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ABSTRACT 

We present major element compositions of basalts and their differentiation products for some 

major tholeiitic series. The liquid lines of descent are shown to approach or intersect the 

experimentally-defined compositional space of silicate liquid immiscibility. Ferrobasalt-

rhyolite unmixing along tholeiitic trends in both volcanic and plutonic environments is 

supported by worldwide occurrence of immiscible globules in the mesostasis of erupted 

basalts, unmixed melt inclusions in cumulus phases of major layered intrusions such as 

Skaergaard and Sept Iles, and oxide-rich ferrogabbros closely associated with plagiogranites 

in the lower oceanic crust. Liquid immiscibility is promoted by low-pressure, anhydrous 

fractional crystallization that drives the low Al2O3, high FeO liquids into the two-liquid field. 

Kinetic controls can be important in the development of two-liquid separation. The 

undercooling that occurs at the slow cooling rates of plutonic environments promotes early 

development of liquid immiscibility at higher temperature. In contrast rapid cooling in erupted 

lavas leads to large undercoolings and liquid immiscibility develops at significantly lower 

temperatures. Unmixing leads to the development of a compositional gap characterized by the 

absence of intermediate compositions, a feature of many tholeiitic provinces. The 

compositions of experimental unmixed silica-rich melts coincide with those of natural 

rhyolites and plagiogranites with high FeOtot and low Al2O3, suggesting the potential role of 

large-scale separation of immiscible Si-rich liquid in the petrogenesis of late-stage residual 

melts. No trace of the paired ferrobasaltic melt is found in volcanic environments because of 

its uneruptable characteristics. Instead, Fe-Ti±P-rich gabbros are the cumulate products of 

immiscible Fe-rich melts in plutonic settings. The immiscibility process may be difficult to 

identify because both melts crystallize the same phases with the same compositions. The two 

liquids might form incompletely segregated emulsions so that both liquids continue to 

exchange as they crystallize and remain in equilibrium. Even if segregated, both melts evolve 
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on the binodal surface and exsolve continuously with decreasing temperature. The two liquids 

do not differentiate independently and keep crystallizing the same phases with differentiation. 

Further evolution by fractional crystallization potentially drives the bulk liquid out of the two-

liquid field so that very late-stage liquids could evolve into the single melt phase stability. 

  

Keywords: Daly gap; basalt; solvus; layered intrusion; plagiogranites; oceanic crust; MORB; 

Skaergaard; Sept Iles; Snake River Plain; Iceland; Mull; Deccan 
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 Silicate liquid immiscibility is a potential large-scale differentiation process  

 Tholeiitic trends approach or intersect a two-liquid stability field 

 Paired globules in basalts and unmixed melt inclusions support immiscibility 

 Rhyolites and plagiogranites are similar to experimental immiscible silica melts 

 Fe-Ti±P-rich gabbros can form as cumulates from immiscible ferrobasalts 
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1. Introduction 

 Detailed examination of Apollo 11 and 12 lunar rocks led to the first identification of 

silicate liquid immiscibility in natural samples (Roedder and Weiblen, 1970; 1971), after 

unmixing between iron-rich and silica-rich melts had been recognized experimentally 

(Roedder, 1951). Evidence for the separation of ferrobasalt and rhyolite melts has thereafter 

been presented in both volcanic (De, 1974; Sato, 1978; Philpotts, 1979; 1982) and plutonic 

environments (McBirney, 1975). Based on anhydrous low-pressure crystallization 

experiments, Dixon and Rutherford (1979) proposed that liquid immiscibility and segregation 

of the Si-rich melt may form plagiogranites from mid-ocean ridge basalts, and thus regarded 

this process as a potential large-scale mechanism. Even so, this model had lost support, 

mainly due to the absence of Fe-enriched conjugate liquid, albeit abundant oxide-rich 

ferrogabbro horizons have now been reported in the lower oceanic crust and in ophiolite 

complexes (e.g. Dick et al., 1991; 2000; Montanini et al., 2006). 

 In this contribution, silicate liquid immiscibility is recognized as a viable 

differentiation process along the dry, low-pressure evolution from tholeiitic basalt to rhyolite. 

Immiscibility can develop as a thermodynamically stable process and is not restricted to a 

metastable phenomenon (Irvine, 1976; Biggar, 1979). In addition to the worldwide presence 

of immiscible droplets of glasses trapped in the mesostasis of basalts (e.g. De, 1974; Philpotts, 

1982; Luais, 1987; Kontak et al., 2002), silicate liquid immiscibility can be identified in 

slowly cooled plutonic environments, such as the mafic Skaergaard, Sept Iles, Bushveld and 

Duluth layered intrusions where silica and iron-rich melts have segregated at mm- to m-scale 

(McBirney, 1975; Ripley et al., 1998; Jakobsen et al., 2005; 2011; Charlier et al., 2011; 

VanTongeren and Mathez, 2012). 

 We make use of available major element compositions of tholeiitic basalts and their 

derivative products of crystallization and show that the liquid line of descent of many 



5 

 

tholeiitic provinces approaches or intersects the compositional space where two immiscible 

silicate liquids develop, as defined experimentally by Charlier and Grove (2012). The main 

implication of immiscibility on the evolution from basalt to rhyolite is that compositions 

between these two liquids are absent, a characteristic of many tholeiitic provinces (e.g. Daly, 

1914; Chayes, 1963). Silica-rich rocks are commonly associated with the basaltic suites and 

are observed in Iceland, Deccan, Snake River Plain, Mull and many others magmatic 

provinces (e.g. Carmichael, 1964; Geist et al., 1995; Kerr et al., 1999). Plagiogranites also 

occur in the oceanic crust and ophiolite complexes (Coleman and Peterman, 1975). These 

rhyolites and plagiogranites are classically interpreted as residual liquids produced by 

protracted fractionation of the parental basic magma (e.g. Dixon-Spulber and Rutherford, 

1983; Juster et al., 1989; Toplis and Carroll, 1995; Berndt et al., 2005) and as products of 

dehydration or hydrous partial melting of gabbroic rocks (Beard and Lofgren, 1991; Floyd et 

al., 1998; Koepke et al., 2004; 2007; France et al., 2010). These two processes are not 

exclusive and may occur in parallel with liquid immiscibility. In this discussion we describe 

the conditions under which silicate liquid immiscibility can develop and suggest that it should 

also be considered as a potential large-scale process to produce silica-rich melts during late-

stage differentiation of tholeiitic systems in anhydrous and low-pressure conditions. This 

mechanism reconciles the obvious occurrence of immiscibility in layered intrusions with 

compositional trends of erupted lavas, and revives the original idea of Daly (1914) to explain 

the dearth of intermediate compositions. 

 

2. The records of silicate liquid immiscibility 

2.1. Volcanic provinces 

 Phase equilibria of tholeiitic basalts at the Earth’s surface, in shallow-level magma 

chambers and at the mantle-crust boundary have been well studied (e.g. Walker et al., 1979; 
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Tormey et al., 1987; Grove et al., 1992; Toplis and Carroll, 1995; Villiger et al., 2007). At 

surface to lower-crustal pressure, olivine and plagioclase are the first liquidus phases to 

crystallize which drive residual liquids on an iron enrichment and alumina depletion trend 

with no significant silica variation. This crystallization path ultimately leads to the formation 

of ferrobasalts which commonly contain more than 13-14 wt.% FeOtot (McBirney and 

Williams, 1969). Ferrobasalts are ubiquitous in the tectonic settings were tholeiitic basalts 

occur. Geochemical characteristics for parental magmas to some ferrobasaltic provinces and 

the maximum iron enrichment reached by the liquid lines of descent are presented in 

Supplementary Table 1. These are the compositions that are spatially associated with silica-

rich lavas. 

 We have compiled major element composition for some tholeiitic provinces (Fig. 1). 

The data show similar evolutions with initial iron enrichment trends from 10-12 wt.% FeOtot 

in primitive mantle-derived parental magmas to 15-18 wt.% FeOtot in ferrobasalts. The silica 

content during this interval remains relatively constant between 45-52 wt.% SiO2. The trend is 

then marked by iron depletion and silica enrichment, which correspond to the appearance of 

Fe-Ti oxides on the liquidus. All the tholeiitic provinces presented in Fig. 1 display an 

absence or dearth of intermediate compositions. This gap spans the region from 52-53 wt.% to 

60-65 wt.% SiO2. Moreover, some of the intermediate compositions are basalt-rhyolite 

hybrids and these are not produced by fractional crystallization but by mixing across the gap 

(e.g. Geist et al., 1995; Namur et al., 2011). Evolved compositions with silica content higher 

than 60-65 wt.% SiO2 are contrastingly relatively abundant. In Fig. 1a we have plotted the 

compositions of immiscible melts obtained by Charlier and Grove (2012) during 

crystallization of evolved basalts representative of tholeiitic paths (Sept Iles, Mull, Iceland 

and Snake River Plain). These immiscible pairs define a locus where unmixing develops and 

homogeneous melts cannot exist. This two-liquid stability field is represented by a grey area 
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and compared to compositions in tholeiitic provinces (Fig. 1). Compositions from tholeiitic 

provinces are also projected onto ternary diagrams (Fig. 2) together with experimental 

immiscible melts that define the location of the binodal curve. The curve marks the limit 

between the one-liquid and the two-liquid fields. These figures show that very few 

compositions found in volcanic environments might be representative of immiscible 

ferrobasaltic melts. However, the compositional space for experimental silicic immiscible 

melts is hardly distinguishable from that of natural silicic melts, although immiscible melts 

are mostly located on the low-Al2O3 side of natural compositions. It is also notable that very 

few data from tholeiitic provinces plot in this stability field for coexisting immiscible liquids. 

 Following the first identification of immiscible melts in interstitial glasses of basalts 

(Roedder and Weiblen, 1971; De, 1974), the seminal study of Philpotts (1982) presented 

evidence for unmixing in most tholeiitic provinces. Some provinces in which immiscibility 

has been identified are reported in Supplementary Table 1. Immiscible textures developed in 

the mesostasis of basalts consist of brown spheres, usually smaller than 10 µm, enclosed in a 

clear silica-rich glass (Fig. 3). Dark globules are usually finely crystallized to Fe-Ti oxides, 

iron-rich pyroxene and other fine-grained material. The Si-rich melt is more abundant than 

Fe-globules, supporting that immiscibility was reached after significant silica enrichment and 

iron depletion of the bulk interstitial liquid. Similar textures have been recognized by other 

authors (e.g. Kontak et al., 2002) and immiscible thin fine-grained rhyolite bands have even 

been shown to have segregated from differentiated layers of lavas (Greenough and Dostal, 

1992). 

 More rarely, immiscibility has also been found in rhyolites. A well preserved example 

is presented in glasses of the 1979 eruption of the Soufrière of St. Vincent (Martin-Lauzer et 

al., 1986). Iron-rich glassy globules between 300-900 Å are dispersed in a silica-rich melt and 

textural evidence support stable immiscibility. The unmixing process in these rhyolites was 
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also reproduced experimentally. Other examples for the development of immiscibility in 

rhyolites have been reported by Naumov et al. (1993) and Yanev et al. (2000). 

 

2.2. Plutonic environments 

 Ferrobasalts are the parental magmas to some of the most intensively studied shallow 

mafic layered intrusions (Supplementary Table 2), such as Skaergaard, Greenland (Wager and 

Brown, 1968; Hoover, 1989; Jakobsen et al., 2010), the Upper and Main Zones of the 

Bushveld complex, South Africa (Tegner et al., 2006; VanTongeren et al., 2010) and Sept 

Iles, Canada (Namur et al., 2010; 2011). In plutonic settings, the ferrobasaltic liquid line of 

descent is difficult to decipher due to the scarcity of samples fully-representative of liquid 

compositions. This issue was mainly investigated for the Skaergaard intrusion on the basis of 

experimental liquid compositions (Toplis and Carroll, 1995; Thy et al., 2006), mass-balance 

calculations between parental basalt and cumulate-rock compositions (Hunter and Sparks, 

1987; Toplis and Carroll, 1996; Thy et al., 2009), and using plagioclase iron content as a 

proxy for equilibrium melt composition (Tegner, 1997; Tegner and Cawthorn, 2010). All 

these approaches support the notion that fractional crystallization of plagioclase and olivine ± 

clinopyroxene during the first stages of ferrobasaltic differentiation results in iron enrichment, 

whereas the liquid silica content is constant or slightly decreasing (Fig. 4). In contrast, for Fe-

Ti oxide-saturated melts, two different hypotheses are commonly proposed: (1) residual 

liquids evolve toward FeO depletion and SiO2 enrichment (Wager and Brown, 1968; Hunter 

and Sparks, 1987; Toplis and Carroll, 1996), or (2) residual liquids are continuously enriched 

in FeO, and the liquid SiO2 content may slightly decrease or increase (McBirney and Naslund, 

1990; Tegner, 1997; Thy et al., 2009). The liquid lines of descent calculated for the 

Skaergaard layered intrusion passed through the compositional field in which immiscibility 

develops (Fig. 4). Iron enrichment trends even display FeOtot concentrations higher than 25 
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wt.%. This inconsistency for calculated compositional evolution trends can be explained if 

immiscibility is considered.  

 In plutonic environments, immiscibility was first described in the Skaergaard intrusion 

(McBirney, 1975) where meter-scale segregations of ferrogabbros were identified. 

Nevertheless, the overall effect of immiscibility on magmatic differentiation processes and the 

Skaergaard liquid line of descent remained unclear. Further studies however support that the 

Middle Zone and more evolved cumulates of the intrusion have crystallized from an emulsion 

of immiscible iron- and silica-rich liquids (Holness et al., 2011; Humphreys, 2011; Jakobsen 

et al., 2011) rather than from two fully segregated immiscible liquids. This is shown by wide 

compositional ranges of liquid trapped as melt inclusions in apatite and plagioclase (Jakobsen 

et al., 2011). In the Sept Iles layered intrusion, the two liquids have segregated and produced 

two types of cumulates alternating vertically at a scale of 5-25 m: low-density plagioclase-rich 

cumulates and high-density Fe-Ti oxides and apatite-rich cumulates (Charlier et al., 2011). 

The two types of cumulate display the same cumulus assemblages, with similar phase 

compositions but different proportions. Immiscibility is also reported in the Duluth layered 

intrusion (Ripley et al., 1998) and at the top of the Bushveld complex (VanTongeren and 

Mathez, 2012). 

 Immiscibility has also often been mentioned to develop in Proterozoic anorthosites 

suites, the products of lower crustal tholeiitic differentiation (Frost and Frost, 1997; Vander 

Auwera et al., 1998). In the Bjerkreim-Sokndal layered intrusion, Wilson and Overgaard 

(2005) invoke the potential role of unmixing at the transition between the Layered Series and 

the overlying silicic evolved rocks. The late stage differentiation of an anorthositic pluton of 

the Nain complex was also controlled mainly by liquid immiscibility that produced iron- and 

silica-rich liquids (Wiebe, 1979). Experiments have shown that mixtures of jotunite and 
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quartz mangerite, the most common melt compositions associated with anorthosites, are 

indeed immiscible (Philpotts, 1981). 

 In the gabbroic lower oceanic crust, the main potential occurrence of immiscibly has 

been described in the ultra-slow-spreading SW Indian Ridge (Dick et al., 2000). Oxide-rich 

gabbronorites, with 6-9 wt.% TiO2 and Cr content below the detection limit testifying their 

evolved character, have been drilled over 50-80 m (Dick et al., 1991). These rocks contain 

abundant ilmenite and magnetite, olivine (Fo30-50), clinopyroxene (Mg-number 55-65) and 

plagioclase (An30-40; Ozawa et al., 1991). These liquidus assemblages and mineral 

compositions are similar to those observed in stratigraphic intervals where immiscibility has 

been reported in the Sept Iles layered intrusion (Charlier et al., 2011). Moreover, some silicic 

rocks are intimately associated with oxide-rich gabbronorites, many of the latter being cored 

with silicic veinlets (Natland and Dick, 2001). Intermediate liquid compositions are lacking 

and the liquid line of descent has been calculated to follow iron enrichment leading to 

immiscibility, further supported by similar phase compositions in oxides-rich gabbronorites 

and associated trondhjemites (Natland et al., 1991). 

 

3. Conditions for immiscibility development 

 We have described some evidence for the development of immiscibility along 

tholeiitic trends. However, we do not propose that immiscibility is reached along all tholeiitic 

liquid line of descent. Silicic compositions can be produced above the temperature of the 

binodal so that the crystallization path never enters the two-liquid field (Fig. 5a). This has 

been illustrated by several experimental studies under equilibrium conditions (e.g. Juster et 

al., 1989; Toplis and Carroll, 1995) that show that the liquid line of descent do not intersect 

the two-liquid field. Differentiation conditions, particularly pressure and water content, can 

also lead the evolution trend far from the compositional range of the two-liquid field, 
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particularly by promoting iron depletion and alumina enrichment (e.g. Grove and Baker, 

1984; Sisson and Grove, 1993; Villiger et al., 2007; Botcharnikov et al., 2008). The onset of 

immiscibility thus requires specific composition-temperature paths that are reached under 

specifc conditions (Charlier and Grove, 2012). Although anhydrous low-pressure fractional 

crystallization promotes immiscibility, it is not a sufficient condition to reach it. 

 The evolution of temperature as a function of time (the cooling rate) is also important 

for the onset of immiscibility. The time-temperature-transformation diagram (Fig 5b; Putnis 

and McConnell, 1980) illustrates that under slow cooling prevailing in plutonic environment, 

immiscibility can develop at high temperature. In erupted lavas, large undercoolings due to 

high cooling rates leads the evolution trend to reach the two-liquid field at lower temperature.  

  

4. Onset of liquid immiscibility 

 Experiments on tholeiitic basalts run in one-atmosphere furnaces under static 

conditions reach silicate liquid immiscibility at ca. 1020-1000°C (Dixon and Rutherford, 

1979; Philpotts, 1979; Philpotts and Doyle, 1983; Charlier and Grove, 2012). Although the 

onset of immiscibility is restricted to this 1020-1000°C interval, homogeneous melts just 

before the onset of immiscibility exhibit a large compositional range and the first immiscible 

melts can be in equilibrium with different liquidus phases. Charlier and Grove (2012) have 

shown that different bulk compositions crystallizing different phase assemblages can 

approach the two-liquid field either along a compositional evolution trend to iron enrichment 

and silica depletion or one that follows silica enrichment and iron depletion. Dixon and 

Rutherford (1979) and Philpotts (1979) found immiscible liquids coexisting with plagioclase 

+ clinopyroxene + ilmenite ± magnetite. Charlier and Grove (2012) report immiscible melts in 

equilibrium with assemblages containing plagioclase + olivine + augite + pigeonite + ilmenite 

+ magnetite, plagioclase + olivine + pigeonite + ilmenite + magnetite, plagioclase + augite + 
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ilmenite + quartz, and plagioclase + olivine + ilmenite. The latter melts are also all saturated 

with whitlockite, which would be expected to be replaced by apatite in the slightly hydrous 

natural conditions. In these experiments, the composition of plagioclase and olivine at the 

onset of immiscibility covers large ranges from An60.4 to An36.7, and from Fo43.2 to Fo33.6 

respectively. 

 The composition of immiscible droplets in natural lavas (Supplementary Table 3) is 

also informative on the onset of immiscibility in volcanic systems. Compared to immiscible 

melts obtained experimentally, the two natural immiscible liquids display highly contrasted 

compositions (Fig. 6) and both liquids have very low MgO contents (see also Philpotts, 1982). 

This is typical for low-temperature equilibration, when the two-liquid field is wider (Charlier 

and Grove, 2012). In volcanic systems, cooling is fast and immiscibility is reached at a lower 

temperature compared to slow cooling systems due to kinetic effects (Fig. 5b). Moreover, the 

two glasses can depart from the equilibrium conjugate liquid compositional trends because 

each liquid is affected by rapid fractional crystallization during growth of the groundmass 

mineral assemblage. Fig. 2 shows that the composition of natural immiscible droplets are 

scattered compared to experimental melts and often plot in the two-liquid field. Fe-rich 

droplets might have crystallized too much pyroxene and Fe-Ti oxide, and therefore moved 

towards the SiO2 apex, while Si-rich glasses did not crystallize enough plagioclase, and are 

higher in Al2O3 compared to equilibrated experimental liquids. 

 The compositions of minerals adjacent to immiscible droplets, especially plagioclase 

and pyroxene, can also be used as a probe for the onset of immiscibility, because they develop 

compositional zoning profiles that track the evolution of the residual melt. We have measured 

the compositions of plagioclase and clinopyroxene rims in contact with immiscible melts. 

These rims display significant thickness and are considered to be in equilibrium with trapped 

melt pockets in which immiscibility developed. Selected samples are from various localities: 
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Iceland, Snake River Plain, Deccan and Mull. Plagioclase ranges from An43 to An32, the Mg-

number of clinopyroxene varies from 57 to 34 (Fig. 7; Supplementary Table 3). This 

compositional variability matches the one obtained in experiments where immiscibility 

develops (Charlier and Grove, 2012). 

 In layered intrusions, immiscibility has usually been considered to appear at the 

saturation of apatite (e.g. McBirney, 1975). In Sept Iles, apatite saturates at An52 and Fo60 

(MCU II; Charlier et al., 2011), while apatite saturation in the Skaergaard occurred in a liquid 

that crystallized plagioclase An38-44 and olivine Fo27-32 (McBirney, 1989). However, Jakobsen 

et al. (2011) describe emulsions of immiscible silicate liquids trapped in plagioclase before 

the crystallization of apatite. These melt inclusions appear as soon as the Lower Zone c, when 

plagioclase is An54, olivine Fo50 and the Mg-number of clinopyroxene is 64 (McBirney, 

1989). In the Bushveld complex, apatite saturates when An49 plagioclase and Fo34 olivine are 

co-crystallizing (Tegner et al., 2006), which is supposed to correspond to the onset of 

immiscibility (VanTongeren and Mathez, 2012). The compositions of cumulus phases at the 

onset of immiscibility in layered intrusions (Fig. 7) are thus more primitive compared to 

assemblages in basalts and in experiments. This might support the proposal of Veksler et al. 

(2007; 2008) that immiscibility could develop at higher temperature in more primitive melts. 

Indeed, as shown in figure 5b, the segregation of immiscible melts occur at higher 

temperature in slowly cooling magma chambers, in which appropriate conditions for 

decomposition and formation of two melts are met. Further growth of globules by coalescence 

is also favored by slow cooling conditions (Martin and Kushiro, 1991). At high temperature, 

close to the closure of the binodal, immiscible melts would display small compositional 

contrasts, so that very low interfacial tension promotes easy nucleation of immiscible liquid 

droplets and very slow coarsening (Veksler et al., 2010), requiring extensive period of time to 

enable the segregation of two liquids. 
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 We have also compiled data from oceanic ferrogabbros from hole 735B in the ultra-

slow-spreading SW Indian Ridge for which the compositions of cumulus phases are available 

(Fig. 7; Dick et al. 1991; Natland et al., 1991; Niu et al., 2002). Natland et al. (1991) invoked 

immiscibility to link the origin of Fe-Ti-rich gabbros with silicic veinlets while Niu et al. 

(2002) suggest that simple fractional crystallization might well be adequate. Although Fig. 7 

shows that for similar anorthite contents in plagioclase, the Mg-number of clinopyroxene is 

higher compared to covariations for these phases in layered intrusion, the compositional 

ranges in hole 735B is very close to that measured in the Sept Iles intrusion where 

immiscibility developed. This comparison supports potential unmixing during evolution of 

evolved basalts in oceanic settings. 

 

5. The dearth of intermediate compositions 

 Simple fractional crystallization does not explain the bimodal distribution of basalt 

and rhyolite observed in most volcanic provinces on Earth, including those where ferrobasalts 

erupt (e.g. Daly, 1914; Chayes, 1963; Thompson, 1972; Fig. 1). The dearth of intermediate 

liquid compositions, generally referred to as the Daly Gap, was initially attributed to a 

phenomenon of silicate liquid immiscibility by Daly himself. This explanation has continually 

lost support through time because of the absence of firm geological evidence for large-scale 

separation of the two immiscible liquids (Bowen, 1928). The Daly Gap observed in volcanic 

rocks thus came to be understood as resulting from (1) liquid density-viscosity barriers that 

prevent eruption of intermediate liquid compositions (Marsh, 1981; Mungall and Martin, 

1995); (2) critical crystallinity that only enables crystal-liquid separation for narrow ranges of 

liquid compositions (Brophy, 1991; Dufek and Bachmann, 2010); (3) rapid evolution of liquid 

compositions at intermediate silica contents, which only produces low volumes of monzonitic 

melts (Grove and Donnelly-Nolan, 1986; Peccerillo et al., 2003). The production of silicic 
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rocks by hydrous partial melting of gabbroic rocks also produced a gap for intermediate 

compositions between the basaltic sources and silicic partial melts (Gunnarsson et al., 1998; 

Koepke et al., 2004; 2007; France et al., 2010). 

 In this study, we show that silicate liquid immiscibility can develop along the liquid 

line of descent of many tholeiitic provinces. The proportion of silica-rich melt dominates that 

of iron-rich melt in the mesostasis of basalts, implying that immiscibility occurs after silica 

enrichment of the liquid line of descent. When the evolution trend reaches ca. 52-55 wt.% 

SiO2, the production of two contrasting liquids, one with 60-75 wt.% SiO2 and 4-12 wt.% 

FeOtot, the other with 30-50 wt.% SiO2 and 18-32 wt.% FeOtot (Charlier and Grove, 2012), is 

responsible for the gap in intermediate homogeneous melts. Fig. 1a illustrates that no 

immiscible melts occur in the 52-60 wt.% SiO2 interval, in accordance with the gap in natural 

samples. 

 

6. A model for tholeiitic liquid lines of descent 

 If a tholeiitic liquid line of descent reaches the two-liquid field during differentiation, 

the classical continuous evolution from basalt to rhyolite does not occur. In Fig. 8, we 

illustrate the evolution trend of a tholeiitic liquid of descent that reaches a binodal surface. At 

the onset of immiscibility, two liquids are produced. With cooling, these two equilibrium 

melts crystallize the same phases, with the same compositions but in different proportions. 

From what has been presently observed in layered intrusions (Charlier et al., 2011; Jakobsen 

et al., 2011), the two liquids do not seem to segregate completely from each other so that 

chemical exchange continues with cooling, keeping the two liquids in equilibrium. Even if 

separated, the two liquids would evolve on their side of the binodal curves and would exsolve 

the paired equilibrium melt. The two immiscible liquids do not follow independent liquid 

lines of descent. 
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 With cooling, fractional crystallization drives the bulk melt composition (silica-rich + 

iron-rich melts) toward silica enrichment. The width of the binodal also enlarges with 

decreasing temperature so that the immiscible melts become more and more compositionally 

distinct. Fractional crystallization might lead the bulk composition to move out of the two-

liquid compositional field so that the most silica-rich compositions continue evolving as a 

single melt-phase.  

 This model for tholeiitic liquid line of descent is able to explain the apparent 

inconsistency for calculated melt evolutions in the Skaergaard intrusion that cross the two-

liquid field (Fig. 4). Mass-balance calculations using subtraction of cumulates to the parental 

magma give the trends of the bulk liquids without taking into account the onset of 

immiscibility. Calculated intermediate melts do not actually exist but represent the bulk 

composition of the paired silica- and iron-rich melts. The experimental liquid line of descent 

obtained by Toplis and Carroll (1995) represents the evolution under equilibrium conditions 

while the path followed during fractional crystallization, as detailed by Charlier and Grove 

(2012), moves into the temperature-composition space where two liquids become stable (Fig. 

5). 

 

7. Mid-ocean ridge basalts versus continental tholeiites 

 Although tholeiitic basalts from various tectonic settings display similar compositional 

variations for major elements, systematic differences are observed between ocean and 

continental basalts for some minor and trace elements (Pearce et al., 1975; Meschede, 1986). 

This is particularly important for the development of immiscibility as potassium, titanium and 

phosphorous, elements that promote immiscibility (Charlier and Grove, 2012), are lower in 

mid-ocean ridges basalts (e.g. Pearce et al., 1975; Mullen, 1983). However, when comparing 

silicic melts in continental setting to plagiogranites from mid-ocean ridges and ophiolites (see 

http://apps.webofknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=4&SID=1Aad2dL5O893Ea58@Ca&page=1&doc=3
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Supplementary Fig. S1), it is obvious that late-stage products of basaltic evolution in these 

two environments do have similar characteristics for important compositional criteria relevant 

for silicate liquid immiscibility, i.e. Al2O3, the difference between alkali (Na2O+K2O) and 

CaO and the Fe-number. Consequently, immiscibility can develop in both environments. 

 

8. Composition of immiscible silica melts 

 Whether large-scale segregation and potentially eruption of the silica-rich immiscible 

can occur has yet to be proven. Rhyolites from tholeiitic provinces have ferroan alkali-calcic 

characteristics, following the geochemical classification for granitic rocks proposed by Frost 

et al. (2001). These lavas are compositionally similar to A-type granites (Bonin, 2007; Turner 

and Rushmer, 2009). From a compositional perspective, immiscible silicic melts have close 

affinities with silicic magmas observed in tholeiitic series, as shown in Fig. 9 which compares 

Si-melt produced in the experimental studies of Charlier and Grove (2012) to natural rhyolitic 

compositions. However, immiscible compositions are restricted to FeO-rich and Al2O3-poor 

compositions. These two oxides are good indicators of the conditions during differentiation 

and the influence of water content and crystallization pressure influences the change in these 

two components during fractional crystallization. As both water content and crystallization 

pressure increase, the stability field of plagioclase is reduced while pyroxene and olivine 

stabilities are promoted (Grove and Baker, 1984; Sisson and Grove, 1993; Villiger et al., 

2007; Botcharnikov et al., 2008), serving to increase Al2O3 and decrease FeO. In contrast, 

anhydrous, low-pressure differentiation is dominated by plagioclase crystallization with minor 

olivine and clinopyroxene, producing Fe-rich and Al-poor rhyolites; so it is to promote the 

development of immiscibility (Charlier and Grove, 2012). 

 Comparison with the composition of rhyolitic melts produced by hydrous partial 

melting of oceanic cumulate gabbros (Koepke et al., 2004; France et al., 2010) and during 
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hydrous crystallization experiments of tholeiitic basalts (Dixon-Spulber and Rutherford, 1983; 

Berndt et al., 2005) further reinforces the potential role of immiscibility in producing silica 

melts in tholeiitic provinces (Fig. 9). Hydrous partial melting produces melt with high Al2O3 

(17-22.5 wt.%), very low Na2O+K2O-CaO and low Fe-number (Koepke et al., 2004; France et 

al., 2010). The compositional range does not overlap with natural compositions. Residual 

melts produced during hydrous crystallization of basalts at 1-2 kbar cover the Al2O3-rich side 

of natural compositions, even if Na2O+K2O-CaO is still too low. 

 

9. Stealthy development of immiscibility 

 In a crustal magma chamber, the dense Fe-enriched liquid is not eruptable. This 

explains why no trace of immiscible ferrobasaltic melt is found in volcanic environments 

(Fig. 2), although small amounts of iron-rich globules are found in the late-crystallizing 

mesostasis of erupted basalts (Fig. 3; Philpotts, 1982). Moreover, phases crystallized from 

both the Fe-rich and Si-rich liquids are the same, with the same compositions. The existence 

of two immiscible liquids would thus be recorded in the cumulate assemblage by variations of 

modal proportions, basically indistinguishable compared to crystal settling and sorting or any 

process that produces igneous layering. Oxide-rich ferrogabbros are the potential cumulates of 

the Fe-rich liquid. They have been recognized in the lower oceanic crust and in some layered 

intrusions where immiscibility is documented. In some situations, the two immiscible melts 

might also not segregate at all and again would produce the same crystallizing phases as the 

homogeneous melt, in the same proportions. 

 Silica-rich late-stage liquid produced by immiscibility would not develop any 

particular chemical signature compared to continuous fractional crystallization. One can 

expect some elements such as Zr, U and REE to partition into the iron-rich melt (Watson, 

1976; Veksler et al., 2006). However, because immiscibility is reached during silica 
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enrichment, the amount of iron-rich melt produced is relatively small. Its segregation would 

be modelled similarly to phases separation produced by that liquid, i.e. plagioclase, pyroxenes 

± olivine, Fe-Ti oxides and apatite. Moreover, the two liquids continue to exchange as they 

crystallize, potentially leave the two-liquid field and continue to evolve by fractionation as a 

single melt phase. 

 

10. Conclusions 

 Silicate liquid immiscibility along the tholeiitic liquid line of descent has rarely been 

invoked to explain large-scale differentiation processes from basalt to rhyolite. In this 

contribution, we have presented various records of unmixing in both volcanic and plutonic 

environments. Experimental data defining compositional criteria for immiscibility also show 

that natural trends for major tholeiitic provinces can intersect a two-liquid field. The main 

implication of immiscibility is the absence of intermediate liquid compositions, a classical 

feature of tholeiitic trends. Immiscibility does produce silica-rich melts with compositional 

characteristics similar to natural rhyolites and plagiogranites. The stealthy development of 

immiscibility and the similarity of phases crystallized from the equilibrium Fe-rich and Si-

rich melts complicate the identification of this mechanism. Moreover, the composition of 

evolved differentiates produced is not supposed to be different to those formed by continuous 

fractional crystallization. Differentiation conditions, particularly pressure and water content, 

are probably the main factors which control the ability of magma to unmix along the tholeiitic 

trend. 
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Figure captions 

 

Figure 1. a FeOtot versus SiO2 diagrams for experimental immiscible melts of Charlier and 

Grove (2012), black circles are Fe-rich immiscible melts and white circles are Si-rich 

immiscible melts. Tie lines join immiscible pairs; b-i FeOtot versus SiO2 for compiled lavas of 

some major tholeiitic provinces. Data for Columbia River, Deccan, Iceland, Madagascar, and 

Parana are taken from GEOROC database (http://georoc.mpch-mainz.gwdg.de). Data for 

Galapagos are from Byerly et al. (1976), Byerly (1980), and Geist et al. (1995; 2006); Mull 

(Walsh et al., 1979; Kerr et al., 1999); and Sept Iles (Namur et al., 2011). 

 

Figure 2. Tholeiitic basalts and their products of differentiation compared to experimental 

and natural immiscible melts projected onto ternary diagrams with a. CaO, Al2O3 and SiO2/4, 

and b. CaO, Al2O3 and Na2O+K2O+P2O5+TiO2. Compositions from tholeiitic provinces from 

the same database as the one used for figure 1. Experimental immiscible melts are from 

Charlier and Grove (2012) and natural immiscible globules are from Supplementary Table 3 

and from Philpotts (1982). 

 

Figure 3. Back-scattered electron images of immiscible textures in volcanic rocks from some 

famous tholeiitic provinces. a McKinney basalt, Snake River Plain, Malad river at junction 

with Snake River, Idaho (sample 66162); b Olivine basalt from Blowsa quarry, Tansa, 

Bombay, Deccan traps (sample 27090); c Basalt from Jokulsa a Fjöllum, Iceland (sample 

83496); d Andesite from the 1845 lava of Hekla volcano, Iceland (sample 20506). Sample 

name refers to number in the Harker collection, University of Cambridge. liq Si silica-rich 

immiscible liquid; liq Fe iron-rich immiscible liquid; pl plagioclase; aug augite 

 

http://georoc.mpch-mainz.gwdg.de/
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Figure 4. FeOtot versus SiO2 diagram showing proposed liquid lines of descent for the 

Skaergaard layered intrusion. Stars represent the average composition of immiscible Fe-rich 

and Si-rich melt inclusions found in cumulus apatite by Jakobsen et al. (2005). 

 

Figure 5. Schematic illustrations for the potential development of immiscibility along 

tholeiitic liquid lines of descent. a Evolution of two liquid lines of descent (lld) in a 

temperature-composition (e.g. NBO/T) space passing outside and through a two-liquid field. 

Tc is the critical point for liquid immiscibility. Below this temperature two-liquids are stable. 

b Evolution of temperature as a function of time for lld under various cooling conditions. 

Immiscibility develops at high temperature under plutonic slow cooling rate and at lower 

temperature under volcanic high cooling rate. 

 

Figure 6. Compositional differences between immiscible pairs; a Experimental melts 

obtained by Charlier and Grove (2012) and Dixon and Rutherford (1979) plotted in binary 

diagram with equilibrium temperature (°C) versus the difference between the degree of 

polymerization of the iron-rich and the silica-rich melts (Δ NBO/T); b Natural immiscible 

pairs are from this study (black circles) and from Philpotts (1982; white circles). NBO/T 

calculated assuming T = Si+Al+P+Ti (Mysen, 1983). 

 

Figure 7. Covariation between the Mg-number of clinopyroxene and the anorthite content in 

plagioclase in products affected or supposed to be affected by silicate liquid immiscibility. 

Experimental immiscible products (stars) are from Charlier and Grove (2012); immiscible 

basalts (crosses) are from Supplementary Table 3; data are plotted for Fe-Ti-P-rich gabbros 

crystallized from immiscible melts in the Skaergaard (McBirney, 1989), Sept Iles (Charlier et 

al., 2011) and Bushveld (Tegner et al., 2006) layered intrusions; data for oceanic ferrogabbros 
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are from hole 735B in the ultra-slow-spreading SW Indian Ridge (Dick et al. 1991; Natland et 

al., 1991; Niu et al., 2002). 

 

Figure 8. Schematic models for tholeiitic liquid lines of descent reaching immiscibility with 

decreasing temperature. a Temperature as a function of the degree of polymerization (NBO/T) 

of melts along a tholeiitic crystallization path. The shape of the binodal curve is the one obtain 

experimentally on the Sept Iles composition by Charlier and Grove (2012). Because of the flat 

shape of the binodal closure around 1020°C, immiscibility produces a compositional gap. 

During the immiscibility interval, the bulk liquid line of descent (dashed line) follows silica 

enrichment, eventually driving the liquid out of the immiscibility field (square 3); b FeOtot 

versus SiO2 diagram for the first stage of tholeiitic differentiation until the onset of 

immiscibility; c FeOtot versus SiO2 diagram for the complete crystallization path with a 

compositional gap for intermediate compositions. Black stars are Fe-rich immiscible melts 

and white stars are Si-rich immiscible melts. 

 

Figure 9. Comparisons between experimentally-produced silica-rich melts and rhyolites in 

continental settings. a SiO2/4-FeOtot*3-Al2O3 (wt.%); b Na2O+K2O-CaO versus SiO2 (wt.%); 

c FeOtot/(FeOtot+MgO) versus SiO2 (wt.%). Compositions filtered > 60 wt.% SiO2. 
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Highlights 

 Silicate liquid immiscibility is a potential large-scale differentiation process  

 Tholeiitic trends approach or intersect a two-liquid stability field 

 Paired globules in basalts and unmixed melt inclusions support immiscibility 

 Rhyolites and plagiogranites are similar to experimental immiscible silica melts 

 Fe-Ti±P-rich gabbros can form as cumulates from immiscible ferrobasalts 
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