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Abstract Crystallization experiments have been con-

ducted on compositions along tholeiitic liquid lines of

descent to define the compositional space for the devel-

opment of silicate liquid immiscibility. Starting materials

have 46–56 wt% SiO2, 11.7–17.7 wt% FeOtot, and Mg-

number between 0.29 and 0.36. These melts fall on the

basaltic trends relevant for Mull, Iceland, Snake River

Plain lavas and for the Sept Iles layered intrusion, where

large-scale liquid immiscibility has been recognized. At

one atmosphere under anhydrous conditions, immiscibility

develops below 1,000–1,020�C in all of these composi-

tionally diverse lavas. Extreme iron enrichment is not

necessary; immiscibility also develops during iron deple-

tion and silica enrichment. Variations in melt composition

control the development of silicate liquid immiscibility

along the tholeiitic trend. Elevation of Na2O ? K2O ?

P2O5 ? TiO2 promotes the development of two immiscible

liquids. Increasing melt CaO and Al2O3 stabilizes a single-

liquid field. New data and published phase equilibria show

that anhydrous, low-pressure fractional crystallization is

the most favorable condition for unmixing during differ-

entiation. Pressure inhibits immiscibility because it

expands the stability field of high-Ca clinopyroxene, which

reduces the proportion of plagioclase in the crystallizing

assemblage, thus enhancing early iron depletion. Magma

mixing between primitive basalt and Fe–Ti–P-rich ferro-

basalts can serve to elevate phosphorous and alkali

contents and thereby promote unmixing. Water might

decrease the temperature and size of the two-liquid field,

potentially shifting the binodal (solvus) below the liquidus,

leading the system to evolve as a single-melt phase.

Keywords Experimental petrology � Layered intrusions �
Binodal � Solvus � Basalt � Ferrobasalt

Introduction

The onset of silicate liquid immiscibility along the tholeiitic

liquid line of descent is debated (Veksler et al. 2007, 2008;

McBirney 2008; Morse 2008; Philpotts 2008; Veksler

2009), and the required degree of enrichment in iron, or any

other elements that expand the immiscibility field, is poorly

constrained. Indeed, most experiments on dry tholeiitic

basalts have been performed at temperatures higher than

1,040–1,050�C (Grove and Bryan 1983; Juster et al. 1989;

Toplis and Carroll 1995; Villiger et al. 2004; Thy et al.

2006). This is above the binodal surface (or solvus), esti-

mated to be around 1,000–1,020�C (Philpotts 1979; Phil-

potts and Doyle 1983), which must be passed in order to

reach the two-liquid field. Moreover, under equilibrium

crystallization, the most primitive compositions do not

evolve beyond the peritectic reaction olivine ? liquid =

pigeonite ? plagioclase ? augite (Grove et al. 1992),

which is at a higher temperature compared to the binodal.

Experiments on liquid immiscibility have mainly been

performed on simplified systems (e.g., Roedder 1978;

Bogaerts and Schmidt 2006). Consequently, even though

phase relations in the system K2O-FeO-Al2O3-SiO2 are well

known (Roedder 1978; Visser and Koster van Groos 1979a;

Freestone and Powell 1983) and the effects of other ele-

ments such as P2O5, TiO2, CaO, and MgO in reducing or
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expanding the immiscibility field have been experimentally

identified (Watson 1976; Visser and Koster van Groos

1979b; Naslund 1983; Bogaerts and Schmidt 2006), direct

application of these results to complex natural basaltic

systems is not straightforward. In this study, we define the

compositional space for the development of immiscibility

during tholeiitic basalt differentiation. We then discuss the

roles of phosphorous and alkalis in the melt, crystallization

temperature and pressure, equilibrium versus fractional

crystallization, oxygen fugacity, magma mixing, and water

content in favoring or inhibiting the development of silicate

liquid immiscibility.

We have performed anhydrous one atmosphere crystal-

lization experiments between 1,040 and 940�C on evolved

basaltic compositions. Selected starting materials, sup-

posed to be close to the onset of immiscibility, are repre-

sentative of compositions that define classical tholeiitic

trends such as those at Iceland (composition I; Carmichael

1964), Mull (composition M; Kerr et al. 1999), Snake

River Plain (composition S; Leeman et al. 1976), and the

Sept Iles intrusive suite (composition SI; Namur et al.

2011). In the Sept Iles layered intrusion, large-scale liquid

immiscibility has been recorded in cumulates (Charlier

et al. 2011), and immiscible liquid pairs are commonly

observed in the mesostasis of basalts from tholeiitic prov-

inces (Philpotts 1982). Our experiments show that silicate

liquid immiscibility develops over a large compositional

range at temperatures and degrees of fractional crystalli-

zation that have so far been poorly explored in low-pres-

sure anhydrous experiments.

We use the terms binodal, binodal curve, and binodal

surface to define the field of liquid immiscibility in silicate

melts. The use of ‘solvus’, although popular in the geo-

logical literature, should be restricted to solid solutions.

Experimental and analytical procedures

Starting materials

Experiments have been performed on representative

compositions along typical tholeiitic liquid lines of des-

cent, either after silica enrichment and iron depletion due

to Fe–Ti oxide fractionation (compositions SI-Sept Iles

and M-Mull) or close to maximum iron enrichment

(compositions I-Iceland and S-Snake River Plain). SI is a

fine-grained monzonite from a dyke cross-cutting the Sept

Iles layered intrusion, which plots just before the gap in

intermediate compositions observed in the trend of liquid

evolution (Namur et al. 2011). Composition M, based on

data from the Mull Tertiary volcano by Kerr et al. (1999),

is an intermediate basalt crystallized after Fe–Ti oxide

saturation and at the maximum P2O5 content, before the

onset of apatite crystallization. Composition I is similar to

tholeiitic lavas from the Thingmuli volcano (Carmichael

1964), and composition S corresponds to high-Fe Holo-

cene lavas from Craters of the Moon National Monument

(Leeman et al. 1976). The Na2O content of these last two

compositions is slightly lower than that of natural com-

positions. Selected starting materials display a large

compositional range with 46–55 wt% SiO2, 11.7–17.3

wt% FeOtot, 2.5–6.4 wt% Na2O ? K2O, and an Mg-

number of 0.29–0.36 (Table 1).

Starting compositions were prepared by mixing high

purity oxides and silicates. We used SiO2, TiO2, Al2O3,

MnO, MgO, CaSiO3, Na2SiO3, and K2Si4O9 in the appro-

priate proportions. Iron was added as Fe2O3 and Fe metal

sponge in stoichiometric proportions to produce FeO.

Phosphorous was added as apatite. The reagents were

mixed under ethanol in an agate mortar for 5 h. The Fe

sponge was then added to the mixture and ground for an

additional 1 h. The mixtures were then conditioned for

48 h at one atmosphere at 900�C in a DelTech vertical gas-

mixing furnace at an oxygen fugacity corresponding to the

QFM buffer. SI is a crushed natural sample (03–41; Namur

et al. 2011).

Experimental techniques

Experiments at one atmosphere were performed at MIT in

vertical-tube DelTech quenching furnaces, with a CO2–H2

gas atmosphere. The oxygen fugacity was monitored using

a ZrO2–CaO oxygen cell and was kept near the QFM

buffer. The sample material for these experiments

Table 1 Compositions of starting materials (wt%)

SI M I S

na 16 17 20 21

SiO2 55.2 (6)b 54.9 (8) 50.0 (5) 45.7 (5)

TiO2 2.39 (12) 2.40 (8) 3.54 (7) 3.42 (16)

Al2O3 13.8 (1) 13.4 (1) 13.1 (1) 13.8 (1)

FeO 11.7 (5) 14.4 (6) 14.8 (3) 17.3 (2)

MnO 0.18 (2) 0.19 (2) 0.20 (2) 0.31 (1)

MgO 2.81 (13) 3.35 (7) 4.70 (15) 4.24 (14)

CaO 5.39 (21) 6.36 (9) 8.90 (14) 7.77 (10)

Na2O 4.05 (17) 2.31 (9) 2.05 (7) 2.35 (9)

K2O 2.31 (11) 1.45 (8) 0.40 (5) 1.53 (9)

P2O5 0.78 (4) 0.92 (3) 1.19 (12) 2.24 (14)

Total 98.61 99.68 98.88 98.66

Mg# 0.30 0.29 0.36 0.30

a Number of microprobe analyses
b One standard deviation of replicate analyses in terms of least unit
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consisted of ca. 50 mg of the oxide mixture mixed with

polyvinyl alcohol as a binder. The pellet was prepared on

an iron–platinum alloy loop, which had been previously

annealed with 7–9 wt% Fe added by electroplating to

prevent Fe loss to the alloy during the experiment (Grove

1981). The sample temperature was measured using a Pt–

Pt90Rh10 thermocouple calibrated to the melting points of

NaCl, Au, and Pd. The thermocouple was placed in the

hotspot of the furnace, where the thermal gradient is\1�C.

The sample was suspended alongside the thermocouple

such that they were at the same level within the furnace.

The temperature reproducibility of this arrangement is

better than 5�C.

Both isothermal and constant cooling rate experiments

were performed. For the isothermal experiments, the

sample was held above the liquidus temperature for ca.

24 h before dropping to the target temperature and equili-

brating for 6 days. Samples for cooling rate experiments

were loaded into the furnace above the liquidus tempera-

ture and then cooled at 1�C/h until they reached the final

temperature. These runs were then equilibrated at the final

temperature for 3–4 additional days. All samples were

drop-quenched into water.

Electron microprobe analyses

Compositions of the minerals and glasses were analyzed

using wavelength dispersive spectrometry on the 5-spec-

trometer JEOL 8200 electron microprobe at MIT. Natural

and synthetic primary and secondary standards were used,

and the CITZAF online data correction package was used

for all analyses (Armstrong 1995). Mineral analyses were

performed with a 15 kV accelerating voltage and a beam

current of 10 nA, utilizing a focused beam spot. Glass

compositions were measured using a 10 lm defocused

beam, 10 nA beam current, and 15 kV accelerating voltage.

Experimental results

Phase equilibria and immiscible textures

The phase relations and run conditions for compositions SI,

M, I, and S are reported in Table 2. Plagioclase and

ilmenite are stable liquidus phases in all experiments.

Other crystalline phases observed are olivine, augite,

pigeonite, magnetite, whitlockite, and a silica phase.

Olivine is a liquidus phase at 1,040�C for all four starting

Table 2 Experimental

conditions and products

gl glass, pl plagioclase,

ol olivine, aug augite,

pig pigeonite, il ilmenite,

mt magnetite, qt quartz,

wht whitlockite, ol olivine with

pyroxene reaction rim,

pig pigeonite core surrounded

by augite

* Diffuse immiscibility

Run Starting

T (�C)

Final

T (�C)

Time (h) Cooling

method

Phases

SI-4 1,100 1,100 24 Isothermal gl

SI-3 1,100 1,041 166 Isothermal 1 gl, pl, ol, il

SI-13 1,100 1,020 144 1�C/h 2 gl, pl, ol, aug, pig, il, mt

SI-7 1,100 1,006 162 Isothermal 2 gl, pl, ol, aug, il, mt, wht

SI-5 1,100 1,006 190 1�C/h 2 gl, pl, aug, pig, il, mt, wht

SI-8 1,100 963 185 1�C/h 2 gl, pl, ol, aug, il, mt, wht

SI-9 1,100 938 234 1�C/h 2 gl, pl, ol, aug, il, mt, wht

M-1 1,100 1,100 24 Isothermal gl

M-2 1,100 1,041 166 Isothermal 1 gl, pl, ol, pig, il

M-9 1,100 1,020 144 1�C/h 2 gl, pl, ol, pig, il, mt

M-4 1,100 1,006 162 Isothermal 2 gl, pl, pig, il, mt, wht

M-5 1,100 1,005 187 1�C/h 2 gl, pl, ol, pig, il, mt, wht

M-6 1,100 963 185 1�C/h 2 gl, pl, pig, il, mt, wht

M-7 1,100 938 234 1�C/h 2 gl, pl, pig, il, mt, wht

I-4 1,140 1,140 24 Isothermal gl

I-1 1,120 1,041 162 Isothermal 1 gl, pl, ol, pig, il

I-6 1,120 1,023 144 1�C/h 1 gl, pl, aug, (pig), il, wht, qt

I-3 1,130 1,005 234 1�C/h 2 gl, pl, aug, (pig), il, wht, qt

I-5 1,120 964 280 1�C/h 2 gl, pl, aug, (pig), il, mt, wht, qt

S-2 1,120 1,120 24 Isothermal gl

S-1 1,120 1,041 162 Isothermal 1 gl, pl, ol, il, mt, wht

S-6 1,130 1,023 144 1�C/h 2 gl*, pl, ol, il, wht

S-3 1,130 1,005 234 1�C/h 2 gl*, pl, ol, aug, il, wht

S-5 1,100 1,006 181 1�C/h 2 gl*, pl, (ol), aug, il, mt, wht
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compositions but disappears at lower temperature or is

surrounded by an augite reaction rim (composition S). It

reappears at 960�C for composition SI. Whitlockite satu-

rates between 1,040 and 1,020�C. Although isothermal

experiments should be preferable to cooling rate experi-

ments for the reconstruction of liquid lines of descent,

crystals and immiscible liquids produced isothermally were

rarely of sufficient size to be confidently analyzed with the

microprobe. Immiscibility starts developing between 1,023

and 1,005�C, this temperature being the same in isothermal

and cooling rate experiments. The main consequences of

cooling rate experiments are the preservation of pigeonite

cores surrounded by augite in experiments I-6, I-3, and I-5,

and the presence of olivine (surrounded by Fe-rich augite)

with higher Fo content in experiment S-5 compared to runs

at higher temperatures on the same S starting material (S-1,

S-6 and S-3). Pyroxenes and plagioclase are also compo-

sitionally zoned; we therefore measured the rims in contact

with glass. Experimental liquids obtained in this study are

the products of crystallization conditions intermediate

between equilibrium and fractional. This is due to

incomplete peritectic reactions (augite overgrowth on

olivine) and mineral zonings (particularly for plagioclase

and pyroxenes). Some early crystallized minerals have thus

been partly subtracted from the system, preventing com-

plete reequilibration with decreasing temperature.

Sharp two-liquid interfaces are usually observed

(Fig. 1a–c). Fe-rich globules develop in the Si-rich melt for

composition SI (Fig. 1a), while Si-rich melts are embedded

in an Fe-rich melt for composition I (Fig. 1c). The two liq-

uids occur in similar proportions in composition M and

develop two generations of droplets (Fig. 1b). The formation

of two generations results from early development of the

same proportion of large droplets of two immiscible melts at

higher temperature (a single generation is observed 15�C

above in experiment M-9) and further reequilibration with

decreasing temperature by unmixing of one melt in the other.

No compositional difference between small and large

droplets has been observed, supporting complete reequili-

bration of the two liquids. For composition S, experiments

produce a wide range of liquid compositions, with diffuse

contacts between the two liquids (experiments S-6, S-3, and

Fig. 1 Back-scattered electron images of experimental products.

a Experiment SI-5 (1,006�C) showing Fe-rich immiscible globules in

Si-rich liquid. Fe-rich globules nucleate locally at the contact with

plagioclase; b Experiment M-5 (1,005�C) showing two generations of

immiscible globules; c Experiment I-3 (1,005�C) with Si-rich

immiscible globules embedded in Fe-rich liquid; d Experiment S-3

(1,005�C) with diffuse contacts between the two liquids (see upper

left). Two-liquid interfaces locally develop (see the circle). liq Si
silica-rich immiscible liquid, liq Fe iron-rich immiscible liquid,

pl plagioclase, aug augite, ol olivine, mt magnetite, il ilmenite,

wht whitlockite
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S-5). Two-liquid interfaces are locally observed in these

experiments (Fig. 1d). The composition of the immiscible

pairs has been identified by measuring a large number of

points and averaging the 4–5 most extreme compositions.

Similar textures between immiscible melts have been

described by Longhi (1990) and Veksler et al. (2006). This

feature is interpreted to result from a low efficiency of melt–

melt separation for this composition, possibly caused by a

close proximity to the closure of miscibility gap in multi-

component composition space, just below the binodal.

Liquid compositions

The composition of liquids before reaching immiscibility

ranges from 48.6 to 60.4 wt% SiO2, 9.8–21.0 wt% FeO, and

an Mg-number of 0.15–0.24 (Table 3). These liquids are

saturated with plagioclase, olivine, ilmenite, ± pigeonite,

± augite, ± magnetite, ± whitlockite, ± quartz. Using the

parameter NBO/T (NBO: number of non-bridging oxygens,

T: tetrahedrally coordinated network former cations; Mysen

1983), which expresses the degree of polymerization in sil-

icate melts, the data illustrate an expansion of the two-melt

field with decreasing temperature (Fig. 2). Note the nar-

rower two-liquid field is observed for compositions S, in

which diffuse immiscibility has been observed. Experi-

mental melts are also plotted in binary compositional dia-

grams (Fig. 3). Fe-rich immiscible melts have 51.7–31.2

wt% SiO2 and 18.2–32.4 wt% FeOtot; Si-rich melts have

60.4–76.2 wt% SiO2 and 3.7–12.5 wt% FeOtot. The

Mg-number of the Fe-rich melt is slightly higher than the

equilibrium Si-rich melt. Al2O3, Na2O, and K2O are enri-

ched in the Si-rich melts, while TiO2, FeOtot, MgO, CaO,

and P2O5 are enriched in the Fe-rich melt. The tie lines

between immiscible pairs, which define a locus for the

development of immiscibility, apparently cross the liquid

lines of descent obtained by Juster et al. (1989) for the

Galapagos spreading center and by Toplis and Carroll

(1995) for the parental magma of the Skaergaard layered

intrusion proposed by Brooks and Nielsen (1978). How-

ever, these two liquid lines of descent, also determined by

one atmosphere experiments at QFM conditions but with no

phosphorous, both lie above the binodal (Fig. 4).

Two contrasting evolution trends are displayed by

starting compositions SI and I. SI contains 55.2 wt% SiO2

Fig. 2 Temperature as a

function of the degree of

polymerization (NBO/T) of

experimental melts and shape of

the binodal curves. NBO/T

calculated assuming

T = Si ? Al ? P?Ti. Gray
stars are homogeneous melts,

black circles are Fe-rich

immiscible melts, and white

circles are Si-rich immiscible

melts
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and evolves to 60.4% SiO2 before reaching immiscibility,

while FeOtot decreases from 11.7 to 9.78 wt%. This melt is

clearly on the silica enrichment and iron depletion

trend. The starting composition I has 50.0 wt% SiO2,

which decreases to 49.1 and 48.6 before the onset of

immiscibility, with corresponding FeOtot enrichment from

14.4, to 18.9 and 21.0 wt%. The low alkali content of

starting composition I explains the high-Fe enrichment

(Veksler 2009). Both liquid lines of descent reach the two-

liquid stability field, but silica-rich melt is dominant for SI

compositions, while iron-rich melt is much more abundant

for I compositions (Fig. 1a–c).

Fig. 3 Experimental glasses

plotted for selected major

element oxides. Gray curves
labeled T&C and J&G are the

liquid lines of descent of Toplis

and Carroll (1995) and Juster

et al. (1989), respectively.

a-d FeOtot versus SiO2 for each

starting materials SI, M, I, and S

and their crystallization

experiments; e CaO versus

Al2O3 with all starting materials

and experimental glasses;

f TiO2 versus MgO. White stars
are starting compositions, gray
stars are homogeneous melts,

black circles are Fe-rich

immiscible melts, and white
circles are Si-rich immiscible

melts. Tie lines join immiscible

pairs
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Discussion

The onset of silicate liquid immiscibility

It has been shown that the absence of intermediate silicate

compounds on the liquidus and the occurrence of a field of

liquid immiscibility are properties of highly polymerized

liquids (e.g., Hess 1977; Bogaerts and Schmidt 2006;

Schmidt et al. 2006). Silicate liquid immiscibility has

already been experimentally shown to develop along

the crystallization path of tholeiitic basalt (Dixon and

Rutherford 1979; Martin and Kushiro 1991). Extreme iron

enrichment from 19 to 26 wt% has been measured in

homogeneous liquids at 10–20�C above the binodal, so this

enrichment appeared a necessary condition for the onset of

unmixing. A single experiment by Philpotts and Doyle

(1983) reports an FeOtot of 15.4 wt% (1,035�C, QFM)

before the onset of immiscibility 10�C below.

Iron enrichment during tholeiitic differentiation is

closely related to the concentration of alkalis. Enrich-

ment above 22 wt% FeOtot in melts in equilibrium with

the olivine ? plagioclase ? augite ? pigeonite liquidus

assemblage is observed only in alkali-poor liquids (Veksler

2009). Our experiments demonstrate that extreme iron

enrichment is not necessary to reach the immiscibility field.

Unmixing also develops along the liquid line of descent

during the iron depletion and silica enrichment that occurs

after Fe–Ti oxides appear in the crystallizing assemblage.

This is illustrated by experiments on SI and M starting

compositions, in which the homogeneous melts prior to

immiscibility have 60.4 wt% SiO2–9.8 wt% FeOtot and

57.4 wt% SiO2–15.1 wt% FeOtot, respectively (Fig. 3).

Experimental liquids projected onto ternary diagrams

with CaO, Al2O3, and SiO2/4 or Na2O ? K2O ? P2O5 ?

TiO2 show the importance of variations in bulk composition

on the onset of immiscibility and on the width of the two-

liquid field (Fig. 5). Liquid compositions before immisci-

bility also influence the separation of the immiscible pairs.

Fig. 4 Temperature as a function of the degree of polymerization

(NBO/T) of experimental melts. NBO/T calculated assuming

T = Si ? Al ? P?Ti. Gray stars are homogeneous melts, black
circles are Fe-rich immiscible melts, and white circles are Si-rich

immiscible melts. The gray area represents the maximum composi-

tional space of the two-liquid field. Each experiments for the liquid

lines of descent of Toplis and Carroll (1995) (black squares) and

Juster et al. (1989) (white square) are plotted

Fig. 5 Experimental glasses projected onto ternary diagrams with

a CaO, Al2O3, and SiO2/4 and b CaO, Al2O3, and Na2O ? K2O ?

P2O5 ? TiO2. Gray curves labeled T&C and J&G are the liquid lines

of descent of Toplis and Carroll (1995) and Juster et al. (1989),

respectively. Gray stars are homogeneous melts before immiscibility

(SI-3, M-2, S-1 and I-6), black circles are Fe-rich immiscible melts,

and white circles are Si-rich immiscible melts. Tie lines join some

immiscible pairs
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The alignment of immiscible melts defines the binodal

curves that separate the one-liquid from the two-liquid

fields. The composition of the homogeneous melt along the

liquid line of descent at the onset of immiscibility defines

the width of the solvus (see Fig. 2). Liquids that reach the

binodal after significant silica enrichment (compositions

SI-3 and M-2), or after iron enrichment (composition I-6),

produce immiscible pairs with extensive compositional

separation, which enables to separate easily into two melts.

The occurrence of diffuse immiscibility for compositions S

is particularly informative, because that composition

reaches immiscibility near the closure of the binodal and

produces immiscible pairs with narrow compositional

separation.

The compositions of immiscible pairs define a locus

between which immiscibility develops. Any composition

that plots on the mixing trend between the equilibrium

immiscible pairs would unmix, the proportion of the two

liquids being defined by the lever rule. We use this property

to propose compositional criteria for the development of

immiscibility. The Si-rich and Fe-rich liquids from high-

temperature (1,000–1,020�C) immiscible pairs (experiments

SI-13, M-9, I-3, and S-6) can be mixed in appropriate pro-

portions to obtain liquid compositions at 50, 55, and 60 wt%

SiO2. These calculated bulk compositions are immiscible

and would not exist in nature as homogeneous melts; they

define the limit between the single-liquid and the two-liquid

fields. The FeOtot of these calculated compositions is plotted

as a function of Na2O ? K2O ? P2O5 and Na2O ? K2O ?

P2O5 ? TiO2 (Fig. 6a–b). Two diagrams are used, with and

without TiO2, because, although TiO2 is important for the

development of immiscibility (Visser and Koster van Groos

1979b; Bogaerts and Schmidt 2006), our experiments do not

discriminate its role as they all have similar TiO2 content at

the onset of immiscibility. Alkalis reduce the liquidus tem-

perature, as well as P2O5 and TiO2, which also expand the

immiscibility field (Bogaerts and Schmidt 2006). This favors

the intersection between the liquidus and the binodal.

Figure 6a–b shows that iron enrichment must be higher at

lower SiO2 for immiscibility to develop. High Na2O ?

K2O ? P2O5 ± TiO2 contents therefore promote unmixing

at lower FeOtot.

These high-temperature immiscible liquids obtained

from the four starting compositions are in equilibrium with

various liquidus assemblages. SI-13 (at 1,020�C) is satu-

rated with plagioclase (An36.7), olivine (Fo43.2), augite,

pigeonite, ilmenite, magnetite, and whitlockite. This is the

same assemblage as that observed in cumulates crystallized

from immiscible liquids in the Sept Iles layered intrusion

(Namur et al. 2010; Charlier et al. 2011). The Mull com-

position (M-9; 1,020�C) has plagioclase (An60.4), olivine

(Fo33.9), pigeonite, ilmenite, and magnetite on liquidus. I-3

(1,005�C) contains plagioclase (An59.7), augite, ilmenite,

whitlockite, and quartz, while S-6 (1,023�C) crystallized

plagioclase (An60.0), olivine (Fo33.6), ilmenite, and whit-

lockite. There is thus a balance between the anorthite

Fig. 6 Compositional criteria for the development of silicate liquid

immiscibility along tholeiitic liquid lines of descent. Immiscible pairs

SI-13, M-9, I-3, and S-6 are mixed in appropriate proportions to

obtain liquid compositions at 50, 55, and 60 wt% SiO2 (white circles),

plotted in a FeOtot versus Na2O ? K2O ? P2O5 (wt%) and b FeOtot

versus Na2O ? K2O ? P2O5 ± TiO2 (wt%). Immiscibility develops

when liquids of a given SiO2 content plot above the appropriate linear

trend (gray lines), the dashed gray lines being the extrapolation of

the experimental dataset. Regressions are y = -1.2165x ? 27.463

(line 1); y = -1.2722x ? 24.63 (2); y = -1.2959x ? 21.584 (3);

y = -1.0246x ? 29.165 (4); y = -1.1072x ? 26.181 (5); y =

-1.1833x ? 23.072 (6)
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content in plagioclase and the Mg-numbers of olivine and

pyroxenes. Immiscibility can develop at higher anorthite

content if the Mg-number is lower (high FeOtot in the

melt), while ferromagnesian minerals can be more primi-

tive (higher Mg-numbers) if the alkali content in the melt is

higher (lower anorthite in plagioclase).

Magma compositions and liquidus assemblages at the

start of silicate liquid immiscibility can therefore vary

broadly. However, the temperature at which the liquidus

crosses the binodal seems to be restricted to the

1,000–1,020�C range. Our results do not support high-

temperature immiscibility ([1,100�C) as proposed by

Veksler et al. (2007, 2008) and challenged by Philpotts

(2008) and Morse (2008). We concur with Veksler et al.

(2010) that very low interfacial tension between the less

compositionally contrasting ferrobasaltic and rhyolitic

melts is responsible for easy nucleation of immiscible

liquid droplets and very slow coarsening. This is observed

in our experiments S-6, S-3, and S-5, which show the

narrower compositional gap between the immiscible pairs.

However, even for these compositions, two discrete liquids

are clearly identifiable. A convincing proof of immisci-

bility at higher temperatures would be to obtain two liquids

from our experiments at 1,040–1,060�C after centrifuga-

tion. These two liquids should be closer in composition to

each other than the two liquids obtained at 1,020�C, which

were separated in static conditions.

Evolution trends and sub-liquidus binodal

In AFM diagrams (Fig. 7), the two-liquid field defined by

the compositions of immiscible pairs covers a wide area,

apparently reached by the two classic experimental liquid

lines of descent for ferrobasalts of Juster et al. (1989) and

Toplis and Carroll (1995). However, although these liquid

lines of descent cross tie lines between immiscible melts

close to their iron maxima, the liquidus temperature of

these compositions is higher than that of the binodal

curves. This is clearly illustrated in Fig. 4.

Because the tie lines between immiscible melts occupy

the same multicomponent compositional space compared

to that of magmatic evolution trends (Fig. 3), tholeiitic

liquids will inevitably reach the part of compositional

space required for immiscibility. The other condition for

the onset of immiscibility is that the liquidus temperature

crosses the sub-liquidus binodal during differentiation, a

condition that is not satisfied in the studies of Juster et al.

(1989) and Toplis and Carroll (1995). Below, we discuss

compositional criteria and crystallization conditions that

have an effect on evolution trends, liquidus temperature,

and size of the two-liquid field. The objective is to identify

favorable crystallization conditions for the development of

immiscibility.

The effect of phosphorous

Phosphorous behaves as an incompatible element during

much of basalt differentiation and may reach 2–3 wt%

P2O5 in ferrobasalts before apatite saturation (Harrison and

Watson 1984). Phosphorous contents of evolved tholeiitic

basalt are usually 1–1.5 wt% P2O5 (Kerr et al. 1999; Namur

et al. 2011) and may reach 2.5–3.5 wt% P2O5 at Craters of

the Moon (Leeman et al. 1976; Putirka et al. 2009). This

range is covered by our experimental liquids prior to

immiscibility (0.99–3.18 wt% P2O5).

A detailed study of the role of phosphorous in basalt

crystallization by Toplis et al. (1994) shows its importance

on phase equilibria, with direct implications for the

development of immiscibility. Phosphorous promotes iron

enrichment during differentiation because it destabilizes

magnetite and increases the modal plagioclase/pyroxene

ratio. Phosphorous also depresses the liquidus temperature,

and therefore, as well as expanding the two-liquid field

(Bogaerts and Schmidt 2006; Ryerson and Hess 1978;

Fig. 7 Experimental glasses plotted in AFM diagrams. Same legend

as in Fig. 3. The gray areas are the interpreted two-liquid stability

fields
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Visser and Koster van Groos 1979b; Watson 1976), it

promotes the development of a sub-liquidus binodal.

Although this element has little influence on primitive

compositions, its role is significant in evolved tholeiitic

basalts and is probably the main factor responsible for the

absence of immiscibility in experimental studies on the

differentiation of ferrobasalts by Juster et al. (1989) and

Toplis and Carroll (1995), who did not incorporate P2O5 in

their starting material.

The effect of crystallization pressure

The main effect of pressure on phase equilibria of tholeiitic

basalts is to expand the augite stability field, reducing the

amount of cotectic plagioclase in the crystallizing assem-

blage (Grove and Baker 1984; Grove et al. 1992; Villiger

et al. 2004, 2007). At low pressure, the crystallization

sequence is olivine followed by plagioclase (ca. 75% pla-

gioclase, 25% olivine) and then by augite (58% plagio-

clase, 25% augite, 17% olivine; Grove and Bryan 1983).

Plagioclase thus dominates the assemblage and promotes

iron enrichment. With increasing pressure, olivine, augite,

and plagioclase crystallizes in closer mass proportions,

inhibiting high iron enrichment in the melt. Villiger et al.

(2007) report that at 1.0 GPa, FeOtot starts to decrease after

it reaches a maximum at \10 wt%, whereas the maximum

is 16.7 wt% at 0.7 GPa. They note that higher FeOtot at a

given Mg-number in the parental composition promotes

steeper iron enrichment. Moreover, because plagioclase

saturates earlier at low pressure, TiO2 increases more

rapidly before the onset of ilmenite crystallization. Because

iron and titanium enrichments lead to the development of

immiscibility, crystallization of tholeiitic basalt at low

pressure favors this process.

Although increasing pressure widens the two-melt field,

it also raises the liquidus temperature of the crystalline

phases. Its overall effect is therefore to reduce the com-

position and temperature range of the liquid immiscibility

in the system K2O-FeO-Al2O3-SiO2 (Visser and Koster van

Groos 1979c). This effect is also observed in binary sys-

tems (Hudon et al. 2004).

Equilibrium versus fractional crystallization

Toplis and Carroll (1996) calculated that maximum iron

enrichment is produced by fractional crystallization rather

than equilibrium crystallization of ferrobasalts. The differ-

ence is tiny, but in a system which follows a T-fO2 path

parallel to the QFM buffer under conditions open to oxygen,

the liquid line of descent reaches 19 wt% FeOtot for fractional

crystallization compared to 18 wt% for equilibrium crys-

tallization (Fig. 8a). Similar results are obtained by Thy et al.

(2006), who also point out that fractional crystallization

produces relative Na2O enrichment and that equilibrium

crystallization yields a slightly higher solid fraction at sim-

ilar model temperatures. CaO, MgO, and Al2O3 contents also

decrease more rapidly with temperature during fractional

crystallization (Ghiorso 1997; Toplis and Carroll 1996).

The compositional evolution of tholeiitic basalt produced

by fractional crystallization favors the development of

immiscibility. High MgO and CaO inhibit unmixing, mainly

by increasing the liquidus temperature (Bogaerts and Schmidt

2006). The structural role of Al2O3 has been clearly identified

by Wood and Hess (1980), and our data support that the

immiscibility field widens at low Al2O3 contents (Fig. 3,5).

The effect of fractional crystallization in promoting immis-

cibility also explains why immiscibility was not observed in

experiments by Juster et al. (1989) and Toplis and Carroll

(1995), which reached silica-rich compositions (64–67 wt%

SiO2) by temperatures in the range 1,040–1,057�C. In addition

to omitting phosphorous, which would depress the liquidus

Fig. 8 Covariation of iron and silica for experimental glasses at the

onset of immiscibility compared to liquid lines of descent obtained by

Toplis and Carroll (1996) for an estimated parental of the Skaergaard

intrusion (gray lines) for a. Fractional versus equilibrium crystalli-

zation under conditions open to oxygen and b. Equilibrium crystal-

lization closed and open to oxygen. Black circles are Fe-rich

immiscible melts and white circles are Si-rich immiscible melts.

Tie lines join immiscible pairs
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temperature, these experiments recreated equilibrium crys-

tallization conditions. Compositional evolution in natural

systems, usually considered to result from fractional crystal-

lization, will produce suites of liquids more likely to develop

immiscibility. This is illustrated by the Skaergaard case:

immiscibility has been thoughtfully described in natural rocks

(McBirney 1975; Jakobsen et al. 2005, 2011; Holness et al.

2011; Humphreys 2011) but not reproduced during experi-

ments on the parental magma composition (Toplis and Carroll

1995; Thy et al. 2006).

The role of oxygen fugacity

Oxygen fugacity (fO2) has a significant influence on the

two-melt field. Naslund (1983) has shown that high Fe2O3/

FeO widens the two-liquid field and increases the upper

temperature limit of immiscibility in the system KAlSi3O8-

FeO-Fe2O3-SiO2. However, fO2 also influences the stabil-

ity and appearance temperature of Fe–Ti oxides (Toplis

and Carroll 1995). During the differentiation of ferrobas-

alts, magnetite is the first Fe–Ti oxide to appear on liquidus

above the QFM buffer. Its liquidus temperature increases

by ca. 30�C per log fO2 unit. High fO2 thus promotes early

crystallization of magnetite which prevents iron enrich-

ment. The immiscibility widening caused by high fO2 is

strongly counteracted by the stabilization of magnetite and

resultant iron depletion. Experiments by Philpotts and

Doyle (1983) on a tholeiitic basalt show stable immisci-

bility on magnetite-wüstite and QFM buffers below

1,018�C, while abundant crystallization of magnetite at

NNO terminates the immiscibility field.

Differentiation under conditions closed to oxygen favors

immiscibility compared to conditions open to oxygen

(Fig. 8b; Toplis and Carroll 1996). Although both condi-

tions reach similar maximum iron contents, iron depletion

is more pronounced under conditions open to oxygen, due

to extensive magnetite crystallization. Consequently, if the

two-liquid field is not reached during the iron enrichment

phase, the liquid line of descent will cross the binodal more

readily during evolution when closed to oxygen.

The effect of magma mixing

The effect of magma mixing can be illustrated by two

extreme scenarios (Fig. 9). Mixing between the parental

basaltic melt and a ferrobasalt with maximum enrichment

in Fe–Ti will produce a hybrid, with a similar SiO2 con-

tent, that seems to lie on the liquid line of descent of the

primitive basalt (hybrid 1; Fig. 9a, b). However, the liquid

produced by hybridization does not correspond to any

liquid on the normal evolution trend of the primitive

basalt. Indeed, the effect for each element depends on the

relative factor of enrichment or depletion during this dif-

ferentiation interval, such that this mixing actually chan-

ges elemental ratios. Highly incompatible elements, such

as P2O5, K2O and, to a lesser extent, Na2O, will be enri-

ched by mixing because their enrichments in residual

liquids are higher for a similar degree of evolution

Fig. 9 Schematic illustration of

the effect of magma mixing in

promoting or inhibiting the

potential development of

immiscibility along the

tholeiitic liquid line of descent

(gray lines). a–b Mixing

between the parental basalt and

a differentiated Fe–Ti–P-rich

ferrobasalt producing an hybrid

on the way to immiscibility;

c–d Mixing between the

parental basalt and an evolved

silicic composition producing

an hybrid far from the

immiscibility field
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(compared to Ti or Fe). Repeated mixing events will

produce hybrids with increasing P2O5/MgO, P2O5/CaO,

and alkali content at broadly constant SiO2, thus expand-

ing the size of the immiscibility field and reducing the

liquidus temperature.

On the contrary, mixing between primitive basalts and

evolved silica enriched and Fe–Ti–P-depleted composi-

tions produced hybrids far from the silicate immiscibility

field (hybrid 2; Fig. 9c, d). This type of mixing explains the

occurrence of phosphorous-depleted intermediate compo-

sitions in tholeiitic series (Juster et al. 1989). Assimilation

of ‘granitic’ material would produce the same effect.

The potential effect of water

The amount of water in tholeiitic basalts is usually con-

sidered to be low. However, during late-stage differentia-

tion, water becomes significant due to its incompatible

behavior. Primitive MORB basalts (10 wt% MgO) have ca.

0.1 wt% H2O, compared with 0.4–0.6 wt% H2O at 5–6

wt% MgO (Danyushevsky 2001). In this study, starting

compositions have 2.7–4.5 wt% MgO, so water contents up

to 1–2 wt% are likely in natural systems. Indeed, liquid

compositions with a 1,060�C liquidus temperature are

produced by fractional crystallization of primitive mantle-

derived tholeiitic basalt after [95 wt% of solid-phase

subtraction (Villiger et al. 2007), thus enriching the liquid

in incompatible water by a factor of [20.

The biggest effect of water on the phase equilibria of

basalts is to suppress plagioclase crystallization relative to

olivine and clinopyroxene and to promote early crystalli-

zation of Fe–Ti oxides (Sisson and Grove 1993; Berndt

et al. 2005; Botcharnikov et al. 2008). Water thus precludes

significant Fe enrichment during differentiation and

inhibits the immiscibility process by shifting the liquid line

of descent from a tholeiitic to a calc-alkaline trend.

This probably explains why silicate liquid immiscibility

has never been convincingly described in calc-alkaline

provinces.

Even if the liquid line of descent might leave the two-

liquid field by simple fractional crystallization and com-

positional evolution of the bulk liquid (Fig. 10a), H2O

might play a role due to its importance on the binodal. The

critical temperature of the binodal might move below the

liquid line of descent with decreasing temperature and

water enrichment, which would lead the system to evolve

as a single melt phase. This has been observed in carbon-

atitic systems. Koster Van Groos and Wyllie (1968) noted a

size reduction of the two-liquid field with water in the

albite-Na2CO3 system. This was further supported in

experiments by Lee and Wyllie (1994), who show that the

high-temperature silicate-carbonate miscibility gap closes

with decreasing temperature in the presence of H2O.

The effect on the binodal of increasing water content

during differentiation is schematically illustrated in

Fig. 10b. Water is responsible for decreasing the tempera-

ture and size of the binodal. Although water also decreases

the liquidus temperature (Médard and Grove 2008), its

effect seems more important on the binodal, as shown in

carbonatitic systems (Lee and Wyllie 1994). With differen-

tiation, the composition of immiscible liquids converges.

Fig. 10 Schematic illustration of the evolution of the liquid line of

descent through a two-liquid field. a Evolution of the trend with a

single binodal; the onset and end of silicate liquid immiscibility

simply result from the differentiation of the bulk liquid. b Potential

effect of increasing water content during differentiation of tholeiitic

basalt. The size and temperature of the binodal curves decrease

differentiation so that immiscible liquids become closer in compo-

sition. The crest of the binodal ultimately passes below the liquid line

of descent leading to further evolution as a single-liquid phase
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This convergence of immiscible liquid compositions has

been shown to occur in the Sept Iles layered intrusion

(Charlier et al. 2011). At a certain point, the binodal shifts

below the liquid line of descent and immiscibility ends.

Note that because the two liquids become very close in

composition, they might not be able to segregate before the

actual binodal-liquidus inversion (Veksler et al. 2010).

Conclusions

Tholeiitic series are expected to reach silicate liquid

immiscibility during differentiation from basalt to rhyolite.

Although experimental melts produced in this study have a

large compositional range, immiscibility is reached

between 1,000 and 1,020�C for the four starting materials.

The liquid line of descent can intersect a sub-liquidus

binodal surface close to the maximum iron enrichment or

after silica enrichment and iron depletion caused by Fe–Ti

oxide saturation. High phosphorous, alkali, and titanium

contents promote unmixing at lower iron content (Fig. 6).

Anhydrous low-pressure fractional crystallization under

conditions closed to oxygen promotes the potential devel-

opment of immiscibility during differentiation. Magma

mixing between primitive basalt and Fe–Ti–P-rich ferro-

basalts promotes unmixing because it is responsible for

phosphorous and alkali enrichment at constant silica con-

tent. Pressure and water promotes early iron depletion,

driving the liquid of descent far from the immiscibility

field. Magma mixing with evolved silicic compositions

produces the same effect.
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