figure 1S. Cation abundances (a.p.f.u.) in spinel (sp) as a function of ΔT/Δt (°C/h). Average 

data are listed in Tab. 3Sa. The 95% confidence interval refers to the average chemical values 

measured for crystals solidified at different cooling rates. 

 

Figure 2S. Cation abundances (a.p.f.u.) in clinopyroxene (cpx) as a function of ΔT/Δt (°C/h). 

Average data are listed in Tab. 3Sb. Only linear regressions with R
2
 ≥ 0.60 are plotted. The 95% 

confidence interval refers to the average chemical values measured for crystals solidified at 

different cooling rates. 
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Figure 3S. Variations of Fe
2+

/Fe
tot

 and Mg# in clinopyroxene (cpx) as a function of ΔT/Δt 

(°C/h). Average data are listed in Tab. 1Sb.  

 

Figure 4S. Cation abundances (a.p.f.u.) in plagioclase (plg) as a function of ΔT/Δt (°C/h). 

Average data are listed in Tab. S1c. Only linear regressions with R
2
 ≥ 0.60 are plotted. Mg is not 

plotted because its content is on average less than 0.01 a.p.f.u.. The 95% confidence interval refers 

to the average chemical values measured for crystals solidified at different cooling rates. 

 

Figure 5S. Component changes (mol %) in spinel (sp) as a function of ΔT/Δt (°C/h). Sp s.s. = 

Spinel sensu stricto (
T
Mg

M
Al2O4), Mag = Magnetite (

T
Fe

3+M
Fe

2+ M
Fe

3+
O4), Usp = Ulvospinel 

(
T
Fe

2+M
Fe

2+ M
Ti

4+
O4). Average data are listed in Tab. S1a. Only linear regressions with R

2
 ≥ 0.60 

are plotted. The 95% confidence interval refers to the average chemical values measured for 

crystals solidified at different cooling rates. 

 

Figure 6S. Component changes (mol.%) in clinopyroxene (cpx) as a function of ΔT/Δt (°C/h). 

Di = diopside (
M2

Ca
M1

Mg
T
Si2O6), En = enstatite (

M2
Mg

M1
Mg

T
Si2O6), Fs = ferrosilite 

(
M2

Fe
2+M1

Fe
2+T

Si2O6), Hd = hedenbergite (
M2

Ca
M1

Fe
2+T

Si2O6), Jd = jadeite (
M2

Na
M1

Al
T
Si2O6), CaTs 

= Ca-Tschermak (
M2

Ca
M1

Al
T
(SiAl)O6), CaTs = CaFe-Tschermak (

M2
Ca

M1
Fe

3+T
(SiFe

3+
)O6) and 

CaTiTs = CaTi-Tschermak (
M2

Ca
M1

Ti
T
(SiTi)O6). Average data are listed in Tab. 3Sb. Only linear 

regressions with R
2
 ≥ 0.6 are plotted. The 95% confidence interval refers to the average chemical 

values measured for crystals solidified at different cooling rates. 

 

Figure 7S. Component changes (mol.%) in plagioclase (plg) as a function of ΔT/Δt (°C/h). 

Ab = Albite (
M

Na
T
(AlSi3)O8), An = Anorthite (

M
Ca

T
(Al2Si2)O8). Average data are listed in Tab. 
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S1c. The 95% confidence interval refers to the average chemical values measured for crystals 

solidified at different cooling rates. 

 

Figure 8S. Classification diagrams for sp, cpx and plg (average data in Tabs. 3Sa, b, c, 

respectively; acronyms correspond to: Sp s.s. = spinel sensu stricto (
T
Mg

M
Al2O4), Mag = magnetite 

(
T
Fe

3+M
(Fe

2+
Fe

3+
)O4), Usp = ulvospinel (

T
Fe

2+M
(Fe

2+
Ti

4+
)O4), Di = diopside (

M2
Ca

M1
Mg

T
Si2O6), Hd 

= hedenbergite (
M2

Ca
M1

Fe
2+T

Si2O6), En = enstatite (
M2

Mg
M1

Mg
T
Si2O6), Fs = ferrosilite 

(
M2

Fe
2+M1

Fe
2+T

Si2O6), Ab = albite (
M

Na
T
(AlSi3)O8), An = anorthite (

M
Ca

T
(Al2Si2)O8) and Or = 

orthoclase (
M

K
T
(AlSi3)O8).  

 

Figure 9S. Relationships between phase amount measured by image analysis as area% and 

measured by mass balance from average oxide wt.% compositions.  

 

Figure 10S. Relative distributions (%) of the partitioning coefficients between cpx and plg-

core and melt (i.e. 
cpx-melt

KdFe-Mg and
 plg-melt

KdAb-An, respectively). (Dis)equilibrium conditions have 

been tested following the model proposed by Putirka et al., 1996 for cpx and following Putirka et 

al., 2008, for plg. We considered 10 bins for 
cpx-melt

KdFe-Mg, covering a range from 0 to 1, and 20 

bins for 
plg-melt

KdAb-An, involving a range from 0 to 2 (in both the cases, the bin size is 0.1). Yellow 

areas indicate the equilibrium ranges.  

 

Figure 11S. Relative distributions (%) of the crystallization temperatures, estimated for cpx 

and plg (Putirka et al., 2008). We considered 25 bins for T of cpx, covering a range from 1350 to 

1100 °C, and 10 bins for T of plg, covering a range from 950 to 850 °C (in both the cases, the bin 

size is 10 °C). 
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Figure 1a. Chemical variations of major oxides (wt.%) in spinel (sp) as a function of log 

(°C/h). Average data are listed in Tab. 3a. Only linear regressions with R
2
 ≥ 0.8 are plotted in the 

figure. The 95% confidence interval refers to the average chemical values measured for crystals 

solidified at different cooling rates. The yellow diamond is the virtual equilibrium compositions 

computed with alpha melts (Smith and Asimow, 2005; Ghiorso et al., 2002; Asimow and Ghiorso 

1998), grey circles and star refer to Mollo et al., (2013) and, white (QFM), blue (QFM+1), purple 

(QFM+5) squares and purple star refer to Hammer (2006).  

 

Figure 1b. Chemical variations of major oxides (wt.%) in clinopyroxene (cpx) as a function 

of log ΔT/Δt (°C/h). Average data are listed in Tab. 3b. Only linear regressions with R
2
 ≥ 0.8 are 

plotted in the figure. The 95% confidence interval refers to the average chemical values measured 

for crystals solidified at different cooling rates. The yellow and yellow and black diamonds are the 
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virtual equilibrium compositions computed with alpha melts (Smith and Asimow, 2005; Ghiorso et 

al., 2002; Asimow and Ghiorso 1998), white triangles and star refer to and Baker and Grove (1985), 

black circles and star refer to Schiffmann and Lofgren (1982), grey circles and star refer to Mollo et 

al., (2010) and green (QFM-3.6), white (QFM), blue (QFM+1), purple (QFM+5) squares and purple 

star refer to Hammer (2006).  

 

Figure 1c. Chemical variations of major oxides (wt.%) in plagioclase (plg) as a function of 

log ΔT/Δt (°C/h); average data in Tab. 3c. Only linear regressions with R
2
 ≥ 0.8 are plotted in the 

figure. The 95% confidence interval refers to the average chemical values measured for crystals 

solidified at different cooling rates. The yellow diamond is the virtual equilibrium compositions 

computed with alpha melts (Smith and Asimow, 2005; Ghiorso et al., 2002; Asimow and Ghiorso 

1998), white triangles and star refer to and Baker and Grove (1985), black circles and star refer to 

Schiffmann and Lofgreen (1982), grey circles and star refer to Mollo et al., (2011).  

 

Figure 1d. Chemical variations of major oxides (wt.%) in the glass as a function of log ΔT/Δt 

(°C/h). Average data are listed in Tab. 3d. White triangles and star refer to and Baker and Grove 

(1985), black circles and star refer to Schiffmann and Lofgren (1982), grey circles and star refer to 

Mollo et al., (2011b) and green (QFM-3.6), white (QFM), blue (QFM+1), purple (QFM+5) squares 

and purple star refer to Hammer (2006). 

 

Figure 2. Cation variations in clinopyroxene (cpx) as a function of ΔT/Δt. All data are 

expressed as atom per formula unit (a.p.f.u.). Only linear regressions with R
2
 ≥ 0.8 are plotted in the 

figure with confident intervals at 95%. 
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Figure 3. Relationships between the most abundant components (≥ 10 mol.%) in cpx (left) 

and their ratio versus ΔT/Δt (right). The solid black lines are the linear regressions, while the dashed 

red ones are the 95% confidence ranges; data are listed in Table 3Sb. 

 

Figure 4a. Maximum and average growth rates (Gmax and GCSD) (cm/s) versus TiO2 + Fe2O3 

(wt.%) + Sps.s. (mol.%) measured in sp. Data are listed in Tabs. 3a, 3Sa and 4. Only linear 

regressions with R
2
 ≥ 0.8 are plotted in the figure with confident intervals at 95%. The x-axis is 

represented in log-scale.  

 

Figure 4b. Maximum and average growth rates (Gmax and GCSD) (cm/s) versus Al2O3 + Fe2O3 

+ MgO + CaO + Na2O (wt.%) measured in cpx. Data are listed in Tabs. 3b and 4. Only linear 

regressions with R
2
 ≥ 0.8 are plotted in the figure with confident intervals at 95%. The x-axis is 

represented in log-scale.  

 

Figure 4c. Maximum and average growth rates (Gmax and GCSD) (cm/s) versus Di + En + Fs + 

Hd + Jd + CaTs + CaFeTs (mol.%) measured in cpx. Data are listed in Tabs. 3b, 3Sb and 4. Only 

linear regressions with R
2
 ≥ 0.8 are plotted in the figure with confident intervals at 95%. The x-axis 

is represented in log-scale.  

 

Figure 4d. Maximum and average growth rates (Gmax and GCSD) (cm/s) versus Al2O3 + Fe2O3 

+ MgO + Na2O (wt.%) + An + Ab (mol.%) measured in plg. Data are listed in Tabs. 3c, 3Sc and 4. 

Only linear regressions with R
2
 ≥ 0.8 are plotted in the figure with confident intervals at 95%. The 

x-axis is represented in log-scale.  

 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



Figure 5a. Note: Oxygen fugacity across tectonic setting. Redrawn after Cottrell et al., 

(2021). 

 

Figure 5b. Experimental conditions for oxygen fugacity reported as ΔQFM (where QFM 

refers to the Quartz-Fayalite-Magnetite buffer) for Hammer (2006; H2006), Baker and Grove 

(1985; B&G1995), Schiffmann and Lofgreen (1982; S&L1982) and Mollo et al., (2010, 2011b, 

2013b; M2011). Crosses symbols refer to calculated oxygen fugacity using the Kress and 

Carmichael (1991) model at temperature of 1600, 1300 and 1218 °C (the liquidus temperature for 

our starting material estimated by using the alphaMELTS 1.9 code (see text for details).  

 

Figure 6. Test for the equilibrium crystallization of cpx and plg as a function of cooling rate 

(ΔT/Δt). 
cpx-melt

KdFe-Mg and 
plg-melt

KdAn-Ab were obtained using the models of Putirka et al. (1996) 

and Putirka et al. (2008), respectively. The crystallization temperatures were calculated using the 

models of Putirka et al. (2008) for both cpx and plg.  

 

Figure 7. Hypothetical solidification sketch of a MORB lava with a thickness of 0.5 m (top) 

and 1.5 m (bottom). ΔT/Δt(°C/h) and textural parameters are those measured by Giuliani et al. 

(2020a, 2020b). Qualitative textures on the right side of the figure are modified from the 

experiments of Vetere et al. (2013, 2015).  
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Table 1. Average chemical compositions of the starting material (B100) used in this study and the 

synthetic trachybasalt investigated in Mollo et al. (2010; 2011b; 2013b), the high-Fe basalt used in 

Hammer (2006), a basaltic andesite in Baker and Grove (1985) and an evolved pillow basalt in 

Schiffman and Lofgren (1982). 

oxide EPMA SEM |Δ|a M2013 H2006 B&G1985 S&L1982 

(wt.%)        

SiO2 47.3 (0.5) 46.5 (0.5) 0.7 47.6 51.40 54.00 53.64 

TiO2 1.0 (0.0) 0.9 (0.2) 0 1.6 1.63 0.95 1.85 

Al2O3 15.4 (0.1) 16.0 (0.5) 0.6 16.8 9.13 17.90 14.08 

FeO 10.2 (0.0) 11.2 (0.8) 1 10.6 18.90 7.68 11.80 

Fe2O3 11.3 (0.0) 12.4 (0.8) 1.1 11.8 - - - 

MnO 0.2 (0.1) 0.0 (0.0) 0.2 0.2 - 0.14 0.19 

MgO 9.4 (0.2) 9.4 (0.3) 0 6.5 7.27 5.87 4.89 

CaO 12.8 (0.2) 12.5 (0.5) 0.3 11.1 8.77 8.73 8.02 

Na2O 1.9 (0.1) 1.9 (0.5) 0.1 3.3 2.13 3.29 3.08 

K2O 0.1 (0.0) 0.2 (0.1) 0.1 1.8 0.49 0.97 1.16 

P2O5 - 0.1 (0.2) - 0.5 - - - 

Total (FeO) 98.0 (0.7) 98.6 (0.9) 0.7 98.2 99.72 99.53 98.71 

Total (Fe2O3) 99.1 (0.7) 99.8 (0.9) 0.8 99.1 101.82 100.38 100.02 

H2O (ppm)b 53     

Fe2+/Fetot 
c 0.386     

Footnotes: a|Δ| = difference between oxide wt.% by EPMA-WDS and oxide wt.% by SEM-EDS. The standard 

deviations are reported in parenthesis. bH2O and cFe2+/Fetot ratio for B100 were estimated by FTIR spectroscopy and the 

modified Wilson’s method respectively, as reported in Vetere et al., (2013, 2015). Note that Fe is reported as both Fe2+ 

and Fe
3+

. The B100 bulk composition corresponds to basalt in the TAS diagram (Le Maitre, 2002). 

 

 
Table 2. Conditions of dynamic cooling experiments run by Vetere et al. (2013, 2015). 

 

label 
heating 

rate (°C/h) 

Ti 

(°C) 

dwell 

time (h) 

ÄT/Ät 

(°C/h) 

Tf 

(°C) 

experimental 

time (h) 

E1b 

420 

1300 2 

1 

800 

510.7 

E1a 1 510.7 

E7 7 72.6 

E60 60 13.4 

E180a 
1400°C for 0.5h 

1300°C for 40h 
180 47.8 

E180b 

1300 2 

180 8.8 

E1800 1800 5.3 

E9000 9000 5.1 

E-quench ≥ 105 1300 3.2 

Footnoted: Ti and Tf refer to the initial and final temperatures of the experiments. 
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Table 3a. Average compositions in wt% of sp 
determined by EPMA- WDS and SEM-EDS (*). 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

Footnote: sp chemical data selected by considering oxide totals between 97 and 103 wt.%. The standard 

deviations are reported in parenthesis.  

 

 
Table 3b. Average compositions in 

wt.%, of cpx determined by 

EPMA-WDS. 

 

 

 

 

 

 

 

Footnote: cpx chemical data selected by considering oxide totals between 99 and 101 wt.%. The standard 

deviationsare in parenthesis.  

 
Table 3c. Average compositions in wt.% of plg determined by EPMA-WDS and SEM-EDS (*). 

ÄT/Ät(°C/h) 1 7 60 

label E1b E7 E60 

# analytical points 194 118 27* 

SiO2 49.8 (2.3) 49.8 (1.2) 51.6 (1.2) 

ÄT/Ät(°C/h) 1 7 60 180 

label E1b E7 E60 E180b 

# analytical points 16 54 18 + 9* 15 

SiO2 0.1 (0.0) 0.1 (0.0) 0.2 (0.2) 0.2 (0.0) 

TiO2 1.4 (0.3) 1.4 (0.7) 1.0 (0.3) 0.6 (0.1) 

Al2O3 7.1 (0.1) 10.0 (3.8) 14.2 (1.4) 14.0 (0.5) 

FeO 66.6 (0.2) 64.6 (2.3) 64.2 (3.2) 60.4 (0.9) 

Fe2O3 74.0 (0.2) 71.8 (2.6) 71.3 (3.5) 67.1 (1.0) 

MnO 0.8 (0.2) 0.6 (0.3) 0.2 (0.2) 0.4 (0.1) 

MgO 16.2 (0.7) 17.0 (0.3) 12.9 (1.2) 18.5 (0.6) 

CaO 0.1 (0.1) 0.1 (0.1) 0.3 (0.1) 0.2 (0.1) 

Na2O 0.0 (0.0) 0.0 (0.0) 0.1 (0.2) 0.2 (0.2) 

Total (FeO) 92.6 (0.6) 93.9 (0.7) 93.3 (1.7) 94.4 (0.3) 

Total (Fe2O3) 99.8 (0.3) 101.1 (0.5) 100.4 (2.0) 101.1 (0.3) 

ÄT/Ät(°C/h) 1 7 60 180 1800 

label E1b E7 E60 E180b E1800 

# analytical points 62 80 59 56 57 

SiO2 48.0 (1.6) 45.8 (1.7) 45.7 (0.8) 45.1 (1.5) 46.4 (1.3) 

TiO2 0.8 (0.2) 1.0 (0.2) 0.9 (0.1) 0.8 (0.1) 0.9 (0.1) 

Al2O3 6.0 (1.1) 7.4 (1.0) 10.6 (0.5) 12.5 (1.4) 13.8 (1.4) 

FeO 8.1 (0.9) 9.7 (1.2) 8.6 (0.6) 10.3 (0.8) 10.5 (1.2) 

Fe2O3 9.0 (1.0) 10.8 (1.3) 9.6 (0.6) 11.4 (0.9) 11.6 (1.3) 

MnO 0.2 (0.1) 0.2 (0.1) 0.1 (0.0) 0.2 (0.1) 0.2 (0.0) 

MgO 16.8 (1.7) 14.8 (1.4) 14.3 (1.1) 12.7 (1.5) 12.6 (1.7) 

CaO 18.6 (1.3) 18.9 (1.2) 19.4 (1.2) 16.7 (1.0) 14.6 (1.2) 

Na2O 0.4 (0.1) 0.6 (0.2) 0.3 (0.1) 0.8 (0.3) 0.8 (0.3) 

Total (FeO) 99.0 (0.7) 98.4 (0.6) 99.9 (0.6) 99.2 (0.6) 99.8 (0.7) 

Total (Fe2O3) 99.9 (0.7) 99.5 (0.5) 100.8 (0.6) 100.3 (0.6) 101.0 (0.7) 
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TiO2 0.1 (0.1) 0.1 (0.1) 0.2 (0.2) 

Al2O3 29.8 (1.7) 29.0 (0.9) 25.9 (1.1) 

FeO 2.5 (0.2) 3.0 (0.3) 3.7 (0.8) 

Fe2O3* 2.8 (0.2) 3.3 (0.3) 4.1 (0.9) 

MnO 0.0 (0.0) 0.0 (0.0) 0.1 (0.1) 

MgO 0.4 (0.2) 0.5 (0.2) 1.5 (0.8) 

CaO 14.3 (1.8) 14.3 (1.1) 13.1 (0.8) 

Na2O 3.1 (1.1) 3.4 (0.7) 3.3 (0.4) 

Total (FeO) 100.0 (0.7) 100.1 (0.6) 99.7 (0.8) 

Total (Fe2O3) 100.2 (0.7) 100.4 (0.6) 100.1 (0.7) 

Footnote: plg chemical data selected by considering totals between 99 and 101 wt.%. The standard deviations are 

in parenthesis.  

 

 

 

 

 

 

 

 

 

 

Table 3d. Average compositions in wt.% of glass determined by EPMA-WDS and SEM-EDS (*). 

 

ÄT/Ät(°C/h) 180 1800 9000 

label  
E180b E1800 E9000 

intra intra matrix matrix 

# analytical points 12+1* 22 16+6* 309 

SiO2 58.9 (2.1) 54.1 (1.5) 47.9 (0.7) 48.3 (0.4) 

TiO2 0.8 (0.1) 0.9 (0.1) 0.9 (0.2) 0.9 (0.1) 

Al2O3 20.1 (0.9) 21.9 (1.3) 16.0 (0.2) 16.0 (0.2) 

FeO 3.9 (0.5) 6.7 (1.3) 10.5 (0.8) 9.8 (0.3) 

Fe2O3 4.3 (0.8) 7.4 (1.4) 11.6 (0.9) 10.9 (0.3) 

MnO 0.1 (0.1) 0.1 (0.0) 0.1 (0.1) 0.2 (0.0) 

MgO 3.9 (0.8) 3.7 (1.0) 9.5 (0.2) 9.4 (0.2) 

CaO 8.3 (1.1) 8.9 (1.4) 12.9 (0.4) 12.8 (0.2) 

Na2O 3.6 (0.4) 3.7 (0.5) 1.5 (0.3) 2.0 (0.2) 

Total (FeO) 99.8 (0.7) 100.1 (0.9) 99.4 (0.7) 99.5 (0.5) 

Total (Fe2O3) 100.2 (0.7) 100.9 (1.0) 100.5 (0.6) 100.5 (0.5) 

Footnote: “intra” and “matrix” correspond to the glass analyzed at a distance ≤ and > 50 µm from the crystal 

rims, respectively. Chemical data selected by considering totals between 99 and 101 wt.% The standard deviation is in 

parenthesis. 

 

 

Table 4. Textural attributes of sp, cpx, plg, and glass from Giuliani et al. (2020b).  

label 
ΔT/Δt 
(°C/h) 

crystalline 
phase 

mass balance 
(wt.%) 

area% 
Lmax 
(µm) 

Gmax 
(cm/s) 

GCSD 

(cm/s) 
crystal 
shape 

E1b 1 plg 42.5 65.6 (6.6) 949 4.7*10-8 6.4*10-9 

fa
ce

te
d
 

cpx 51.2 30.6 (5.6) 398 1.9*10-8 2.1*10-9 
sp 6.3 3.4 (0.9) 98 5.1*10-9 2.1*10-9 

crystals 57.5 99.6 (0.8) 
- 

glass - 1.9 (0.0) 

E7 7 plg 40.5 60.7 (4.3) 751 2.4*10-7 4.5*10-8 

cpx 55.2 36.0 (4.5) 264 1.0*10-7 1.1*10-8 
sp 4.3 3.3 (0.4) 76 2.8*10-8 3.4*10-9 

crystals 59.5 100.0 (0.0) 
- 

glass - - 

E60 60 plg 45.6 46.1 (2.3) 109 3.5*10-7 4.3*10-8 
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cpx 48.9 47.0 (3.2) 104 2.7*10-7 3.2*10-8 

sp 5.5 4.5 (0.6) 20 6.4*10-8 1.1*10-8 
crystals 54.4 97.6 (0.8) 

- 
glass - 2.4 (0.8) 

E180b 180 cpx 58.5 50.6 (1.5) 104 1.0*10-6 1.4*10-7 

d
en

d
ri

ti
c 

sp 4.7 4.6 (0.8) 65 6.3*10-7 7.2*10-8 
crystals 63.2 55.3 (1.1) 

- 
glass 36.8 44.7 (1.1) 

E1800 1800 cpx 58.7 51.0 (1.3) 25 2.5*10-6 2.7*10-7 
sp - 1.2 (0.0) 6 6.2*10-7 6.8*10-8 

crystals 58.7 52.2 (1.3) 
- 

- 

glass 41.3 47.9 (1.3) 

E9000 9000 cpx+sp 
- 

1.8 (0.8) 7 
crystals 1.8 (0.8) 

- 
glass 98.3 (0.7) 

Footnotes: Gmax(cm/s) is the maximum growth rate and has been computed by considering the ratio between the 

average lengths of the five longest crystals and the experimental time (t from Tm, to quench temperature). GCSD (cm/s) is 

the average growth rate and has been obtained following Zieg and Marsh (2002), as -1/mt, where m is the CSD slope 

and t the experimental time. Both the CSD parameters (m and n0) are referred to the full-size range of the CSD curve so 

that they represent average values.  

 

 

 

Highlights:  

 Dynamic solidification of a MORB liquid from 1 to 9000 °C/h  

 Sp, cpx, and plg chemical changes as a function of cooling rate 

 (Dis)equilibrium kinetics of crystallization provides geospeedometers  

 Order of mineral segregation  

 Crystal-chemical and textural variations are quantitatively related  
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