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ABSTRACT 

Experimental investigation of crust-mantle hybridization in the 
Earth’s shallow upper mantle 

 by 

Ananya Mallik  

Chemical heterogeneities in the Earth’s mantle, such as subducted sediments and 

oceanic crust, along with volatiles such as H2O and CO2 affect melting processes, hence, 

chemical differentiation of the Earth and their presence in the source of erupted magma 

has been unequivocally established through isotope and trace element geochemistry. Yet, 

the nature of major element contribution of recycled crustal lithologies to the erupted 

basalts on the Earth’s surface is poorly understood because direct partial melting of 

crustal lithologies at mantle depths produces siliceous melts that are unlike surface 

basalts or their estimated parental melts. In case of oceanic crust and sediments, partial 

melting initiates at lower temperatures and at deeper depths than the surrounding mantle, 

hence, an andesitic partial melt (±CO2) from recycled oceanic crust and a rhyolitic partial 

melt (±H2O) from subducted sediments, being out of equilibrium with the surrounding 

peridotitic mantle with a hotter solidus temperature, must undergo reactive 

crystallization. However, the impact of crustal melt impregnation into mantle peridotite 

on the potential formation of hybrid melts and lithologies remained largely 

uninvestigated. 

The phase equilibria of reaction of siliceous partial melts (derived from crustal 

heterogeneities) with the mantle has been investigated in this thesis with the aid of high 
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pressure-temperature laboratory experiments that simulated conditions at depths of 80 – 

100 km inside the Earth. Andesite evolves to a basanite upon partial reactive 

crystallization in a peridotite matrix (Chapter 2), and with increasing amount of CO2 in 

the system, the residual melt evolves even to a nephelinite (Chapter 3 and 4). This is the 

effect of reaction of the silica component in the melt with olivine in the peridotite to 

crystallize orthopyroxene, with the orthopyroxene stability field being enhanced under 

the influence of CO2, therefore, drawing down the SiO2 content of the reacted melt even 

further. Major element characteristics of alkalic ocean island basalts can be reproduced 

by the reacted melts from these studies by a two-stage hybridization process: Firstly, 

partial melt from recycled oceanic crust reacts with surrounding subsolidus peridotite and 

undergoes partial reactive crystallization and secondly, the reacted, residual melt from the 

first step subsequently mixes with peridotite-derived partial melt. An empirical model has 

been proposed to estimate the source characteristics of alkalic ocean island basalts. The 

model predicts that 15 – 45 wt.% oceanic-crust derived melt and 0.2 – 2 wt.% CO2 are 

required, followed by mixing with 25 – 55 wt.% peridotite partial melt to reproduce 

major element characteristics of alkalic lavas from Canary Islands, Cape Verde and Cook 

Australs (Chapter 4). The results from the studies obviate the need for the presence of 

silica-undersaturated exotic lithologies in the source of alkalic ocean island basalts. Also, 

the studies demonstrate that high MgO (>15 wt.%) alkalic basalts from the mantle can be 

produced by a potential temperature of 1350 °C and do not require potential temperatures 

exceeding 1430 °C, as predicted by current thermometers. This is owing to the effect of 

CO2 dissolution in the melt in the form of MgCO3 complexes, which enhances the MgO 

content of melts at a given pressure and temperature. 
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Flux of hydrous rhyolitic, sediment-derived melts, to the mantle wedge fertile 

peridotite leads rhyolites to evolve to ultrapotassic nepheline normative basalts similar in 

composition to ultrapotassic lavas from active and inactive arcs (Chapter 5). This 

evolution in melt composition from a highly siliceous rhyolite to a nepheline-normative 

ultrapotassic basalt is due to the formation of orthopyroxene at the expense of olivine as 

well as the dominance of phlogopite in the melting systematics, buffering the K2O 

content of the melt to produce ultrapotassic compositions. Thermal stability of phlogopite 

to the core of hot mantle wedge is established in conjunction with previous studies, which 

suggests that recycling of phlogopite to the deeper mantle may be important in deep flux 

of large ion lithophile elements and volatile elements such as fluorine and nitrogen. 

Potential long-term survival of phlogopite can potentially create Sr-isotopically enriched 

zones in the mantle, as evident in the source of several arc and intraplate lavas. 
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Chapter 1 

Introduction 

Chemical differentiation of the present-day Earth through igneous processes is 

governed by plate tectonics. Decompression induced partial melting of the upwelling 

Earth’s mantle in mid-ocean ridges produce a layer of oceanic crust, with an underlying 

mantle lithosphere, which is largely the residue of melting (Langmuir et al., 1992; Stolper 

and Asimow, 2007). Terrigenous and marine sediments are deposited on the oceanic 

crust, the former being localized along the continental margins of the oceanic crust. Each 

of these three layers – sediments, oceanic crust, and lithosphere, have compositions 

distinct from one another. The sediments can be siliceous or carbonaceous depending on 

their origin, and are enriched in H2O (5 – 13 wt.%, Plank and Langmuir, 1998) and/or 

CO2 (0 – 27 wt.%, Plank and Langmuir, 1998). The oceanic crust is basaltic, and low-

temperature reaction of upper oceanic crust with seawater causes uptake of H2O (1.4 – 

4.9 wt.% in the upper 500 m, Staudigel et al., 1996) and CO2 (1 – 3 wt.% in the upper 

600 m, Alt and Teagle, 1999) in it. The underlying ultramafic or peridotitic lithosphere, 
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upon serpentinization, can also carry up to 13 wt.% H2O in the upper 5-6 km (Ulmer and 

Trommsdorff, 1995) and even 0.03 to 1.7 wt.% carbon (Alt et al., 2013). The oceanic 

crust and underlying lithosphere move as a conveyor belt as part of the convecting 

mantle, with the sediments as passive riders on them. Eventually the three-layer litho-

package (sediments, oceanic crust and lithosphere) subducts into the deeper mantle, with 

the oceanic crust forming 8-10% (Hofmann and White, 1982; Reymer and Schubert, 

1984) and subducted sediments forming 0.3 – 0.4 % of the mantle, by mass. As 

temperatures increase with depth inside the mantle, the subducted lithologies undergo 

dehydration and/or partial melting and release the fluid and melt into the overlying 

mantle wedge. The dehydrated fluids, which are dominantly H2O, contain significant 

proportions of dissolved solutes in them (4-8 wt.%, Manning, 2004). Upon fluxing in the 

mantle wedge, these fluids affect the melting properties of the mantle-wedge by lowering 

the melting temperature and affecting the melt productivity and composition (Balta et al., 

2011; Gaetani and Grove, 1998, 2013; Green et al., 2010; Green et al., 2014; Grove et al., 

2006; Tenner et al., 2012; Till et al., 2012). The slab-derived melts are extremely 

siliceous (Auzanneau et al., 2006; Duncan and Dasgupta, 2014; Hermann and Green, 

2001; Hermann and Spandler, 2008; Johnson and Plank, 2000; Nichols et al., 1996; Rapp 

and Watson, 1995; Schmidt et al., 2004; Sen and Dunn, 1994; Spandler et al., 2010; 

Thomsen and Schmidt, 2008; Tsuno and Dasgupta, 2011, 2012; Vielzeuf and Holloway, 

1988) and out of chemical equilibrium with the peridotitic mantle-wedge, hence, fluxing 

the mantle with these slab melts lead to metasomatism of the mantle. The combined 

effect of their chemical disequilibrium with the mantle-wedge and H2O ± CO2 content, 

also affects melting relations (Prouteau et al., 2001; Rapp et al., 1999; Sekine and Wyllie, 
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1982a; Sekine and Wyllie, 1982b).  Understanding the melting relations for such a 

process of metasomatism/hybridization is important because it introduces geochemical 

signatures of the slab in arc lavas.  

Post dehydration and/or partial melting (beyond sub-arc depths of up to 5 GPa or 

~160 km), the residual slab subducts into the deeper mantle, and is stretched and thinned 

at depths in a convecting mantle. Eventually, the subducted slab is incorporated in the 

upwelling convecting mantle. Because the sediments and oceanic crust are out of 

chemical equilibrium with the surrounding mantle, chemical diffusion kicks in. However, 

chemical diffusion in the solid state is not fast enough to homogenize and erase the 

lithological integrity of the heterogeneities even in billion year time-scales (Hofmann and 

Hart, 1978; Holzapfel et al., 2005). The fact that these heterogeneities retain their 

chemical signature during their traverse through the mantle is evident from their distinct 

isotopic signatures that are found in erupted mantle-derived lavas across geological 

settings (Hart, 1988; Hofmann, 1997; Jackson et al., 2007; Zindler and Hart, 1986). As 

these heterogeneities continue to rise to the upper mantle, owing to their fertility, partial 

melting initiates deeper than the surrounding peridotitic mantle. The partial melts of these 

heterogeneities are, once again, too siliceous than the surrounding mantle, hence, they 

react and metasomatize the mantle. The fate of such melt-rock reaction is important to 

understand, as this process imparts geochemical signatures of recycled heterogeneities to 

melts erupted on the surface of the Earth, especially in lavas erupted in intra-plate 

settings, namely, the ocean island basalts. Hence, connecting the near-primary magma 

compositions to a deeper process in the Earth’s mantle helps understand the process of 

ongoing chemical differentiation in the Earth.  
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This thesis describes a series of experimental studies to better understand the role 

of chemical heterogeneities (subducted sediments and recycled oceanic crust) in melting 

processes within the Earth’s mantle. I have performed experiments using high pressure-

temperature experimental apparatus to simulate conditions in the Earth’s upper mantle 

and investigate the phase equilibria of reaction between partial melts of oceanic crust and 

sediments with peridotite. Systematic studies were performed both in the absence and 

presence of H2O and CO2, to study their effect on the melting relations. These studies 

explain the genesis of ocean island basalts by the reaction of recycled oceanic crust with 

peridotite and also, genesis of primary ultrapotassic arc lavas by involving subducted 

sediments in their source.  

The following paragraphs briefly describe the content of each chapter in this 

thesis.  

 In chapter 2 of this thesis, reaction between andesitic partial melt of recycled 

oceanic crust and peridotite has been investigated in the absence of volatiles, at a fixed 

pressure-temperature condition in the Earth, by varying the melt-rock ratio. Both 

channelized flow and porous flow of the andesite through the peridotite have been 

investigated. The most important result from this study is that andesite, via reaction with 

peridotite, can evolve to a basanite (silica-undersaturated composition), similar in major 

element composition to several primary alkalic ocean island basalts with isotopic 

signatures of recycled oceanic crust in them. This chapter has been published in Earth 

and Planetary Science Letters (Mallik, A., Dasgupta, R., 2012. Reaction between 

MORB-eclogite derived melts and fertile peridotite and generation of ocean island 

basalts. Earth and Planetary Science Letters 329-330, 97-108). 
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 In chapter 3, the effect of CO2, a dominant volatile in the source of ocean island 

basalts, on phase equilbria of reaction between partial melt of recycled oceanic crust and 

peridotite has been investigated. CO2 has been introduced via andesitic partial melt of 

recycled oceanic, or as a carbonated alkalic basalt, both representing partial melts of 

recycled oceanic crust + CO2 in the system. The CO2 content of the infiltrating melts 

were kept fixed, while the melt-rock ratio was varied, and all experiments were 

performed simulating porous flow only. The important finding from this study is that the 

andesite, upon reaction with peridotite, evolves to greater degrees of silica-

undersaturation than the volatile-free condition in the previous chapter. Hence, it evolves 

from an andesite to a nephelinite. On the other hand, the carbonated alkalic basalt, which 

was quite silica-deficient to start with, evolves to a melilitite after reaction with 

peridotite. These melts reproduce the major element concentrations of nephelinites and 

melilitites found in several ocean islands. This chapter has been published in Journal of 

Petrology (Mallik, A., Dasgupta, R., 2013. Reactive Infiltration of MORB-Eclogite-

Derived Carbonated Silicate Melt into Fertile Peridotite at 3 GPa and Genesis of Alkalic 

Magmas. Journal of Petrology 54, 2267-2300). 

 Chapter 4 of this thesis focuses on a detailed systematic study to better understand 

the role of CO2 in the phase equilbria of mantle hybridization by andesitic partial melt of 

MORB-eclogite by varying the CO2 content of the andesite at two fixed melt-rock ratios. 

This study complements those in chapters 1 and 2. An empirical model was proposed in 

this study which predicts the reacted melt composition as a function of proportion of 

recycled oceanic crust derived melt and CO2 in the system. This model was then used to 

predict the source characteristics of alkalic basalts from three ocean islands – Canary 
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Islands, Cape Verde and Cook Australs. This chapter has been published in 

Geochemistry, Geophysics, Geosystems (Mallik, A., Dasgupta, R., 2014. Effect of 

variable CO2 on eclogite-derived andesite and lherzolite reaction at 3 GPa: Implications 

for mantle source characteristics of alkalic ocean island basalts. Geochemistry, 

Geophysics, Geosystems 15, 1533–1557).  

 An interesting outcome from chapters 2, 3 and 4 is that these studies show how 

high MgO (> 15 wt.%) lavas can be formed at a mantle potential temperature (TP) of 

1350 °C, without requiring hotter TP exceeding 1430 °C, as predicted by current 

thermometers. This has profound implications on mantle dynamics, hence, these studies 

suggest that there is a need for revising current thermometers by taking into account the 

effect of melt-rock reaction and volatiles on melting characteristics.  

 Chapter 5 of this thesis investigates the fate of fluxing hydrous rhyolitic sediment 

partial melt through peridotite in sub-arc conditions beneath convergent margins. The 

study compares melting properties such as temperature of onset of melting, melting 

relations and melt productivity of peridotite fluxed by a H2O-rich fluid and a H2O-

bearing sediment-partial melt. The reacted melt compositions from this study reproduce 

the major element compositions of ultrapotassic lavas from active and inactive arc 

settings. Another important implication from this study is that phlogopite, a hydrous 

mineral which can be a potential carrier of volatiles such as H2O, N and F, can survive 

temperatures near the core of the hot mantle wedge, and can be a host to recycle volatiles 

through deep mantle. Also, long term stability of phlogopite in the mantle can create 

mantle domains enriched in Sr-isotopes, as found in the sources of intraplate and arc 
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lavas. This study has recently been submitted to the journal Contributions to Mineralogy 

and Petrology.		

	

	

Figure 1-1. Simplified cartoon (not drawn to scale) showing melting in the Earth’s shallow upper mantle 
(represented by orange arrows) due to crust-mantle hybridization in mid-ocean ridges (divergent margins), 
ocean islands (intraplate settings) and arcs (convergent margins). The cartoon is modified from Helffrich 
and Wood (2001). Black arrows indicate direction of mantle flow. Numbers indicate chapter numbers that 
study crust-mantle hybridization in that tectonic setting (chapters 2.3 and 4 – ocean island magmatism, 
chapter 5 – arc magmatism).  
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Chapter 2 

Reaction between MORB-eclogite derived melts 
and fertile peridotite and generation of ocean 
island basalts 

We performed reaction experiments between partial melt of volatile-free MORB-

eclogite and volatile-free fertile peridotite at 2.5–3 GPa, 1375 °C and 1440 °C. The 

fraction of added basaltic andesite melt was varied from ~8 to 50 wt.%. Melt was 

introduced either as a separate layer or mixed homogeneously with peridotite to simulate 

channelized and porous flow, respectively. Layered experiments produced a zone of 

orthopyroxene-rich garnet-websterite separating the reacted melt pool from a residual 

four phase lherzolite while mixed experiments produced a residual assemblage of 

orthopyroxene±clinopyroxene±olivine± garnet co-existing with reacted melt where 

residual olivine was absent only in the experiments with 50 wt.% added melt. It is 

observed that the reacted melts display a continuous spectrum from tholeiitic to alkalic 

melts with increasing extent of wall–rock reaction for the layered runs and decreasing 
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melt:rock ratio for the mixed experiments. The reacted melts at ~10–16 wt.% MgO match 

better with natural alkali basalts and basanite from intraplate ocean islands in terms of 

SiO2 (44–48 wt.%), TiO2 (2.2–4.1 wt.%), Al2O3 (12.6–14.3 wt.%), CaO (~8–11 wt.%), 

Na2O (~2–4 wt.%), and CaO/Al2O3 (0.52–0.81) as compared to partial melts of volatile-

free peridotite and MORB-eclogite. FeO* content (~9–11 wt.%) of the reacted melts, 

however, remains less as compared to most ocean island basalts (OIBs). We demonstrate 

that both alkalic and tholeiitic melts are produced in the process of MORB-eclogite 

partial melt and fertile peridotite reaction. We also demonstrate that near-primary alkali 

basalt can form at a temperature distinctly below the peridotite solidus and mantle 

potential temperature (TP) of ~1350 °C may be sufficient to generate near-primary alkalic 

OIBs. Our study obviates the necessity for exotic lithologies, such as silica-deficient 

garnet pyroxenites, in the solid state mantle to explain the genesis of alkalic OIBs. 

Keywords: melt–rock reaction; MORB-eclogite; peridotite; ocean island basalts; mantle 

heterogeneity 

2.1. Introduction 

 Basalts from oceanic provinces are proxies for compositions of Earth's convecting 

mantle. Thus, petrogenesis of the full spectrum of oceanic basalts is the key in 

constraining the range of possible heterogeneities of the mantle. Intraplate ocean island 

basalts (OIBs) are perhaps most sensitive to source heterogeneity because many of them 

erupt on thick lithospheres, thus, can potentially sample and preserve compositional 

signatures of deeper melts derived from more fusible lithologies (e.g., Dasgupta et al., 

2010; Ito and Mahoney, 2005; Phipps Morgan, 1997). Moreover, OIBs display 
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significant variability in terms of trace elements and isotopes, recording isotopic mantle 

end-members (e.g., Hofmann, 1997; Hofmann and White, 1982; Zindler and Hart, 1986). 

Global scale correlation of 206Pb/204Pb and 87Sr/86Sr to major element compositions of 

near- primary OIBs (Jackson and Dasgupta, 2008) also suggests that the isotopically 

heterogeneous mantle domains may be lithologically distinct. 

 Subducted oceanic crust is thought to be the dominant form of heterogeneity in a 

peridotitic mantle (e.g. Helffrich and Wood, 2001; Hofmann, 1988, 1997; Jackson and 

Dasgupta, 2008; Lassiter and Hauri, 1998). However, direct partial melting of neither 

volatile-free peridotite nor subducted oceanic crust (hereafter referred as MORB-

eclogite) produces major element characteristics of OIBs, in particular the ones that are 

alkalic in nature. Nominally volatile-free peridotite partial melts are too rich in SiO2, 

Al2O3 and poor in FeO*, TiO2, CaO/Al2O3 (Hirose and Kushiro, 1993; Takahashi, 

1986; Walter, 1998) while melts derived from nominally volatile- free MORB-eclogite 

are too poor in MgO and Mg# (molar MgO/ (MgO + FeO) × 100) and too rich in SiO2 to 

form primary OIBs (e.g. Pertermann and Hirschmann, 2003; Spandler et al., 2008). These 

discrepancies have prompted many to explore the partial melt compositions of volatile-

bearing peridotite (Dasgupta et al., 2007; Hirose, 1997), other mafic lithologies with 

(Dasgupta et al., 2006; Gerbode and Dasgupta, 2010) or without (Hirschmann et al., 

2003; Keshav et al., 2004; Kogiso and Hirschmann, 2006; Kogiso et al., 2003) volatiles 

and metasomatized lithosphere (Pilet et al., 2005, 2008) as alkalic OIB source. Mafic 

crustal lithologies are a popular choice as they satisfy a wide range of isotopic, minor and 

trace element characters of OIBs (e.g., Hofmann, 1997; Le Roux et al., 2011; Prytulak 

and Elliott, 2007) but their major element contributions are debated. 
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 Pyroxenites spanning compositions between basaltic ocean crust and mantle 

peridotite are found in orogenic or alpine massifs, ophiolites and abyssal peridotites and 

as xenoliths (Kogiso et al., 2004 and references therein), which indicates their presence in 

the Earth's lithosphere. Encouraged by these observations, a number of studies were 

undertaken to test high MgO, silica-poor garnet pyroxenites as alkali OIB source 

(Hirschmann et al., 2003; Keshav et al., 2004; Kogiso and Hirschmann, 2006; Kogiso et 

al., 2003). Although these studies produced basaltic partial melts with resemblance to 

parental OIBs, in detail, experimental partial melts remained MgO-poor (Kogiso and 

Hirschmann, 2006) and Al2O3-rich (Hirschmann et al., 2003) compared to alkalic OIB 

parents or required extreme mantle potential temperature of ≥1650 °C to match high 

FeO* and low Al2O3 (Kogiso et al., 2003). More importantly, it remains unclear whether 

silica-depleted pyroxenite compositions that are created in the Earth's lithosphere are 

similar to those that might be present in the asthenosphere and are thus available to 

undergo decompression melting. Although a range of processes can be envisioned that 

produce or emplace high-MgO pyroxenites in the asthenosphere, it is necessary to 

evaluate first whether processes involving only the most dominant rock-types, peridotite 

and subducted MORB crust, can generate the observed magmas. 

 Subducted oceanic crust, i.e., silica-excess eclogite at mantle conditions, is the 

most dominant form of mafic heterogeneity in the mantle (Hirschmann and Stolper, 

1996). However, its involvement in alkalic OIB source is discounted because it produces 

silicic, low- MgO partial melts, unlike any primitive ocean island basalts although no 

studies critically evaluated how the MORB-eclogite partial melts evolve upon interaction 

with mantle peridotite. Previous studies on peridotite–eclogite systems included high 
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pressure partial melting of MORB+peridotite layers/mixtures of various ratios (Kogiso et 

al., 1998; Yaxley, 2000; Yaxley and Green, 1998) with the layered runs capturing a 

scenario where partial melt of the MORB-eclogite has not been extracted from the site of 

production and the melt–rock reaction takes place in situ in a crust–mantle package. This 

may be only one end-member scenario of melt–rock reaction because melt- extraction 

process can be very efficient in the mantle and fractional melts of MORB-eclogite will 

rapidly move away from the site of their generation. In particular, it has been 

demonstrated that partial melt of eclogite can be extracted from such bodies unmodified 

(Kogiso et al., 2004). The solidus of MORB-eclogite intersects mantle adiabat 60–70 km 

deeper than the peridotite solidus (Figure 2-1). Partial melt from eclogite, upon extraction 

from such bodies, will thus subsequently react with subsolidus peridotite. Although 

MORB-eclogite partial melt and peridotite reaction has been considered in recent 

literature in the context of hybrid pyroxenite formation and for the generation of tholeiitic 

basalts from such hybrid pyroxenites (Herzberg, 2006; Sobolev et al., 2005, 2007), the 

exact nature of such reaction and how the original eclogite partial melt evolves in 

composition owing to possible reactive crystallization are unconstrained. 

 All the previous studies on the role of crust–mantle hybridization on the mantle-

derived melt compositions considered partial melting of a mixed source rock. No 

experimental studies thus far have systematically explored how the partial melts of 

MORB-eclogite react with peridotite. Also, many of the previous experiments in crust-

mantle systems were performed at pressure-temperature conditions above the solidus of 

volatile-free peridotite (e.g., Takahashi and Nakajima, 2002; Yaxley, 2000; Yaxley and 

Green, 1998) causing partial melt of MORB-eclogite to evolve by mixing with peridotite 
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partial melts (Figure 2-1). While such a scenario is reasonable in a “hot” mantle beneath 

Hawaii where the estimated potential temperatures are ~ 1550 °C (e.g., Herzberg et al., 

2007; Putirka, 2005), they may be less likely in many weak plumes, periphery of strong 

plumes, and in ambient mantle where potential temperature may be as low as 1350–1450 

°C (Courtier et al., 2007; Herzberg and Asimow, 2008). Melting of ambient mantle 

peridotite may be even more restricted as it may supply the necessary heat of fusion to 

the embedded eclogitic bodies (Katz and Rudge, 2011; Stolper and Asimow, 2007). 

 Here we test a null-hypothesis that Earth's subsolidus mantle is dominantly a 

mechanical mixture of fertile peridotite and MORB- eclogite and both alkalic and 

tholeiitic ocean island basalts can be generated through siliceous melt–subsolidus 

peridotite reaction. We report results of eclogite partial melt–peridotite reaction 

experiments at 2.5 and 3 GPa between 1375 and 1440 °C, i.e., at depths equivalent to the 

base of the lithosphere. 

2.2. Experimental Procedure 

 Basaltic andesite compositions corresponding to 8.9 and 36.4 wt.% partial melts 

of the natural volatile-free MORB-eclogite G2 at 3 GPa (Pertermann and Hirschmann, 

2003), hereafter referred as G2PM1 and G2PM2 respectively, served as the melt 

components in our study. The partial melt compositions were synthesized using reagent-

grade oxides and carbonates. All the oxides and carbonates were mixed under ethanol in 

an agate mortar. To minimize adsorbed water, SiO2, TiO2, Al2O3, and MgO were fired 

overnight at 1000 °C, Fe2O3 at 800 °C, MnO2 at 400 °C, CaCO3 at 250 °C and Na2CO3 
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and K2CO3 at 100 °C. The mixture was reduced at 1000 °C using a CO– CO2 gas 

mixture at fO2 ~ QFM-1. Compositions of the melt mixtures are given in Table 2-1 and 

were determined by microprobe analyses of glasses synthesized in a piston cylinder. The 

same aliquot of MixKLB-1 from the study of Dasgupta and Hirschmann (2006) was used 

as the fertile peridotite (Table 2-1). All the mixtures – G2PM1, G2PM2 and MixKLB-1 – 

were stored in the drying oven at 110 °C. Two kinds of starting material loading 

geometries were used — one was layered geometry with G2PM1 forming the top layer, 

i.e., at a location where the melt is dynamically stable based on the location of the hotspot 

in our assembly (Tsuno and Dasgupta, 2011) and the other was mixed geometry where 

G2PM1 or G2PM2 and MixKLB-1 were mixed together homogeneously. Added melt 

fraction was varied from 8 to 50 wt.% to simulate various scales of melt–rock interaction 

(Table 2-2). 

 All the experiments were performed using a 250-ton end-loaded piston cylinder 

apparatus in the experimental petrology laboratory of Rice University, following the half-

inch BaCO3/MgO/graphite furnace assembly calibration of Tsuno and Dasgupta (2011). 

The starting materials were contained in Pt/graphite double capsules. To achieve 

nominally volatile-free conditions, Pt capsules and BaCO3 sleeves were stored at 110 °C, 

graphite capsules and furnaces were stored at 300 °C, and the MgO spacers were fired 

overnight at 1000 °C. The experiments were conducted at 2.5 GPa-1375 °C and 3 GPa-

1375 °C using MixKLB-1 + G2PM1 and at 3 GPa-1440 °C using MixKLB-1 + G2PM2. 

These P–T conditions are such that the added melts, G2PM1 and G2PM2 would be just 

above their respective liquidi whereas MixKLB-1 would be subsolidus (Figure 2-1). All 

the experiments were first raised to the desired pressure and then heated to the desired 
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temperature at 80 °C/min. Temperatures were monitored and con- trolled using 

W95Re5/W74Re26 thermocouples. The duration of the runs was initially varied from 10 

to 92 h with time-series experiments performed for 10, 45.5 and 92 h in layered geometry 

with 12–14 wt.% melt added (Table 2-1). No systematic change in melt composition was 

observed as a function of run duration. Based on nucleation of garnet in the reaction layer 

and evolution of phase compositions with time, run duration greater than 10 h was 

deemed sufficient for close approach to equilibrium. The experiments were terminated by 

cutting off power to the heater. After this, the runs were decompressed slowly, the 

position of the thermocouples and the capsules with respect to the heater hotspot verified, 

and the cap- sules recovered. The recovered capsules were mounted in epoxy and then 

polished to 0.3 μm finish using Al2O3 slurry on velvet cloth. In some experiments, 

vacuum impregnation with epoxy had to be performed to reduce grain pluck-out. The 

final polished samples were cleaned thoroughly using ethanol in an ultrasonic bath.  

 Texture and phase compositions were investigated using a Cameca SX50 electron 

microprobe at Texas A&M University. Phase identification was done using Imix 

Princeton Gamma Tech (PGT) energy dispersive spectroscopy and quantitative analyses 

of the phases were performed using wavelength-dispersive spectroscopy. All com- 

positional analyses were done at 15 kV accelerating voltage. While glasses were analyzed 

at 10 nA using 10 μm diameter beam, melts with dendritic quenched phases and 

crystalline phases were analyzed at 20 nA using 15 μm beam for the former and 1 μm 

beam for the latter. The counting times used for the phase analyses ranged from 20 to 80 

s on peak and half that time on each background. In order to pre- vent alkali diffusion in 

glass, Na was analyzed for 20 s on peak and 10 s on each background. Using a relatively 
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large beam size for the quenched melt pools and analyzing as many locations as possible 

en- sured that a representative composition was obtained for the corresponding melts. In 

particular, for obtaining compositions of low- degree melts in ~ 8 wt.% melt-added 

experiments we analyzed melt pools in up to three newly exposed sample surfaces by 

serial polishing. In addition, well-known dependence of olivine-melt Fe–Mg KD on melt 

and olivine compositions (Filiberto and Dasgupta, 2011; Kushiro and Walter, 1998; 

Toplis, 2005) was used as a filter to obtain permissible range of melt compositions for 

experiments with poor melt-pool exposure. Because compositional zoning was evident in 

garnets, the rim compositions were analyzed. Analytical standards used include an albite 

(Na), diopside (Mg, Si, Ca,), enstatite (Mg, Si), olivine (Mg, Si, Fe), orthoclase (Al, K), 

pyrope (Mg, Al, Si, Ca, Fe), il- menite (Ti), chromite (Cr), spessartine (Mn), nickel (Ni) 

and Indian Ocean glass (Mg, Al, Si, Ca). 

2.1. Results 

2.1.1. Phase assemblages and textures 

 The experiments with MixKLB-1, where no eclogite-derived melt was added, 

produced a four-phase lherzolite (olivine + orthopyroxene + clinopyroxene + garnet) at 

1375 °C and at both 3 and 2.5 GPa (Table 2-2; Figure 2-2a). Compared to 3 GPa, the 

modal proportion of orthopyroxene is higher and that of garnet is lower at 2.5 GPa. 

 The melt-added layered experiments produced reacted melts, typically quenched 

to glasses and lherzolitic residual mineral assemblage separated by a reaction-zone 

comprising orthopyroxene + clinopyroxene + garnet. No difference in texture and phase 
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assemblage was observed as a function of melt fraction added. The melt-added mixed 

experiments produced an assemblage of melt + orthopyroxene ± clinopyroxene ± olivine 

± garnet. The reacted melt quenched to a dendritic mass pooled at the top of the capsules 

but there existed a melt network along grain edges running throughout the residue. With 

increasing amount of melt added, the olivine mode decreased from ~60 wt.% to 0 wt.% 

and the orthopyroxene mode increased from ~ 17 wt.% to ~ 51 wt.% (Table 2-2, Figure 

A-1). Thus, the residual assemblage became olivine- free only when the amount of melt 

added was 50 wt.% and, therefore, the lithology of the residual assemblage evolved from 

lherzolite to websterite for runs at 1375 °C as well as those at 1440 °C. The only key 

difference in mineral modes observed between the 1375 °C runs and those at 1440 °C is 

the change in modal clinopyroxene and garnet. In the runs at 1440 °C, clinopyroxene 

mode decreased from ~11 wt.% to 0 wt.% subsequently rising to ~18 wt.% as added melt 

increased from 8% to 33% until 50%. A similar trend was also observed for garnet modes 

where with increasing melt added, the modes decreased from ~5 wt.% to 0 wt.% and 

subsequently increased to 10 wt.%. In the runs at 1375 °C (both at 3 GPa and 2.5 GPa), 

clinopyroxene and garnet were present in all the melt added runs. 

2.1.2. Approach to chemical equilibrium 

 Our experiments were not reversed and BSE images show that there is zoning in 

garnet. This indicates that complete equilibrium had not been achieved, however, a close 

approach to equilibrium as well as closed system during experiments can be 

demonstrated by the following criteria: (1) mass balance of the phases in all the exper- 

iments including melt-free peridotite experiments produced sum of squared residuals of 

0.01–0.63 (Table 2-2). Considering the uncertainty in measurement of reacted melt in the 
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form of dendritic quenched masses for mixed runs, this range in sum of squared residuals 

may be considered quite low, hence, indicative of the system being closed during 

experiments. (2) The application of two-pyroxene thermometer of Brey and Kohler 

(1990) using average compositions of pyroxenes yielded temperatures within 70 °C of 

the run temperatures (Table 2-2), which indicates a close approach to equilibrium in the 

experiments. (3) Average KD
Fe*–Mg(ol-melt) for the mixed runs are given in Table 2-3 

and they vary from 0.28 to 0.37, which, within limits of uncertainty, are in good 

agreement with the predicted KD values from the parameterizations of Kushiro and 

Walter (1998) and Toplis (2005). Thus, it can be assessed that the runs approached 

equilibrium at least in terms of diffusion of Fe and Mg through olivine and Toplis (2005). 

Thus, it can be assessed that the runs approached equilibrium at least in terms of diffusion 

of Fe and Mg through olivine and melt. (4) D 	 	 / (0.16-0.24), 

D 	 	 /  (0.33-0.62), D 	 	 / (0.27-0.57) are all in agreement 

with similar experimental values from literature (Yaxley and Green, 1998; Kogiso et al., 

1998: D / = 0.11-0.21; D / = 0.44-0.55; and D / = 0.43-0.55), thus 

confirming local mineral–melt equilibrium in the layered experiments. 

2.1.3. Phase compositions 

2.1.3.1. Reacted melt 

 Since the evolution of the reacted melt composition in the layered experiments 

depend on the extent of wall-rock reaction and the chief phase formed by such reaction is 

orthopyroxene, we discuss the compositions of the reacted melts as a function of opx-
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enrichment which is the difference between weight fraction of orthopyroxene after melt–

rock re- action and weight fraction of orthopyroxene in the melt-free peridotite (Figure 2-

3). It is observed that with increasing extent of melt–rock reaction and opx-enrichment 

from ~0.05 to 0.15, there is a decrease in melt SiO2 from 55.0±0.3 to 45±1wt.%, TiO2 

from 5.60±0.08 to 2.36± 0.04 wt.%, Al2O3 from 14.7±0.2 to 13±1 wt.%, Na2O from 

4.20±0.07 to 2.17 ± 0.07 wt.%, K2O from 0.24 ± 0.02 to 0.09 ± 0.02 wt.% (Figure A-6) 

and increase in MgO from 6.0 ± 0.1 to 15 ± 2 wt.%, Mg# from 54.80 ± 0.01 to 

75.82±0.01 and CaO from 7.25±0.08 to 10.9±0.2 wt.%. There is no trend observed in 

case of FeO* which ranges from 7.8 ± 0.1 to 9 ± 1 wt.%. Also, there is no noticeable 

difference between the reacted melt at 2.5 GPa and those at 3 GPa. 

 For mixed runs, the reacted melt compositions vary as a function of bulk 

composition, hence, the melt:rock ratio (Figure 2-4). Increase in SiO2 from 44±2 to 

48.0±0.7wt.%, TiO2 from 2.24±0.07 to 7.8± 0.4 wt.%, Al2O3 from 12.6 ± 0.4 to 14.3 ± 

0.7 wt.%, Na2O from 2 ± 1 to 4.1 ± 0.4 wt.%, K2O from 0.20 ± 0.10 to 0.41 ± 0.08 wt.%. 

(for experiments at 1375 °C) and 0.09 ± 0.01 to 0.15 ± 0.04 wt.%. (for experiments at 

1440 °C), and decrease in CaO from 11 ± 1 to 7.5 ± 0.4 wt.%, MgO from 16.3±0.8 to 

10±1 wt.% and Mg# from 75.5± 0.2 to 65.35 ± 0.03 are observed as added melt fraction 

was varied from 8 to 50 wt.%. No significant trend is observed for FeO* and the 

concentration ranges from 9.0 ± 0.2 to 11 ± 1 wt.%. Once again, no significant difference 

in trends is observed between the 1375 °C experiments at 2.5 and 3 GPa. For the 

experiments at 1440 °C and 3 GPa, TiO2 and Na2O concentrations in the reacted melts 

are ~ 3 and ~ 1 wt.% lower respectively as compared to those at 1375 °C and this can be 

attributed to higher melt fractions produced at higher temperature (Table 2-2) especially 
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for the 33 and 50 wt.% melt added runs as well as slightly depleted composition of the 

original eclogite-derived melt. 

2.1.3.2. Mineral compositions 

 The mineral compositions are given in Supplementary Table 2-3 and plotted as a 

function of amount of melt added in Supplementary Figure A-2–A-5. As discussed 

earlier, there are two kinds of orthopyroxenes, clinopyroxenes and garnets in the layered 

runs — one in the websteritic reaction-zone while the other in the far-field lherzolite. The 

main differ- ence in the average composition between orthopyroxenes in the websterite 

zone versus those in the far field peridotite is slight enrichment in TiO2, FeO* and 

depletion in Al2O3, Cr2O3 in the former with respect to the latter. Both kinds of 

orthopyroxenes from the melt-added layered runs, however, show higher TiO2, FeO* 

concentrations and lower MgO concentrations with respect to those from the melt-free 

runs suggesting diffusive enrichment of the far field peridotite (Figure A-2). Reaction-

zone clinopyroxenes show an enrichment of TiO2, FeO and Na2O, and depletion in 

Cr2O3, MgO over those in melt-free, subsolidus lherzolite at similar conditions. Further, 

the reaction-zone clinopyroxenes are depleted in Cr2O3 and CaO while enriched in TiO2, 

Na2O and FeO* with respect to those from the far field lherzolitic zone (Figure A-3). 

Garnet compositions also show increased FeO, and decreased MgO in the wall–rock zone 

as compared to those in the far-field lherzolite. The garnets in the far-field lherzolite of 

layered runs in turn show an increase in FeO* and decrease in MgO with respect to the 

garnets from the melt-free runs (Figure A-4). 

 For mixed runs, the mineral compositions evolve as a function of melt mass 
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added. With increasing melt fraction, forsterite content in olivine decreases from 90 to 87 

(Figure A-5). For orthopyroxene, there is an increase in TiO2, Al2O3, FeO* and decrease 

in Cr2O3 and MgO with increasing melt fraction from zero to 50 wt.% (Figure A-2). The 

only sig- nificant difference between the orthopyroxenes formed at 1375 °C versus 1440 

°C is that the latter are lower in TiO2 by ~0.4 wt.% for runs with higher added melt 

fractions (Figure A-2). For clinopyroxene, concentrations of TiO2, Al2O3, FeO* and 

Na2O increase and that of CaO decreases with respect to the melt-free peridotite. Again, 

the only significant difference between the clinopyroxenes from 1375 °C versus 1440 °C 

is that for the latter TiO2 is lower for runs with 50 wt.%. melt added (Figure A-3). For 

garnet, concentrations of TiO2, FeO* increase and Cr2O3, CaO and MgO decrease with 

increasing melt fraction. There is no significant difference in composition be- tween 

garnets from the 1375 °C and the 1440 °C runs (Figure A-4). 

2.2. Discussion 

2.2.1. Evolution of basaltic andesites by reaction with peridotite 

2.2.1.1. Layered runs 

 Because the basaltic andesite partial melts of MORB-eclogite have higher 

concentrations of SiO2, TiO2, Al2O3, Na2O, and K2O than lherzolite, greater interaction 

between the two results in decrease of these oxides in the reacted melt through formation 

of websteritic pyroxenes and consumption of olivine (Figure 2-3, Figure A-6; Eqs. (2-1) 

– (2-3)). The opposite happens for MgO and Mg# which are greater in the peridotite than 

the partial melt of MORB-eclogite. 
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SiO2    +  Mg2SiO4 → Mg2Si2O6       (2-1) 
(melt)           (olivine)              (opx) 
 

 Al2O3 +  Mg2SiO4 → MgAlAlSiO6 + MgO      (2-2) 
 (melt)          (olivine)                 (opx)   (melt) 
 

TiO2 + Al2O3 + Mg2SiO4 → MgTiAl2O6 + MgSiO3     (2-3) 
(melt)      (melt)        (olivine)               (opx)               (opx) 
 

 For CaO, however, even though it is elevated in the partial melt of MORB-

eclogite compared to peridotite, with increasing (diffusive) opx-enrichment the CaO 

concentration in the reacted melts increase (Figure 2-3). With increasing melt–rock 

reaction, diopside component in clinopyroxene breaks down to form orthopyroxene and 

release calcic component in the melt (Eq. (2-4)). 

CaMgSi2O6 → CaSiO3 + MgSiO3.                                                                         (2-4) 
     (cpx)                   (melt)          (opx) 
 

 Using the resultant and starting phase proportions and following the method of 

Walter et al. (1995), we obtained the average chemical reactions for each melt–rock pair. 

The calculated chemical reactions are given in Table A-2, which confirms the reactions 

proposed above and show that the layered experiments mainly precipitated orthopyr- 

oxene and consumed clinopyroxene and garnet. 

2.2.1.2. Mixed runs 

 In case of mixed runs, higher melt:rock ratio corresponds to higher TiO2, Al2O3, 
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Na2O, K2O and lower MgO and Mg# in the bulk composition and the evolution of 

reacted melt follows that trend (Figure 2-4, Figure A-6). No significant trend is observed 

for FeO* owing partly to similar FeO* concentrations in both the lherzolite and the 

basaltic andesite melts. For CaO, the trend is opposite, i.e., CaO concentrations decrease 

with increased melt–rock ratio and this can be attributed to increased D /  as the 

lithology evolves from lherzolite to websterite. The estimated reactions (Table A-2) 

confirm that the production of orthopyroxene and clinopyroxene took place at the 

expense of olivine and melt for the mixed experiments. Further, the plot of produced melt 

fraction versus introduced melt fraction (Figure 2-5) reveals that while there is no 

noticeable change in the melt mass after the reaction for the layered experiments, melt is 

clearly consumed in the mixed experiments. The fact that melt is consumed in all the 

reactions for the mixed runs at 1375 °C suggests that melt composition evolution took 

place by reactive crystallization. For the mixed runs at 1440 °C, it is observed that melt is 

produced during the melt–rock reaction for the 8% and 33% melt added runs whereas for 

the 50% melt added run, melt is consumed along with olivine (Figure 2-5). We suspect 

that the increase of melt mass for the relatively low melt-added 1440 °C experiments may 

owe partly to a small ex- tent of partial melting of the lherzolite itself. This inference is 

consistent with our no melt-added experiment with MixKLB-1 at this temperature, which 

produced a small amount of melt (Table A-2) and the recent 3 GPa solidus determination 

for KLB-1 by Davis et al. (2011) of 1445 ± 15 °C. 

 Despite the difference in the initial eclogite partial melt composition, i.e., G2PM1 

and G2PM2, there is no significant compositional difference between the reacted melts at 

1375 °C and 1440 °C for low melt–rock ratios. This is because the composition of the 
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reacted melt is buffered by peridotite. However, for higher melt:rock ratios, the reacted 

melts at 1440 °C are depleted in TiO2, Na2O, K2O and enriched in FeO*, MgO, CaO 

and Mg# with respect to the melts at 1375 °C, reflecting the compositional difference 

between the two initial starting melts. 

2.2.2. Transition from silica-rich to silica-poor magma 

 Ocean island basalts (OIB) can be both alkalic and tholeiitic and there can be a 

transition from alkalic to tholeiitic and vice-versa with- in the same island group such as 

in Hawaii (e.g. Chen et al., 1991; Garcia et al., 1995; Keshav et al., 2004; MacDonald 

and Katsura, 1964; Roden et al., 1984). Recent studies, aimed at explaining both types of 

OIBs, called for a number of different mafic source lithologies and no study suggests a 

ubiquitous process that provides a genetic link among all types of OIBs. Our study may 

provide a simpler solution to generation of both alkalic and tholeiitic OIBs and is 

discussed in the following section. 

 Reacted melts from this experimental study are plotted in the pseudoternary 

system forsterite–Ca–Tschermak–quartz projected from diopside, where Ca–Tschermak–

enstatite join acts as a thermal divide for melts coexisting with garnet and pyroxene 

(Figure 2-6). MORB-eclogite derived partial melts lie to the silica-saturated (right) side 

of the thermal divide while peridotites lie to the silica- undersaturated side of the thermal 

divide. Reaction between them in varying ratio resulted in the reacted melt compositions 

to form a trend from the silica-saturated to the silica-understaturated side of the divide. In 

both the layered and the mixed runs, a continuous spectrum from tholeiitic to alkalic melt 

compositions is formed. For the layered runs, the transition from tholeiitic to alkalic 
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melts takes place due to increasing melt–rock reaction, i.e., opx-enrichment. For mixed 

runs, the transition from mildly tholeiitic to alkalic lavas takes place with decreasing 

melt–rock ratio. However, there is a caveat to the tholeiitic melts generated by melt–rock 

reaction in this study. In the layered runs, the tholeiitic melts have Mg# of 54.8 to 69.2 

and MgO content of 5.4 to 9.61 wt.%, hence, these melts are not suitable candidates for 

primary lavas. For the mixed runs, the mildly tholeiitic lavas are the experiments where 

the amount of melt added to the peridotite was ~50 wt.%. The Mg# of these melts is ~65, 

which indicates that they may not be primary magmas either, albeit closer to a primary 

composition as compared to those produced in the layered experiments. If these melts 

manage to form a channel during their extraction, they are thus more likely to retain their 

tholeiitic nature unaltered. 

2.2.3. Ocean island basalts versus reacted MORB-eclogite melts 

 The reacted melts from our study were also compared in detail to major elements 

in OIBs in Figure 2-7. We show that the reacted melts from the layered runs with opx-

enrichment higher than 0.09 weight fraction have MgO content from ~9.5 to 15 wt.% and 

hence are potential candidates for primary magmas. These melts are alkalic in nature and 

in terms of their SiO2 (45–52 wt.%), TiO2 (2.4–4.9 wt.%), Al2O3 (13–13.7 wt.%) and 

Na2O (2.2–4.2 wt.%) contents, they are a better match for many natural alkalic OIBs as 

compared to most known partial melts of volatile-free peridotite at a finite melt fraction. 

While these particular reacted melts, at a given MgO, are low in CaO and CaO/Al2O3 

with respect to OIBs, olivine fractionation can improve their overlap with natural OIBs in 

terms of this oxide and oxide ratio. The most significant discrepancy between alkalic 
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melts produced in our layered experiments versus natural primary OIBs is FeO* content 

which cannot be minimized simply by olivine fractionation. 

 All the reacted melts from mixed runs have MgO content ≥10 wt.% and they 

increase in MgO with decreasing melt:rock ratio (Figures 2-4 and 2-7), hence, they may 

be considered as potential primary magmas. Except for the 50 wt.% melt added 

experiments, the other reacted melts have Mg# > 70, which indicates they are in 

equilibrium with mantle olivine (Fo89–91). These melts have a greater chance to traverse 

through the mantle without significant modification. Reacted melts from the mixed runs 

with MgO concentration of 10–16.3 wt.% have SiO2 (44–48 wt.%) and Al2O3 (12.6–

14.3 wt.%) concentrations within the major element spectrum of natural alkalic OIBs but 

they are still low in FeO*, CaO and CaO/Al2O3 (Figure 2-7). Once again, olivine 

fractionation during shallow magma chamber processes will drive the melt composition 

to match better with the spectrum of OIBs in terms of CaO and CaO/Al2O3 but some 

natural alkalic OIBs, especially the HIMU end-member magma (Jackson and Dasgupta, 

2008) remains slightly depleted in Al2O3 and enriched in CaO and CaO/Al2O3 with 

respect to the reacted partial melt with lowest melt: rock ratio achieved in our study. 

Based on the major element oxide trends of reacted melts as a function of decreasing 

melt:rock ratio (Figure 2-4), we predict that somewhat lower melt:rock ratio that yields 

even lower melt fraction (<4–5 wt.%) post-reactive crystallization, will produce a closer 

match with HIMU-type OIBs in terms of CaO and CaO/Al2O3. The TiO2 contents of 

some of these reacted melts spanning the range from 6.1 to 7.8 wt.% as well as Na2O 

contents varying from 3.8 to 4.1 wt.% is on the higher side for given MgO contents as 

compared to natural lavas. This indicates that these melts may not by themselves erupt as 
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OIBs but upon ascent through the mantle but may get mixed with depleted peridotite 

partial melts and thus con- tribute to the major element characteristic of OIBs. Olivine 

fractionation can also cause the reacted melts from mixed runs with MgO content >15 

wt.% to match with OIBs better in terms of TiO2, Na2O and CaO/Al2O3 (Figure 2-7). 

We note that the main problem remains in terms of FeO*, which cannot be solved by 

crystal fractionation and does not appear to improve with lower melt:rock ratio of 

reaction. 

 Thus it is observed that the basaltic andesite melts derived from MORB-eclogite 

upon reaction with fertile mantle peridotite can result reacted melts with SiO2, TiO2, 

Al2O3, CaO, Na2O, and CaO/Al2O3 concentrations that match with OIBs better than the 

partial melts of volatile-free peridotite or MORB-eclogite. In fact, the most significant 

improvements for the reacted melts of this study over those performed before are a better 

match with natural OIBs in terms of Al2O3 and TiO2 which have been issues with the 

studies undertaken before. For example, in the study by Gerbode and Dasgupta (2010), 

the lowest Al2O3 content for their silica-poor partial melts was 13.4 wt.% (which was 

quite higher than the 9–11 wt.% range for most OIBs) whereas in our study, the lowest 

concentration of Al2O3 is 12.6 wt.%. Also, in the study of partial melting of carbonated 

peridotite by Dasgupta et al. (2007), the maximum TiO2 content of the melts was 1.86 

wt.% and in the recent study of Davis et al. (2011), documenting near-solidus melt 

composition of KLB-1 garnet peridotite, the TiO2 content of the melt was ≤2.5 wt.%, 

which is just on the lower boundary of the 2–6 wt.% TiO2 observed in natural alkalic 

lavas (Figure 2-7). In our study, the TiO2 content of the reacted melts is 2.24–4.1 wt.% at 

MgO content of 15 ± 2 wt.%, which is well within the desirable range of natural alkalic 
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OIBs. Although the lowest SiO2 content (44 wt.% with ~ 13 wt.% MgO) of reacted melt 

in our study is similar to that in HIMU lavas (HIMU basalts with 10–16 wt.% MgO have 

average SiO2 content of 43.64 ± 0.49 wt.%; Jackson and Dasgupta, 2008), for further 

depletion in SiO2 and Al2O3, a carbonated source and/or somewhat higher pressure of 

melt–mantle equilibration may be necessary. While partial melting of carbonated 

peridotite (Dasgupta et al., 2007) and carbonated MORB-eclogite (Gerbode and 

Dasgupta, 2010) have failed to produce certain aspects of the major element chemistry of 

alkalic basalts with HIMU affinity, it remains to be seen how dissolved CO2 affects 

reacted melt compositions in a melt–rock reaction scenario such as the one proposed in 

this study. Another challenge is that the FeO* concentration of the reacted melts is still 

lower than natural OIBs. While the range of FeO* concentration for natural OIBs is ~10–

14 wt.% for MgO concentrations in the range of primary lavas, the range of FeO* 

concentration in our study is from ~ 7.6 to 10.3 wt.%, thus only overlap with the lower 

limit of the natural alkalic OIBs. Again, melt–rock reaction along a hotter mantle adiabat, 

i.e., at a greater depth and higher temperatures may partly explain the elevated FeO* 

content of natural basalts. Higher FeO* in alkalic OIBs may also require Fe-enriched 

sources such as those produced by solid-state reaction between MORB-crust and 

peridotite (Herzberg, 2011) and/or suggest more oxidized mantle sources for at least 

some of the OIBs (Herzberg and Asimow, 2008). Further experiments will be necessary 

to test these various predictions. 

 Finally, we note that the K2O contents of alkali melts (~0.2–0.3 wt.%) produced 

in our study are distinctly lower than most natural OIBs but this discrepancy is caused 

primarily by the choice of our experimental starting materials, which are K2O depleted. 
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Reaction between partial melts derived from more K-enriched MORB-crust (e.g., 

Spandler et al., 2008) and primitive peridotite composition (McDonough and Sun, 1995) 

will likely yield desired melt compositions in terms of K2O. 

2.2.4. Reaction between MORB-eclogite partial melt and subsolidus peridotite in 

an upwelling mantle 

 While we established that reaction between partial melt of MORB- eclogite and 

subsolidus peridotite can produce melts with many compositional similarities to natural 

OIBs, it is also important to consider a plausible geodynamic setting that can produce 

such a reaction. Mantle potential temperatures (TP) of 1430–1500 °C have been esti- 

mated for OIBs with MgO contents of 15 wt.% (e.g., Herzberg et al., 2007). Our study, 

however, demonstrates that a TP of ~1350 °C is sufficient to produce primary magmas 

with MgO content as high as 16 wt.%. Thus we suggest that studies, which do not take 

into account eclogite melt–peridotite reaction likely overestimate TP for OIB source 

regions. Moreover, the reacted melt derived from our lowest melt: rock ratio experiments 

closely resemble the incipient partial melt of garnet peridotite (Figure 2-7), although the 

equilibration took place at a temperature distinctly below the peridotite solidus. Figure 2-

8 shows a cartoon slice of upwelling mantle in a region with a 70 km thick lithosphere 

and mantle potential temperature of 1350 °C. Upwelling mantle consisting of peridotite 

and pods of MORB-eclogite encounters the solidus at a depth of ~130 km where the 

eclogite starts to melt partially (we acknowledge that a limited extent of solid-state re- 

action between recycled MORB-crust and peridotite likely takes place, but our model 

scenario assumes that at least the core of the recycled MORB-eclogite pods remains 
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unmodified to undergo partial melting at its solidus). The basaltic andesite partial melts 

from these MORB- eclogite pods then react with the surrounding peridotite which is still 

in the subsolidus state and the reacted melt is extracted as OIBs. Our experiments capture 

melt–rock reaction at the base of a mature oceanic lithosphere. However, as shown in 

Figure 2-1, there is a wide window of P–T space where MORB-eclogite partial melt can 

interact with peridotite. In fact, it is likely that melt–rock interaction at depths greater 

than that studied here will yield reacted partial melt with lower Al2O3 content owing to 

expanded stability of garnet over websteritic pyroxenes and thus producing a better match 

with natural OIBs. 

 Although we focus on reactive evolution of eclogite partial melts beneath ocean 

islands, the process likely also takes place beneath mid-ocean ridges. The presence of 

heterogeneities in the MORB source has been proposed by several studies (e.g. Allegre 

and Turcotte, 1986; Hirschmann and Stolper, 1996; Niu and Batiza, 1997; Salters and 

Dick, 2002; Schiano et al., 1997). For fast to moderately fast spreading ridges, significant 

melting of the upwelling peridotite at shallow depths will likely dilute signatures of 

reacted eclogite melts. On the other hand, in slow to ultra-slow spreading ridges where 

the upwelling peridotite dissipates enough heat to remain in the subsolidus state even at 

shallow conditions, reacted melts as posited in this study can be sampled. The sampling 

of enriched melts has been observed in ultra-slow spreading ridges such as Gakkel Ridge 

(Michael et al., 2003) and South-West Indian ridge (Standish et al., 2008) and the studies 

have hinted at the presence of heterogeneities in the mantle source. Melt–rock reaction 

between partial melt derived from eclogite bodies with subsolidus peridotite may explain 

the formation of such enriched melts. However, further study targeted specifically at 
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ridge processes is required to confirm this proposition. 

2.2.5. The nature of mafic heterogeneities in the Earth’s mantle 

 The results of our MORB melt–peridotite reaction experiments allow us to 

comment on the required nature of mantle heterogeneities at OIB source regions. In 

Figure 2-6c, we compare the reacted melts from our study with partial melts of volatile-

free MORB-eclogite, volatile-free fertile peridotite, silica-poor garnet pyroxenite and 

biminerallic eclogite, silica-excess hybrid pyroxenite, and MORB-eclogite- peridotite 

hybrids. It is observed that the silica-poor mafic lithologies produce basalts with no more 

alkalinity as the reacted melts from our study. Our results thus demonstrate that although 

MORB-eclogite bodies themselves produce silica-rich partial melts, the major element 

composition of alkalic basalts can largely be generated by reaction of such melts with 

subsolidus mantle peridotite. Hence alkalic OIB major element chemistry does not call 

for distinct silica- deficient mafic heterogeneities in the mantle. While on one hand our 

study obviates the need of any other form of exotic heterogeneities but MORB-crust in 

the subsolidus, convecting mantle, melting of MORB-eclogite and subsequent melt–rock 

reaction does produce new heterogeneities in the shallow mantle melting column. For ex- 

ample, our melt–rock reaction can produce olivine-free hybrid pyroxenites, which are 

argued to be proximal source of tholeiitic basalts in ocean islands and large igneous 

provinces (Herzberg, 2006; Sobolev et al., 2005, 2007). Similarly, extraction of reacted 

melts from mixed melt–rock assemblage also leaves behind residues that span a range 

from lherzolite, olivine–websterite to websterite. Future studies will need to provide a 

complete characterization and melting systematics of such heterogeneities. 
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2.3. Conclusions 

 We demonstrate that reaction between basaltic andesite partial melt of MORB-

eclogite (subducted oceanic crust) and volatile-free subsolidus peridotite, with low to 

intermediate melt:rock ratio, at the base of old oceanic lithosphere forms alkalic basalts. 

Reacted melts have SiO2, TiO2, Al2O3, CaO, Na2O, and CaO/Al2O3 concentrations that 

match better with alkalic OIBs compared to partial melts of volatile-free peridotite or 

MORB-eclogite. The reacted melts, however, are poorer in FeO* compared to most 

alkalic OIBs. Our study thus suggests that reaction between siliceous melt derived from 

recycled oceanic crust and peridotite not only generates hybrid pyroxenite, a source for 

ocean island tholeiites (Herzberg, 2006; Sobolev et al., 2005, 2007), but also can produce 

alkalic basalts similar to those from intraplate ocean islands. We emphasize that eclogitic 

partial melts evolve to alkalic basalts without contribution from peridotite partial melts 

and tholeiitic to alkalic basalts can be generated in the process of variable reactive 

crystallization.



	

 

 

Figure 2-1. Plausible pressure–temperature conditions (hatched area) where partial melt from MORB-
eclogite can react with a fertile peridotite in the subsolidus state. Solid green lines and gray dashed lines 
represent fertile peridotite and MORB-eclogite solidi respectively, based on the following studies: He00 — 
Herzberg et al. (2000); Hi00 — Hirschmann (2000); Y94 — Yasuda et al. (1994); PH03 — Pertermann and 
Hirschmann (2003); and S08 — Spandler et al. (2008). Blue zone, marked ‘Ridge’, indicates adiabats with 
mantle potential temperatures ranging from 1315 °C (McKenzie et al., 2005) to 1454 °C (Putirka, 2005), 
relevant for mid-oceanic ridges. Pink zone, marked ‘Plume’, indicates adiabats with mantle potential 
temperatures ranging from 1342 °C (Herzberg and Gazel, 2009) to 1550 °C (Herzberg et al., 2007), 
relevant for intraplate ocean islands. Pressure–temperature conditions for MORB-eclogite/peridotite 
experiments from literature as well as those from this study are shown. We note that all the four previous 
studies on partial melting of MORB-eclogite–peridotite hybrids (Kogiso et al., 1998; Takahashi and 
Nakajima, 2002; Yaxley, 2000; Yaxley and Green, 1998) have a few experimental conditions above the 
solidus of peridotite which implies that in those runs, melt–melt mixing took place between partial melt of 
eclogite and that of peridotite 
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Figure 2-2. Representative back-scattered electron images of experiments with (a) no melt-added 
subsolidus lherzolite (run no. G125), (b) homogeneous mixture of basaltic andesite melt and lherzolite (run 
no. G150), and (c, d) basaltic andesite melt–lherzolite in a layered geometry (run no. G108). The inset in 
(b) shows a close-up view of the area marked by the white rectangle. All the micrographs are for 
experiments performed at 1375 °C and 3 GPa. Arrows on the figures indicate top direction of the capsules. 
Abbreviations for mineral names are the same as used in Table A-2. 
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Figure 2-3.  Composition of reacted melts from the layered experiments as a function of opx-enrichment 
(orthopyroxene mode after melt–lherzolite reaction minus orthopyroxene in melt-free subsolidus 
lherzolite). Squares with a white dot in the center are time-series experiments performed at 45.5 and 92 h. 
Composition of the initial melt, G2PM1 is plotted for reference by horizontal lines across the plots. Error 
bars for the reacted melt compositions and G2PM1 (stippled areas) represent ±1σ (wt.%) based on replicate 
microprobe analyses. The errors in opx-enrichment are calculated by propagating the errors in estimated 
phase proportions in the melt–rock reaction experiments and the melt-free subsolidus lherzolite 
experiments. 
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Figure 2-4. Composition of reacted melts from the mixed runs plotted as a function of added melt fraction 
(in weight percent). Error bars, ± 1σ (wt.%), for the reacted melts are based on replicate microprobe 
analyses. The trends for evolution of melt composition are hand-sketched and not rigorously fitted. Red 
stippled lines and “high-T” represent melts from experiments at 1440 °C (Table 2-1) and with a higher-
degree initial MORB-eclogite partial melt composition (G2PM2; Table 2-1). Blue stippled lines and “low-
T” represents melts from experiments at 1375 °C (Table 2-1) with a lower-degree initial MORB-eclogite 
partial melt composition (G2PM1; Table 2-1). Black stippled lines represent trends that appear common to 
experiments performed at both temperatures. No significant difference in reacted melt compositions is 
observed between the experiments at 2.5 GPa and 3 GPa.  
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Figure 2-5. Melt added in weight fraction versus melt mode obtained after the reaction in weight fraction, 
calculated from mass balance. The experiments with melt mode plotted above the 1:1 line indicate that melt 
has been produced in the chemical reactions while those with melt mode plotted below the 1:1 line suggest 
that melt has been consumed in the chemical reaction with fertile peridotite. Symbols used are the same as 
used in Figures 2-3 and 2-4 and melt modes are reported in Table 2-2. Error bars represent ±1σ uncertainty 
in calculated modes derived by propagating uncertainty in the phase compositions. Layered experiments 
typically produced higher melt mode compared to mixed experiments for a given added melt fraction. Melt 
mode from layered experiments shows roughly 1:1 correspondence with the added melt fraction whereas 
melt has mostly been consumed for experiments with homogeneous melt–lherzolite mixtures. 
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Figure 2-6. Pseudoternary system forsterite (Fo)-calcium tschermak (CaTs)-quartz (Qz) projected from 
diopside (Di) (O'Hara, 1968) comparing reacted melts from our study with nat- ural OIBs (a and b) and 
experimental partial melts (c) of volatile-free lherzolite (2.5–5 GPa; Davis et al., 2011; Hirose and Kushiro, 
1993; Takahashi, 1986; Walter, 1998), MORB- eclogite (Pertermann and Hirschmann, 2003; Spandler et 
al., 2008), eclogite–peridotite hybrids (Kogiso et al., 1998; Takahashi and Nakajima, 2002; Yaxley and 
Green, 1998), silica- poor garnet pyroxenites (Hirschmann et al., 2003; Kogiso and Hirschmann, 2006; 
Kogiso et al., 2003), and silica-excess hybrid pyroxenite (Sobolev et al., 2007). Also shown for reference 
are starting MORB-eclogite partial melts G2PM1 and G2PM2 and fertile peridotite MixKLB-1 used in our 
study. Natural OIBs are from GEOROC database (http://georoc. mpch-mainz.gwdg.de/georoc/) and field of 
natural peridotites after Kogiso et al. (2003). Symbols for reacted melts in this study are the same as those 
used in Figures 2-3–2-5. Red diamond with black outline represents incipient partial melt of peridotite as 
reported by Davis et al. (2011). The arrows refer to direction of increasing melt–rock reaction for layered 
runs and decreasing melt–rock ratio for mixed runs (see text for further details). The tick-marks on the 
arrow in (a) indicate opx-enrichment in weight fraction while those on the arrow in (b) indicate amount of 
melt added to peridotite in weight percent.  
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Figure 2-7. MgO versus other major oxide plots comparing reacted partial melts from this study with 
natural OIBs (tholeiitic and alkalic basalts are plotted separately and taken from the GEOROC database), 
partial melts of volatile-free MORB-eclogite (Pertermann and Hirschmann, 2003; Spandler et al., 2008), 
and partial melts of fertile peridotite (Davis et al., 2011; Hirose and Kushiro, 1993; Takahashi, 1986; 
Walter, 1998). Average HIMU OIB (Jackson and Dasgupta, 2008) is also shown for reference. Red 
diamond with black outline represents incipient partial melt of peridotite as reported by Davis et al. (2011). 
Arrows denote compositional vector for olivine fractionation up to 20% using KD

Fe*–Mg(ol-melt)=0.3 

(Roeder and Emslie, 1970). No significant deviation in fractionation trend was observed using KD
Fe*–

Mg(ol-melt)=0.34 (Matzen et al., 2011), hence, only one trend is plotted for clarity. The trends are shown 
only for two most magnesian reacted melt compositions — one produced at 2.5 GPa, 1375 °C 
(purple/dashed arrow) and another at 3 GPa, 1440 °C (green/solid arrow). The symbols for reacted melts 
from this study are same as in Figures 2-3–2-5. Error bars for the melts have been excluded for clarity.  
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Figure 2-8. A cartoon showing the envisioned scenario of reaction between partial melt of MORB-eclogite 
and subsolidus peridotite producing OIBs in an area along oceanic mantle geotherm with potential 
temperature (Tp) of ~1350 °C. Upwelling subsolidus mantle consisting of fertile peridotite and embedded 
MORB-eclogite pods (likely remains of sub- ducted oceanic crust in the mantle) encounter eclogite solidus 
at a depth of 130 km when MORB-eclogite undergoes partial melting. Owing to much shallower solidus of 
fertile peridotite, the partial melts from MORB-eclogite react with peridotite in subsolidus state. The 
reacted melt formed from the melt–rock reaction erupt as OIBs while garnet web- sterite and altered 
peridotite remain behind as the residues of reaction. 
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Table 2-1: Bulk composition of starting eclogite partial melts G2PM1, G2PM2, fertile peridotite MixKLB-1, and composition of the reacted melts from layered and 
mixed runs.   

Run no./ 
Name 

T 
(°C) 

P 
(GPa) 

Com-
ment 

Melt 
added 
 (wt%) 

n SiO2 TiO2 Al2O3 Cr2O3 FeO* MnO MgO CaO Na2O K2O Mg# 

G2PM1 1375 3 SM  17 56.3(8) 5.65(8) 15.6(4) 0.01(1) 8.2(3) 0.08(2) 2.5(1) 7.5(2) 4.02(9) 0.21(1) 35.4(9) 

G2PM2 1440 3 SM  26 53.7(1) 3.5(1) 16.1(4) 0.01(1) 9.7(4) 0.12(1) 4.0(1) 9.5(2) 3.3(1) 0.06(1) 42.6(9) 
MixKLB-

1
  SM   44.54 0.21 3.70 0.23 8.08 0.14 39.30 3.52 0.29 0.01 89.66 

G155 1375 3 L 12 12 45(1) 4.0(6) 13(1) 0.13(3) 9(1) 0.18(2) 15(2) 10(1) 2.6(7) 0.2(1) 75.29(5) 

G124 1375 3 L 13.5 5 48.7(3) 2.36(4) 13.06(6) 0.13(2) 8.1(2) 0.147(8) 14.3(2) 10.9(2) 2.17(7) 0.09(2) 75.820(5) 

G126 1375 3 L 13 7 51.77(8) 4.92(6) 13.53(5) 0.02(1) 7.8(1) 0.13(2) 9.51(8) 7.79(5) 4.23(7) 0.25(1) 68.360(3) 

G108 1375 3 L 25 9 51.5(2) 4.5(1) 13.6(1) 0.01(2) 7.6(2) 0.10(5) 9.61(9) 8.62(8) 4.15(8) 0.23(1) 69.170(5) 

G127 1375 3 L 28 20 54.4(3) 5.45(6) 14.4(1) 0.01(1) 7.9(1) 0.10(2) 6.0(1) 7.52(1) 3.93(8) 0.22(2) 57.680(5) 

G129 1375 3 L 19 17 54.8(3) 5.57(8) 14.7(2) 0.01(1) 7.9(2) 0.10(1) 5.4(1) 7.25(8) 4.1(1) 0.24(2) 54.800(7) 

G142 1375 2.5 L 14 12 46.4(2) 3.98(3) 13.7(1) 0.08(2) 8.61(8) 0.15(2) 13.48(9) 9.95(9) 3.39(5) 0.18(1) 73.620(3) 

G137 1375 3 M 8 6 46.5(1) 3.2(3) 13(1) 0.11(2) 9(1) 0.18(2) 14(2) 11(1) 2(1) 0.2(6) 72.3(1) 

G175 1375 3 M 8 9 44(2) 3.8(7) 14(1) 0.12(5) 9(1) 0.16(2) 15(2) 11(2) 3(2) 0.3(6) 75.5(2) 

G150 1375 3 M 25 10 44.8(6) 6.1(5) 13.7(5) 0.06(1) 10.3(8) 0.16(2) 12(1) 8.4(8) 3.8(4) 0.4(1) 67.97(4) 

G132 1375 3 M 33 23 44.4(8) 6.7(5) 12.6(9) 0.10(3) 11(1) 0.14(3) 13(1) 7.8(6) 3.9(4) 0.4(1) 69.06(4) 

G151 1375 3 M 50 16 46.4(5) 7.0(2) 14.3(7) 0.04(1) 9.8(3) 0.12(2) 10.3(1) 7.5(4) 4.1(4) 0.41(8) 65.35(3) 

G177 1375 2.5 M 5 12 44(2) 4.1(4) 14(2) 0.13(5) 9(1) 0.17(1) 15(2) 11(1) 2.4(4) 0.27(5) 74.59(4) 

G145 1375 2.5 M 33 13 44.8(8) 6.6(4) 12.6(4) 0.06(2) 9.9(5) 0.14(1) 13.6(9) 7.7(5) 4.0(4) 0.4(1) 71.02(2) 

G157 1375 2.5 M 50 27 48.0(7) 7.8(4) 13.7(5) 0.04(1) 9.0(2) 0.11(1) 10(1) 7.5(5) 4.0(4) 0.39(8) 65.35(4) 

G160 1440 3 M 8 20 46.1(4) 2.24(7) 13.2(5) 0.13(1) 9.6(4) 0.18(2) 16.3(8) 10.2(2) 2.0(3) 0.15(4) 75.03(2) 

G173 1440 3 M 33 10 46.0(2) 2.70(4) 12.66(1) 0.09(2) 10.1(1) 0.16(2) 15.6(1) 10.0(1) 2.69(6) 0.09(1) 73.374(4) 

G174 1440 3 M 50 10 47.0(2) 3.73(7) 13.04(7) 0.044(1) 10.6(1) 0.14(1) 13.1(2) 8.96(7) 3.26(8) 0.095(9) 68.657(5) 

All the analyses have been normalized to 100 wt.% for comparative purposes. Totals for actual analyses ranged from 97.08 to 99.62 except for runs G137 and G175, 
where the average totals were 94.21 and 95.41, respectively. Low sum of oxide concentrations resulted from poor exposure and surface imperfections of quench 
aggregates.1σ errors, based on replicate EPMA analyses, are mentioned in brackets and reported as least digits cited. For example, 5.64(8) should be read as 5.64 ± 0.08 
wt.%. G2PM1 and G2PM2 are respectively 8.9 and 36.4 wt.% partial melt of MORB-eclogite G2 at a nominal pressure of 3 GPa (Pertermann and Hirschmann, 2003). 
MixKLB-1 is the mineral mix used as fertile peridotite in this study and re-reported from the study of Dasgupta and Hirschmann (2006). Mg# or Mg-number is given by 
molar MgO/(MgO+FeO) × 100. n –number of point analysis averaged for the reported composition. SM – indicates starting material, L = layered runs, M = mixed run. 
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Table 2-2: Summary of experimental conditions, observed phases, and calculated phase proportions.  

Type 
of run 

 
Run no. T(°C) 

 

TBKN 
(°C) 

 
 

P 
(GPa) 

 
 

Duration 
(h) 

  Mineral modes (weight fraction) Σr2 
Melt 
added 
(wt%) 

Ol Opx Cpx Gt Melt Delta opx 
  

S G162 1375 1319 2.5 72 0 0.600(2) 0.170(5) 0.170(3) 0.060(4) - - 0.03 

S G125 1375 1366 3 48 0 0.600(3) 0.120(7) 0.190(4) 0.100(3) - - 0.01 

L G142 1375 1347 2.5 48 14 0.410(4) 0.30(1)* 0.085(4) - 0.208(4) 0.13(1) 0.04 

L G155 † 1375 1343 3 92 12 0.435(9) 0.26(2)* 0.12(1) 0.04(1) 0.14(1) 0.15(2) 0.19 

L G124 † 1375 1378 3 10 13.5 0.440(5) 0.25(1)* + - 0.309(5) 0.13(1) 0.04 

L G126 † 1375 1339 3 45.5 13 0.455(5) 0.21(2)* 0.14(2)* 0.07(1)* 0.117(8) 0.09(1) 0.08 

L G108 1375 1321 3 20 25 0.385(8) 0.23(3)* 0.09(8)* 0.02(1)* 0.27(3) 0.11(3) 0.02 

L G127 1375 1316 3 43.5 28 0.36(2) 0.21(2)* 0.11(7)* 0.059(1)* 0.26(3) 0.09(3) 0.04 

L G129 1375 1331 3 48 19 0.436(4) 0.16(2)* 0.15(3) 0.102(4)* 0.15(1) 0.05(3) 0.17 

M G177 1375 1314 2.5 48 8 0.508(5) 0.193(8) 0.17(2) 0.09(3) 0.04(4) 0.022(1) 0.05 

M G145 1375 1348 2.5 48 33 0.156(4) 0.381(8) 0.174(9) 0.081(9) 0.21(2) 0.209(9) 0.09 

M G157 1375 1360 2.5 48 50 - 0.51(2) 0.17(2) 0.038(6) 0.27(2) 0.34(2) 0.10 

M G137 1375 1349 3 48 8 0.511(4) 0.201(7) 0.16(2) 0.08(2) 0.05(4) 0.084(1) 0.05 

M G175 1375 1349 3 48 8 0.506(3) 0.188(7) 0.17(1) 0.10(1) 0.04(2) 0.072(1) 0.05 

M G150 1375 1365 3 45 25 0.257(7) 0.37(1) 0.176(9) 0.036(9) 0.16(2) 0.26(1) 0.11 

M G132 1375 1359 3 48 33 0.153(4) 0.370(8) 0.21(1) 0.109(7) 0.16(1) 0.25(1) 0.63 

M G151 1375 1376 3 48 50 - 0.426(8) 0.23(1) 0.011(6) 0.34(1) 0.31(1) 0.15 

M G160 1440 1371 3 48 8 0.495(2) 0.188(5) 0.108(8) 0.030(8) 0.18(2) 0.11(1) 0.12 

M G173 1440 - 3 48 33 0.183(4) 0.36(1) - - 0.454(9) 0.29(2) 0.04 

M G174 1440 1383 3 48 50 - 0.349(5) 0.178(8) 0.102(6) 0.37(1) 0.27(1) 0.45 
Experiments performed at 1375°C and 1440°C use 8.9% partial melt (G2PM1) and 36.4% partial melt (G2PM2) of MORB-eclogite respectively as their starting melt 
composition. S = no melt-added peridotite, TBKN (°C) = temperature obtained using two-pyroxene thermometer of Brey and Kohler (1990), Ol = olivine, Opx = 
orthopyroxene, Cpx = clinopyroxene, Gt = garnet, Delta opx = opx-enrichment in wt.%, † = time-series experiments,  * indicates presence of the phase in both reaction-zone 
as well as residual peridotite away from reaction-zone, Σr2 = sum of residual squares obtained using modes, phase compositions and the bulk starting composition, + indicates 
presence of a phase, - indicates absence of a phase, ±1σ errors mentioned in brackets and reported as least digits cited, e.g. 0.600(2) to be read as 0.600 ± 0.002 wt. fraction. 
Other abbreviations are the same as used in Table 2-1.  
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Table 2-3. Mineral compositions from melt-free, layered and mixed experiments. 

Run 
no.: 

T (°C) 
P 

(GP
a) 

Typ
e 
of 

run: 

Melt 
added 
(wt%) 

n: Mineral SiO2  TiO2  Al2O3 Cr2O3  FeO  MnO  MgO  CaO  Na2O  K2O  Mg# Total KD Grs/Py/Alm/Sps 

G162 1375 2.5 S 0 4 Ol 40.6(2) b.d.l. 0.14(3) b.d.l. 10.0(2) 0.151(9) 49.4(3) 0.29(5) 0.01(1) b.d.l. 89.8(2) 100.64 -     

      4 Opx 53.3(3) 0.18(2) 5.8(4) 0.47(4) 6.01(7) 0.13(2) 32.1(2) 2.02(4) 0.153(6) b.d.l. 90.5(6) 100.16 -    

      6 Cpx 51.6(2) 0.41(3) 7.1(1) 0.45(9) 4.0(2) 0.12(2) 19.8(1) 15.8(3) 0.88(3) b.d.l. 89.8(1) 100.19 -    

          9 Gt 42.2(1) 0.44(3) 23.7(1) 0.73(6) 6.7(1) 0.269(9) 21.0(2) 5.6(1) b.d.l. b.d.l. 84.9(1) 100.51 - 0.14/0.73/0.13/0.01 

G125 1375 3 S 0 4 Ol 40.4(3) b.d.l. 0.11(2) b.d.l. 9.8(2) 0.14(1) 49.3(2) 0.19(1) 0.026(1) b.d.l. 89.9(2) 100.18 -     

      5 Opx 54.0(3) 0.19(1) 4.1(2) 0.29(2) 5.96(7) 0.13(1) 33.3(5) 1.88(6) 0.21(2) b.d.l. 91(2) 99.70 -    

      6 Cpx 53.0(3) 0.33(1) 4.88(6) 0.44(3) 4.4(1) 0.13(2) 21.3(4) 14.4(4) 1.09(1) b.d.l. 90(2) 99.95 -    

          4 Gt 42.5(1) 0.44(2) 23.1(2) 1.06(1) 6.75(1) 0.250(5) 21.3(2) 5.04(2) b.d.l. b.d.l. 84.9(9) 100.51 - 0.13/0.74/0.13/0.01 

G142 1375 2.5 L 14 9 Ol 40.2(2) b.d.l. 0.16(9) b.d.l. 10.2(1) 0.138(1) 48.7(3) 0.28(7) 0.03(1) b.d.l. 89.5(2) 99.73 0.330(6)     

      5 Opx 52.9(4) 0.41(3) 5.5(6) 0.42(4) 6.17(5) 0.12(2) 31.9(3) 2.21(4) 0.17(3) b.d.l. 90(1) 99.82 0.303(5)    

      9 
Opx-
rxn 53(2) 0.5(1) 5.3(8) 0.28(9) 6.3(3) 0.13(2) 32(2) 2.2(2) 0.18(3) b.d.l. 90(4) 99.31 0.31(2)    

          5 Cpx 50.7(3) 0.97(6) 7.9(3) 0.53(1) 4.51(6) 0.13(2) 19.8(3) 14.5(3) 0.96(6) b.d.l. 89(2) 100.06 -     

G155 1375 3 L 12 14 Ol 40.6(1) b.d.l. 0.12(5) b.d.l. 10.2(2) 0.14(1) 48.6(2) 0.22(3) 0.03(1) b.d.l. 89.5(2) 99.91 0.36(6)     

      3 Opx 52.9(2) 0.38(3) 5.2(3) 0.33(3) 6.17(9) 0.12(1) 32.1(2) 1.97(6) 0.25(2) b.d.l. 90.3(8) 99.42 0.33(6)    

      10 
Opx-
rxn 52.9(4) 0.42(6) 5.2(5) 0.33(2) 6.0(1) 0.13(1) 31.7(4) 1.96(3) 0.25(3) b.d.l. 90(1) 99.00 0.33(6)    

      12 Cpx 51.8(3) 0.84(7) 6.9(2) 0.43(5) 4.3(1) 0.13(1) 19.7(5) 14.7(3) 1.27(4) b.d.l. 89(3) 100.10 -    

          8 Gt 41.4(1) 0.6(3) 23.3(2) 0.9(3) 7.2(5) 0.28(3) 20.6(4) 5.3(1) b.d.l. b.d.l. 84(2) 99.64 - 0.13/0.72/0.14/0.01 

G124 1375 3 L 13.5 7 Ol 40.3(4) b.d.l. 0.080(9) b.d.l. 9.5(2) 0.130(8) 49.3(2) 0.27(1) 0.01(1) b.d.l. 90.3(2) 99.40 0.34(1)     

      5 Opx 53.3(7) 0.19(3) 5.0(5) 0.63(5) 5.94(1) 0.12(1) 32.6(3) 2.4(1) 0.11(2) b.d.l. 90.7(1) 100.27 0.320(1)    
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Table 2-3. Continued  

Run 
no.: 

T (°C) 
P 

(GP
a) 

Typ
e 
of 

run: 

Melt 
added 
(wt%) 

n: Mineral SiO2  TiO2  Al2O3 Cr2O3  FeO  MnO  MgO  CaO  Na2O  K2O  Mg# Total KD Grs/Py/Alm/Sps 

 

G124 1375 3 L 13.5 6 
Opx-
rxn 54.7(5) 0.29(4) 3.5(3) 0.43(4) 5.9(2) 0.11(2) 33.6(2) 2.1(2) 0.100(6) b.d.l. 91.1(9) 100.61 0.31(1)    

          2 Cpx 52.0(3) 0.30(5) 5.53(8) 0.740(2) 4.35(7) 0.130(6) 21.9(1) 14.4(1) 0.520(6) b.d.l. 89(2) 99.89 -     

G126 1375 3 L 13 5 Ol 40.0(5) b.d.l. 0.09(2) b.d.l. 10.5(2) 0.142(7) 48.4(5) 0.22(1) 0.02(2) b.d.l. 89.1(4) 100.32 0.260(7)     

      7 Opx 53.3(5) 0.27(4) 5.0(1) 0.32(1) 6.2(1) 0.13(2) 32.4(2) 1.94(8) 0.20(2) b.d.l. 90.3(8) 100.18 0.230(6)    

      6 
Opx-
rxn 52.2(5) 0.53(6) 5.1(2) 0.21(2) 6.7(2) 0.12(1) 31.9(1) 1.96(7) 0.18(3) b.d.l. 89.4(6) 99.95 0.260(9)    

      5 Cpx 52.9(3) 0.49(9) 5.8(3) 0.46(3) 4.4(2) 0.13(2) 20.4(3) 15.1(5) 1.03(2) b.d.l. 89(2) 100.68 -    

      5 
Cpx-
rxn 52.6(7) 0.81(1) 6.1(3) 0.14(8) 5.4(5) 0.14(1) 19.8(5) 12(1) 1.6(3) b.d.l. 87(3) 98.61 -    

      3 Gt 41.86(3) 0.41(8) 23.0(2) 1.1(2) 7.2(2) 0.28(2) 20.3(3) 5.4(1) b.d.l. b.d.l. 83(1) 99.64 - 0.14/0.72/0.14/0.01 

          9 Gt-rxn 41.6(2) 0.8(4) 22.8(6) 0.7(2) 8.1(7) 0.25(2) 20.4(1) 5.1(3) b.d.l. b.d.l. 82(5) 99.94 - 0.13/0.71/0.16/0.01 
 
 
                        

G108 1375 3 L 25 4 Ol 40.6(6) b.d.l. 0.11(1) b.d.l. 10.4(1) 0.14(3) 48(1) 0.24(1) b.d.l. b.d.l. 89.1(7) 99.46 0.28(1) G108 

     4 Opx 52.0(7) 0.5(1) 6.9(4) 0.43(6) 6.3(2) 0.12(2) 29.7(6) 2.00(6) 0.152(9) b.d.l. 89(3) 98.97 0.27(1)    

      17 
Opx-
rxn 52.6(1) 0.5(1) 5.2(9) 0.26(8) 6.5(7) 0.13(2) 31.4(8) 1.9(1) 0.23(7) b.d.l. 90(2) 99.05 0.28(3)    

      8 Cpx 51(1) 0.9(5) 7.9(9) 0.5(2) 4.4(4) 0.12(1) 18.7(5) 16(1) 0.86(4) b.d.l. 88(4) 100.03 -    

      11 
Cpx-
rxn 53.3(3) 0.71(4) 4.5(2) 0.19(3) 6.5(3) 0.14(3) 22.9(6) 10.7(8) 1.11(5) b.d.l. 86(3) 

100.00 
* -    

          4 Gt 42.2(2) 0.60(9) 23.7(3) 0.87(6) 7.1(1) 0.27(2) 20.7(3) 5.4(1) b.d.l. b.d.l. 84(1) 100.78 - 0.13/0.72/0.14/0.01 

G127 1375 3 L 28 10 Ol 40.1(6) b.d.l. 0.12(4) b.d.l. 10.8(7) 0.14(1) 47.9(6) 0.24(5) 0.016(9) b.d.l. 88.8(6) 99.59 0.17(1)     

      4 Opx 52.4(6) 0.37(5) 5.2(1) 0.32(2) 6.27(6) 0.13(1) 31.8(4) 2.3(7) 0.23(5) b.d.l. 90(2) 98.67 0.150(4)    

      5 
Opx-
rxn 52.4(5) 0.7(1) 5.3(4) 0.21(4) 7.6(6) 0.126(9) 31.1(7) 1.97(7) 0.13(8) b.d.l. 88(3) 99.24 0.19(2)    

      5 Cpx 51(1) 1.1(5) 7(1) 0.3(2) 4.0(2) 0.111(6) 18(1) 17(1) 1.03(4) b.d.l. 89(8) 99.97 -    
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Table 2-3. Continued 

Run 
no.: 

T (°C) 
P 

(GP
a) 

Typ
e 
of 

run: 

Melt 
added 
(wt%) 

n: Mineral SiO2  TiO2  Al2O3 Cr2O3  FeO  MnO  MgO  CaO  Na2O  K2O  Mg# Total KD Grs/Py/Alm/Sps 

 

      4 
Cpx-
rxn 50.9(2) 1.27(4) 8.9(3) 0.14(2) 6.22(9) 0.128(7) 15.1(8) 13.7(4) 2.2(2) b.d.l. 81(5) 98.59 -    

      2 Gt 42.3(2) 0.425(6) 21(1) 1.0(2) 8.0(7) 0.31(2) 22(3) 5.4(4) b.d.l. b.d.l. 80(12) 100.45 - 0.12/0.73/0.15/0.01 

          5 Gt-rxn 41.9(2) 0.5(2) 23.0(3) 1.1(3) 8.6(8) 0.27(3) 20.1(6) 5.1(2) b.d.l. b.d.l. 81(4) 100.62 - 0.13/0.70/0.17/0.01 

G129 1375 3 L 19 11 Ol 40.4(9) b.d.l. 0.2(2) b.d.l. 10.7(7) 0.13(1) 47(1) 0.3(1) 0.02(1) b.d.l. 88.8(8) 99.35 0.15(1)     

      5 Opx 54(1) 0.25(5) 3.8(7) 0.28(2) 6.1(2) 0.145(9) 32.9(6) 1.7(3) 0.201(9) b.d.l. 91(2) 
100.00 

* 0.130(6)    

      6 
Opx-
rxn 53.5(2) 0.72(6) 4.2(3) 0.20(2) 7.5(2) 0.129(9) 32.1(4) 1.9(1) 0.17(2) b.d.l. 88(1) 100.36 0.160(7)    

      6 Cpx 52(1) 0.5(2) 5.4(8) 0.38(6) 4.4(3) 0.12(2) 21(1) 14.6(8) 1.03(7) b.d.l. 89(7) 99.45 -    

      2 Gt 42.0(2) 0.4(2) 22.7(1) 1.1(3) 8(1) 0.33(7) 20(1) 5.14(7) b.d.l. b.d.l. 81(7) 100.37 - 0.13/0.70/0.16/0.01 

          2 Gt-rxn 41.21(5) 0.32(1) 22.2(4) 1.5(4) 9.1(6) 0.31(1) 19.6(5) 5.07(2) b.d.l. b.d.l. 79(3) 99.34 - 0.13/0.69/0.18/0.01 

G177 1375 2.5 M 8 5 Ol 41.0(1) b.d.l. 0.091(7) b.d.l. 9.88(8) 0.131(6) 48.7(2) 0.20(1) 0.040(9) b.d.l. 89.5(1) 
100.00 

* 0.33(5)     

      12 Opx 54.5(8) 0.30(2) 5(1) 0.37(1) 6.2(1) 0.12(2) 32.4(6) 1.91(7) 0.23(2) b.d.l. 90(2) 100.60 0.31(5)    

      6 Cpx 52.9(3) 0.73(3) 6.2(2) 0.32(5) 4.4(1) 0.127(1) 19.6(4) 15.3(5) 1.27(4) 0.009(5) 89(2) 100.82 -    

          6 Gt 41.83(9) 0.65(7) 23.3(1) 0.6(1) 7.4(1) 0.25(1) 20.8(1) 5.14(8) b.d.l. b.d.l. 83.4(7) 
100.00 

* - 0.13/0.72/0.14/0.01 

G145 1375 2.5 M 33 4 Ol 41.1(2) b.d.l. 0.16(3) b.d.l. 12.6(1) 0.12(1) 46.4(3) 0.22(1) 0.04(1) b.d.l. 86.8(2) 100.58 0.37(3)     

      13 Opx 53.7(3) 0.67(4) 5.0(3) 0.16(1) 7.2(2) 0.11(1) 31.0(2) 1.80(9) 0.39(2) b.d.l. 88.5(9) 
100.00 

* 0.32(3)    

      5 Cpx 53.0(1) 1.54(5) 7.53(9) 0.20(2) 4.99(9) 0.12(1) 18.8(4) 12.6(3) 1.98(2) b.d.l. 87(3) 100.85 -    

          9 Gt 42(1) 1.2(3) 23(2) 0.4(3) 8.1(2) 0.21(3) 20.5(8) 4.8(8) 0.04 b.d.l. 82(4) 
100.00 

* - 0.12/0.71/0.16/0.01 

G157 1375 2.5 M 50 27 Opx 52.5(4) 0.77(6) 6.2(5) 0.14(3) 8.4(1) 0.11(1) 29.3(3) 1.9(2) 0.50(4) b.d.l. 86(1) 99.77 0.30(4)     

      16 Cpx 51.4(3) 1.8(3) 8.9(3) 0.12(2) 6.9(2) 0.124(9) 19.7(7) 9.1(5) 2.04(9) b.d.l. 84(4) 100.05 -    

      9 Gt 41.17(7) 1.3(2) 23.4(2) 0.2(2) 9.84(6) 0.21(1) 19.8(1) 4.2(1) b.d.l. b.d.l. 78.2(6) 100.17 - 0.11/0.70/0.19/0.01 
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Table 2-3. Continued 
 

Run 
no.: 

T (°C) 
P 

(GP
a) 

Typ
e 
of 

run: 

Melt 
added 
(wt%) 

n: Mineral SiO2  TiO2  Al2O3 Cr2O3  FeO  MnO  MgO  CaO  Na2O  K2O  Mg# Total KD Grs/Py/Alm/Sps 

G137 1375 3 M 8 12 Ol 40.6(4) b.d.l. 0.2(2) b.d.l. 10.0(2) 0.13(1) 48.8(6) 0.24(6) 0.02(2) b.d.l. 89.7(4) 100.03 0.30(7) G137  

      8 Opx 53.1(4) 0.3(1) 5.5(5) 0.4(1) 6.0(1) 0.13(1) 31.6(4) 2.03(7) 0.21(2) b.d.l. 90(2) 99.20 0.279(7)   

     9 Cpx 52.1(3) 0.64(3) 7.2(5) 0.50(5) 4.2(2) 0.11(2) 19.5(1) 15.0(6) 1.03(4) b.d.l. 89(6) 100.24 -    

          2 Gt 44(1) 0.36(1) 21(2) 1.153(3) 7.1(6) 0.31(3) 19.7(5) 6(1) b.d.l. b.d.l. 83(3) 
100.00 

* - 0.16/0.69/0.14/0.01 

G175 1375 3 M 8 5 Ol 40.6(1) b.d.l. 0.2(2) b.d.l. 10.1(1) 0.131(4) 48.8(2) 0.21(5) 0.02(1) b.d.l. 89.6(1) 100.15 0.36(6)     

      3 Opx 54.3(4) 0.300(4) 4.4(2) 0.327(3) 6.1(1) 0.122(8) 32.47(8) 1.87(3) 0.227(6) b.d.l. 90(2) 100.18 0.32(5)    

      4 Cpx 53.0(1) 0.65(5) 5.7(2) 0.37(4) 4.2(2) 0.13(1) 19.9(6) 14.9(7) 1.22(2) b.d.l. 89(3) 
100.00 

* -    

          4 Gt 42.1(2) 0.66(4) 23.8(2) 0.72(4) 7.3(2) 0.255(4) 20.6(3) 5.27(6) b.d.l. b.d.l. 83(2) 100.81 - 0.13/0.72/0.14/0.01 

G150 1375 3 M 25 5 Ol 39.9(2) b.d.l. 0.12(1) b.d.l. 11.5(1) 0.13(1) 48.11(9) 0.202(7) 0.024(9) b.d.l. 88.2(1) 100.03 0.28(4)     

      7 Opx 52.9(5) 0.60(5) 5.8(5) 0.23(3) 6.9(1) 0.12(1) 31.4(3) 1.91(9) 0.32(3) b.d.l. 89(1) 100.23 0.26(4)    

      4 Cpx 51.5(5) 1.4(1) 8.3(3) 0.28(3) 5.0(1) 0.14(2) 19.1(6) 13.1(8) 1.68(3) b.d.l. 87(4) 100.58 -    

          5 Gt 41.5(1) 1.1(1) 23.6(2) 0.5(2) 7.9(2) 0.25(2) 20.4(2) 4.93(9) b.d.l. b.d.l. 82.2(9) 100.16 - 0.12/0.72/0.16/0.01 

G132 1375 3 M 33 2 Ol 40.4(5) b.d.l. 0.4(4) b.d.l. 12.02(4) 0.116(7) 46.80(1) 0.236(1) 0.04(3) b.d.l. 87.40(7) 100.07 0.32(5)     

      14 Opx 52.9(2) 0.60(3) 4.8(2) 0.16(2) 7.2(2) 0.11(1) 31.2(2) 1.69(9) 0.42(2) b.d.l. 88.6(9) 99.14 0.29(4)    

      8 Cpx 52.9(3) 1.3(1) 6.9(5) 0.19(4) 5.1(2) 0.11(1) 19.2(5) 12.4(6) 2.01(8) b.d.l. 87(3) 99.78 -    

          2 Gt 41.50(8) 1.15(5) 23.46(7) 0.234(5) 8.0(1) 0.20(2) 20.91(5) 4.45(7) b.d.l. b.d.l. 82.3(3) 
100.00 

* - 0.11/0.73/0.16/0.01 

G151 1375 3 M 50 8 Opx 52.7(3) 0.67(5) 6.0(5) 0.15(1) 8.1(1) 0.107(8) 30.0(3) 1.87(8) 0.44(3) b.d.l. 87(1) 99.99 0.29(3)     

      8 Cpx 52.0(2) 1.44(7) 8.2(2) 0.14(3) 6.57(8) 0.12(1) 19.9(4) 10.1(4) 1.89(6) b.d.l. 84(2) 100.38 -    

          5 Gt 41.5(2) 1.2(3) 23.8(2) 0.3(2) 9.15(3) 0.209(8) 19.8(4) 4.6(4) b.d.l. b.d.l. 79(2) 100.50 - 0.12/0.70/0.18/0.01 

G160 1440 3 M 8 6 Ol 40.6(3) 0 0.13(5) b.d.l. 9.6(3) 0.13(2) 49.1(5) 0.26(4) 0.03(1) b.d.l. 90.1(4) 99.85 0.33(2)     
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Table 2-3. Continued 
  

Run 
no.: 

T (°C) 
P 

(GP
a) 

Typ
e 
of 

run: 

Melt 
added 
(wt%) 

n: Mineral SiO2  TiO2  Al2O3 Cr2O3  FeO  MnO  MgO  CaO  Na2O  K2O  Mg# Total KD Grs/Py/Alm/Sps 

 

G160 1440 3 M 8 20 Opx 53.7(3) 0.21(1) 4.6(3) 0.38(3) 5.8(1) 0.13(1) 32.6(4) 2.2(1) 0.19(1) b.d.l. 91(1) 99.91 0.30(2)    

      6 Cpx 51.9(4) 0.48(6) 7.4(4) 0.47(5) 4.5(2) 0.13(1) 20.3(7) 14.1(5) 0.86(5) 0.001(1) 89(4) 
100.00 

* -    

          6 Gt 42.2(1) 0.63(6) 23.8(1) 0.60(5) 6.8(2) 0.251(9) 20.6(1) 5.5(1) b.d.l. b.d.l. 84.5(7) 100.46 - 0.14/0.72/0.13/0.01 

G173 1440 3 M 33 10 Ol 40.6(4) 0 0.14(1) b.d.l. 10.6(1) 0.12(1) 48.8(4) 0.252(7) 0.04(1) b.d.l. 89.1(3) 100.54 0.335(7)     

          10 Opx 53.2(6) 0.28(2) 5.5(4) 0.27(1) 6.4(2) 0.12(1) 31.6(5) 2.18(7) 0.23(2) b.d.l. 90(2) 99.84 0.31(1)     

G174 1440 3 M 50 10 Opx 53.0(2) 0.37(1) 5.7(3) 0.160(1) 7.92(8) 0.108(5) 30.2(1) 2.05(5) 0.35(3) b.d.l. 87.2(4) 99.90 0.320(7)     

      4 Cpx 52.83(1) 0.64(6) 7.3(3) 0.17(3) 6.5(2) 0.119(8) 21.6(9) 9.9(6) 1.32(2) b.d.l. 86(5) 100.43 -    

          4 Gt 41.5(1) 0.96(5) 23.5(2) 0.17(2) 9.4(4) 0.189(4) 20.2(2) 4.74(2) b.d.l. b.d.l. 79(1) 100.67 - 0.12/0.70/0.18/0.01 

 

 

 

 

 



	 	

	

48

Chapter 3 

Reactive infiltration of MORB-eclogite-derived 
carbonated silicate melt into fertile peridotite at 3 
GPa and genesis of alkalic magmas 

 

We performed experiments between two different carbonated eclogite-derived 

melts and lherzolite at 1375 °C and 3 GPa by varying the reacting melt fraction from 8 

wt.% to 50 wt.%. The two starting melt compositions were (i) alkalic basalt with 11.7 

wt.% dissolved CO2 (ABC),  (ii) basaltic andesite with 2.6 wt.% dissolved CO2 (BAC). 

The starting melts were mixed homogenously with peridotite to simulate porous reactive 

infiltration of melt in the Earth’s mantle. All the experiments produced an assemblage of 

melt + orthopyroxene + clinopyroxene + garnet ± olivine; olivine was absent for reacting 

melt fraction of 50 wt.% for ABC and 40 wt.% for BAC. Basanitic ABC evolved to 

melilitites (on a CO2-free basis, SiO2 ~27- 39 wt.%, TiO2 ~2.8-6.3 wt.%, Al2O3 ~4.1-9.1 

wt.%, FeO* ~11-16 wt.%, MgO ~17-21 wt.%, CaO ~13-21 wt.%, Na2O ~4-7 wt.%, CO2 

~10-25 wt.%) upon melt-rock reaction and the degree of alkalinity of the reacted melts is 

positively correlated with melt-rock ratio. On the other hand, reacted melts derived from 

BAC (on a CO2-free basis SiO2 ~42-53 wt.%, TiO2 ~6.4-8.7 wt.%, Al2O3 ~10.5-12.3 

wt.%, FeO* ~6.5-10.5 wt.%, MgO ~7.9-15.4 wt.%, CaO ~7.3-10.3 wt.%, Na2O ~3.4-4 
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wt.%, CO2 ~6.2-11.7 wt.%)  increase in alkalinity with decreasing melt-rock ratio. We 

demonstrate that due to the presence of only 0.65 wt.% of CO2 in the bulk melt-rock 

mixture (corresponding to 25 wt.% BAC + lherzolite mixtures), nephelinitic-basanite 

melts can be generated by partial reactive crystallization of basaltic andesite as opposed 

to basanites produced in volatile-free conditions. Post 20% olivine fractionation, the 

reacted melts derived from ABC at low to intermediate melt-rock ratios match with 20-40 

% of the population of natural nephelinites and melilitites in terms of SiO2, CaO/Al2O3,  

60-80% in terms of TiO2, Al2O3, FeO and <20% in terms of CaO and Na2O. The reacted 

melts from BAC, at intermediate melt-rock ratios, are excellent matches for some of the 

Mg-rich (MgO>15 wt.%) natural nephelinites in terms of SiO2, Al2O3, FeO*, CaO, Na2O 

and CaO/Al2O3. Not only can these reacted melts erupt by themselves, they can also act 

as metasomatizing agents in the Earth’s mantle. Our study suggests that a combination of 

subducted, silica-saturated crust-peridotite interaction and the presence of CO2 in the 

mantle source regions are sufficient to produce a large range of primitive alkalic basalts. 

Also, mantle potential temperatures of 1330-1350 °C appear sufficient to produce high-

MgO, primitive basanite-nephelinite if carbonated eclogite melt and peridotite interaction 

is taken into account. 

Keywords: alkalic basalts; carbonated silicate melt; MORB-eclogite; peridotite; reactive 

infiltration 

3.1. Introduction 

Intraplate oceanic basalts are one of the key tools to decipher mantle processes. The 

variability displayed in their trace element and isotopic characteristics indicate the 
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presence of several heterogeneous domains in their source i.e. the Earth’s mantle (Zindler 

& Hart, 1986; Hofmann, 1997). Because recycled, altered oceanic crust (MORB-eclogite 

at upper mantle conditions) has been proposed to be a major contributor to mantle 

heterogeneity (e.g. Hofmann, 1988, 1997; Lassiter & Hauri, 1998; Stixrude & Lithgow- 

Bertelloni, 2012), it is important to evaluate its role in contributing to the genesis of 

oceanic lavas. Based on their high 206Pb/204Pb ratio, it has been invoked that HIMU (high- 

μ) basalts, i.e., basalts that bear evidence of high, time-integrated 238U/204Pb (μ), contain 

recycled oceanic crust in their source (e.g. Chase, 1981; Hofmann & White, 1982; 

Hofmann, 1997). 

Basalts with HIMU signatures are found to be alkalic and Si-undersaturated (Kogiso 

et al., 1998; Jackson & Dasgupta, 2008) and compositions of such alkalic magmas cannot 

simply be generated by varying the conditions of melting of mantle peridotite (Dasgupta 

et al., 2010). Furthermore, partial melting of a volatile-free MORB eclogite (subducted 

oceanic crust) alone does not explain genesis of such lavas, because the partial melts are 

dacitic to basaltic and do not contain high enough MgO and low enough SiO2 (Yaxley & 

Green, 1998; Pertermann & Hirschmann, 2003; Spandler et al., 2008) to serve as primary 

alkalic basalts. One may argue that because low-degree partial melting of peridotite 

produces alkalic magmas, the contribution from recycled MORB- eclogite only needs to 

provide the appropriate chemical components; that is MORB- eclogite should only be 

responsible for supplying the necessary chemical enrichment that drive the peridotite 

partial melts to match plausible primary alkali basalt compositions. However, some of 

those necessary vectors such as low SiO2, low Al2O3, high CaO, high FeO* also cannot 

be derived from MORB-eclogite melting alone. 
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One key consideration, however, is that partial melts of MORB-eclogite, entrained in 

the convective mantle, are not likely to segregate and mix with peridotite partial melts or 

erupt unmodified. Both volatile-free and carbonate-bearing recycled oceanic crust begin 

to melt deeper than volatile-free peridotite (Yasuda et al., 1994; Pertermann & 

Hirschmann, 2003; Spandler et al., 2008), thereby creating a depth range over which 

MORB-eclogite-derived partial melts may interact with subsolidus peridotite. The 

siliceous partial melts of MORB eclogite, not being in equilibrium with the surrounding 

mantle, undergo reactive crystallization (Yaxley & Green, 1998; Lambart et al., 2012; 

Mallik & Dasgupta, 2012). The recent study of Mallik & Dasgupta (2012) investigated 

such a melt-rock reaction in a volatile-free system to evaluate how a MgO poor, siliceous 

partial melt of MORB-eclogite evolves upon reaction with a sub-solidus garnet lherzolite, 

in variable ratio, in the uppermost part of the convective mantle. At low melt-rock ratios, 

it was observed that siliceous MORB-eclogite derived melts evolved to alkalic basalts in 

the porous flow regime with many major element characteristics (high TiO2, CaO and 

low SiO2, Al2O3) similar to those of HIMU lavas, however, at the experimental 

pressure-temperature conditions of this study, i.e., at 3 GPa and 1375-1440 °C, they were 

not low enough in SiO2 and Al2O3 or high enough in FeO*, CaO and CaO/Al2O3 to 

explain many of the naturally occurring basanites and nephelinites. Furthermore, volatile-

free eclogite melt-peridotite interactions (Mallik & Dasgupta, 2012) at the base of the 

oceanic lithosphere do not produce any melt compositions that are close to silica-

undersaturated basalts such as melilitites or nephelinites (Le Bas, 1989). 

Based on the degree of silica undersaturation required to generate some of the alkalic 

basalts in general and HIMU basalts in particular, the presence of CO2 in the source of 



	 	

	

52

these magmas has been proposed by many previous experimental studies (e.g. Wyllie & 

Huang, 1976; Eggler 1978; Wyllie 1978; Spera 1981; Hirose, 1997; Dasgupta et al., 

2006; Jackson & Dasgupta, 2008; Dasgupta et al., 2010; Gerbode & Dasgupta, 2010; 

Dasgupta et al., 2007). The involvement of CO2 in the formation of silica-poor OIBs is 

also supported by natural association of carbonatites, carbonate minerals, and CO2-rich 

fluids and silica-poor alkalic basalts and/or mantle xenoliths and has been pointed out by 

many previous authors (e.g., Dasgupta et al., 2007 and references therein) 

In previous experimental studies, it has been observed that presence of CO2 in the 

source reduces SiO2, Al2O3 and enhances FeO*, CaO and CaO/Al2O3 of peridotite- 

derived (Hirose, 1997; Dasgupta et al., 2007) and eclogite-derived partial melts (Gerbode 

& Dasgupta, 2010; Kiseeva et al., 2012) when compared to their CO2-free counterparts. 

While partial melts of carbonated peridotite, by themselves, are not enriched enough in 

TiO2 to explain most of the alkalic ocean island basalts, partial melts of carbonated 

MORB-eclogite fail to explain the high MgO and low Al2O3 concentrations required by 

most HIMU alkalic basalts, basanites and nephelinites (Dasgupta et al., 2006; Gerbode & 

Dasgupta, 2010; Kiseeva et al., 2012; Figure 3-1), which indicates the requirement of a 

peridotitic component (Dasgupta et al., 2007; Jackson & Dasgupta, 2008). However, 

although low-degree melting of carbonated, silica-excess eclogite (with coesite present in 

the residue) yield highly siliceous (andesitic to dacitic) melts, such melts may carry a 

modest concentration of dissolved CO2 at equilibrium with immiscible with carbonatitic 

melts (Hammouda, 2003; Kiseeva et al., 2012). Therefore, reactive infiltration of MORB- 

eclogite-derived partial melt into peridotite matrix not only needs to be constrained under 
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volatile-free conditions but also in scenarios where such reactive process takes in the 

presence of CO2 or in other words where the reacting eclogite partial melt is carbonated. 

Incidentally, all previous studies on partial melting of carbonated peridotite considered 

direct flux of CO2/carbonates on partial melting behavior not taking into account the 

possibility of “flux” in the form of dissolved CO2 in eclogite-derived silicate melt. The 

difference in the two processes of CO2 flux to the peridotite may result in distinctly 

different equilibrated melt compositions but no systematic studies have been performed 

on the latter. 

One of the key reactions that drive the composition of dacitic or andesitic eclogitic 

melt undergoing partial reactive crystallization in a peridotite matrix is the consumption 

of olivine and precipitation of orthopyroxene (Yaxley & Green, 1998; Lambart et al., 

2012; Mallik & Dasgupta, 2012) as follows - 

SiO2 + (Fe,Mg)2SiO4 = (Fe,Mg)2Si2O6      (3-1) 
(melt)            (olivine)               (orthopyroxene) 

Al2O3 + (Fe,Mg)2SiO4 = (Fe,Mg)AlAlSiO6 + (Fe,Mg)O    (3-2)       
(melt)               (olivine)                 (orthopyroxene)               (melt) 

The presence of CO2 may critically affect these reactions, because it is well 

known from the pioneering study of Kushiro (1975) and documented by later studies by 

Brey & Green (1975, 1977) that the stability of orthopyroxene is enhanced at the expense 

of olivine at the liquidus of primary basaltic melts. Thus, one may expect that the 

presence of CO2 would cause enhanced crystallization of orthopyroxene at the expense 

of olivine, driving the reacted melt towards more silica depleted composition as 

compared to its CO2-free counterpart. Similarly, comparison of 3 GPa melting reactions 
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of CO2-free peridotite partial melting (Walter, 1998) with those of CO2-present 

peridotite partial melting (Dasgupta et al., 2007) suggests that garnet stability is enhanced 

in a carbonated system. If similar effect is applicable during reactive crystallization of 

MORB-eclogite melt in lherzolite, then the reacted melt may achieve a more alumina-

depleted composition through enhanced stability of garnet and thus become a better 

candidate for primary alkalic basalts. Hence the effect of CO2 during reactive infiltration 

of siliceous MORB-melts into fertile peridotite could be key in generating many major 

element geochemical features of strongly alkalic basalts. Yet, the phase equilibria of 

reactive infiltration of MORB-eclogite-derived carbonated partial melt into a peridotitic 

medium are unconstrained. 

In this study we investigate the fate of MORB-eclogite derived carbonated partial 

melt upon reaction with volatile-free subsolidus, fertile peridotite in the uppermost part of 

the convective mantle (base of lithosphere). The experiments were performed at the same 

pressure-temperature conditions as the recent study by Mallik & Dasgupta (2012), in 

order to understand directly the effect of CO2 in such a melt-rock reaction scenario. We 

demonstrate that infiltration of MORB-eclogite derived, andesitic to mildly alkalic 

carbonated basalts into peridotite causes the reacted melts to evolve to nephelinitic-

basanite to melilititic compositions through crystallization of orthopyroxene and garnet. 

We also show that such reacted melt compositions are a better match for natural 

nephelinites, nephelinitic basanites, and melilitites from oceanic and continental 

provinces as compared to partial melts of carbonated eclogite and carbonated peridotite 

as well as melts that are product of reaction between partial melt of MORB-eclogite and 

subsolidus peridotite in a volatile-free system. 
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3.2. Experimental Techniques 

3.2.1. Starting material 

The MORB eclogite-derived carbonated melts used in the reaction couple with 

volatile- free, fertile peridotite are: (1) ‘ABC’, which is an alkalic basalt similar to 43% 

partial melt of carbonated MORB-eclogite G2C used by Gerbode & Dasgupta (2010) and 

contains 11.7 wt.% CO2 and (2) ‘BAC’, which is a basaltic andesite with similar 

composition as G2PM1 used by Mallik & Dasgupta (2012), when normalized on a 

volatile-free basis. BAC corresponds to 8.9 wt.% partial melt of natural volatile-free 

MORB-eclogite G2 (Pertermann & Hirschmann, 2003) and contains 2.6 wt.% of CO2 

(Table 3-1). The CO2 concentrations mentioned above are based on the proportions in 

which oxides and carbonates were mixed to synthesize starting melts. Both starting melt 

compositions lie within the range of MORB-eclogite (±carbonates) derived partial melts 

produced experimentally in studies before (Figure 3-1). Volatile-free peridotite KLB-1ox 

used in this study is similar to the fertile peridotite composition MixKLB-1 used by 

Mallik & Dasgupta (2012) and, within one sigma error, similar to the KLB-1 peridotite 

composition suggested by Herzberg et al. (1990) and Davis et al. (2009). All starting 

compositions used in this study are reported in Table 3-1. 

All the starting materials (carbonated melts and peridotite) were synthesized using 

high purity oxides and carbonates from Alfa Aesar. SiO2, TiO2, Al2O3 and MgO were 

fired overnight at 1000 °C, Fe2O3 at 800 °C, MnO2 at 400 °C, MgCO3 at 200 °C, 

CaCO3 at 250 °C, Na2CO3 and K2CO3 at 110 °C in order to minimize adsorbed water. 
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CO2 was added in ABC as MgCO3, CaCO3, Na2CO3 and K2CO3. In order to maintain 

the desired proportion of Mg:CO2 in this melt, Mg was added partly as MgO and the rest 

as MgCO3. Reagent grade MgCO3 often contains variable amount of water, especially in 

the form of brucite. In order to ensure that addition of MgCO3 does not introduce water 

in our ABC melt mix, X-ray diffraction of the fired MgCO3 powder was performed, 

which yielded no discernible peaks for Mg(OH)2. In case of BAC, CO2 was added only 

as Na2CO3. Prior to adding carbonates to introduce CO2, the oxides and carbonates were 

ground together under ethanol in an agate mortar for 30 minutes. Once the ethanol 

evaporated, the mixtures were fired at 1000 °C in CO-CO2 mixing furnace at log fO2 

~QFM-2 for 24 h in order to convert all the Fe3+ 
to Fe2+ 

as well as decarbonate the 

powders. Once reduction was complete, carbonates were added in case of ABC and BAC 

to introduce CO2 in the starting melt mixes. The final mixtures were ground in an agate 

mortar under ethanol for 30 minutes. All starting mixtures were stored at 110 °C to 

prevent adsorption of moisture at any time. The starting materials composed of 8-50 

wt.% carbonated eclogite-derived melt (ABC/BAC), mixed homogenously with 

peridotite, simulate reactive infiltration of eclogite melt into peridotite via porous flow. 

The bulk CO2 content ranged from 0.93 to 5.83 wt.% for experiments with KLB-1+ABC 

mixtures and from 0.21 to 1.3 wt.% for experiments with KLB-1+BAC mixtures.	1 

																																																								
	

1	Experiments B222 and B223 were doped with 0.25 wt.% of a mixture of first row transition metals along with Ga and 

Ge. The details of the composition of the trace element mixture, analytical conditions used to measure concentration of 

trace element in the phases and the concentration of trace elements are reported in Appendix E. 
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3.2.2. Experimental procedure 

The experiments were performed using end-loaded piston cylinders at Rice 

University using half-inch assembly comprising BaCO3 pressure medium, straight 

graphite furnace, crushable MgO spacers, and Pt/graphite double capsules. Pressure-

temperature calibrations relevant for our experimental set-up are given in Tsuno & 

Dasgupta (2011). The homogenous mixtures were loaded into thick graphite capsules 

surrounded by outer platinum capsules. Before the platinum capsules were welded shut, 

the loaded capsules were kept at 110 °C overnight to remove any moisture and ensure 

least water contamination possible. The losses in weight of the capsules after welding 

were measured and in no case were the losses observed to be greater than 0.3% relative. 

The experiments were performed at 1375 °C, 3 GPa i.e., at pressure-temperature 

conditions at the base of a mature oceanic lithosphere where the eclogite-derived 

carbonated melts would be above their respective liquidii but the peridotite would be 

below the solidus. In all the experiments, the pressure was first raised to 3 GPa and then 

heated to 1375 °C at 100 °C/min. Temperatures of the experiments were controlled and 

monitored using W95Re5/W74Re26 (Type C) thermocouple. The run durations varied 

from 47 to 172 hours. Experiments were quenched by cutting off power from the heater 

after which the runs were decompressed slowly, position of the capsule and thermocouple 

with respect to the hotspot checked and capsules recovered. The capsules were then 

mounted in epoxy and polished using silicon-carbide paper (240 – 600 grit) and 
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polycrystalline diamond powder (diameter varying from 3 μm to 0.25 μm) on nylon and 

velvet cloths. Under all circumstances, polishing was done in the absence of water or any 

lubricating liquid in order to preserve quench carbonate crystals expected to be present in 

the reacted melt pool. 

Oxygen fugacities of the melt-rock reaction experiments were calculated using the 

calibration of Stagno & Frost (2010) using graphite-carbonate-oxygen buffer and they 

varied from QFM-1.8 to QFM-2.3 which is in agreement with the predictions of Frost & 

Wood (1995) and Medard et al. (2008) for experiments performed in graphite capsule. 

The calculated fO2 values also lie within the range of oxygen fugacity estimates (QFM 

+1.5 to -3.5) for oceanic and abyssal peridotites as compiled by Foley (2011). 

3.2.3. Analysis of run products 

Analyses of texture and phase compositions were performed using Cameca SX50 

electron microprobe at Texas A&M University and high resolution imaging was 

performed using an FEI Quanta 400 FEG-SEM at Rice University. Phase identification 

was done using Imix Princeton Gamma Tech (PGT) energy dispersive spectroscopy and 

analyses of reported phase composition were done using wavelength dispersive 

spectroscopy. While all the phases were analyzed at an accelerating voltage of 15 kV, 

glasses were analyzed under beam current and diameter of 10 nA and 5-10 μm, 

respectively, all other phases except quench aggregates in melt pool (olivine, 

orthopyroxene, clinopyroxene and garnet) were analyzed using beam current and 

diameter of 20 nA and 1μm, respectively. In all the experiments, the reacted melt 

quenched to a heterogeneous assemblage (except a few experiments where some of the 
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melt formed glass pools). Large beam size of 20-30 μm and current of 20 nA was used to 

obtain the average composition of heterogeneous aggregates and many such points across 

two to three different exposed sections were analyzed to obtain reliable mean 

composition of reacted melt. No filtering technique was applied to the heterogeneous 

quench aggregate compositions in order to avoid any selective bias. Counting time for the 

elements varied from 20 to 80 seconds on the peak and half the time on each background. 

Na was analyzed first on a given spectrometer and for only 20 seconds on the peak and 

10 seconds on each background to limit its loss. Compositional zoning was observed in 

some garnets and, in such a case, the rim compositions were analyzed assuming that the 

rim is in equilibrium with the rest of the assemblage. The natural mineral and basaltic 

standards used for phase composition analyses are the same as used by Mallik & 

Dasgupta (2012). For some quench aggregate analyses, Ca and Mg concentrations were 

measured using a dolomite standard. However, it was found that these analyses were no 

different from those where the same elements were measured using a diopside standard 

as performed in Mallik & Dasgupta (2012) thereby suggesting no particular advantage of 

using a carbonate standards over silicate standards for measuring major element cation 

concentrations in carbonated silicate melts. 

Phase proportions for each experiment were calculated based on mass balance of 

components using the optimization tool Solver in MS-Excel. Minor elements such as 

Cr2O3, MnO and K2O as well as CO2 were neglected in the mass balance. The phase 

proportions obtained from mass balance were verified texturally to ensure their validity. 

Based on mass-balance of FeO in the melt-rock systems, we concluded that there was no 

Fe-loss to the outer Pt –capsule. 
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CO2 concentrations in the reacted melt are estimated in two ways – (1) as difference 

between 100% and probe totals of averaged composition of quench aggregates (assuming 

all of the deficit is attributable to CO2; hereafter referred as ‘CO2 by difference’) and (2) 

estimating CO2 concentrations from modal proportions of melt by allotting the bulk CO2 

concentration to reacted melt because no solid carbonates or CO2- rich fluid phase were 

present after melt-rock reaction and because carbon solubility in nominally C-free mantle 

silicates is negligible (Shcheka et al., 2006). Both estimates are included in Table 3-3 and 

plotted in Figure B-1. Given the large uncertainty in the CO2 content estimates in melts, 

a positive correlation between the two suggests that the trend in melt composition 

evolution remains unaffected by whichever method of CO2 estimation in reacted melts is 

adopted. Because it has been demonstrated that averaging quench aggregates produce 

reliable estimates of melt compositions by comparing with compositions of glassy 

patches (see caption of Figure 3-4), CO2 estimates obtained ‘by difference’ have been 

used to calculate volatile-free melt compositions plotted in Figure 3-4 and listed in Table 

3-3. 

3.3. Experimental results 

Experimental conditions and phase proportions are reported in Table 3-2. 

Photomicrographs of the run products are shown in Figure 3-2. Melt and mineral 

compositions are plotted as functions of reacting melt mass in Figure(s) 3-4 – 3-8 and 

listed in Tables 3-3 – 3-7. 
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3.3.1. Textures and phase assemblages  

MixKLB-1 at 3 GPa and 1375 °C produced a four-phase lherzolite with olivine, 

orthopyroxene, clinopyroxene and garnet as described in Mallik & Dasgupta (2012). All 

experiments with peridotite-basaltic andesite (BAC) and peridotite-alkali basalt (ABC) 

mixtures produced an assemblage of orthopyroxene + clinopyroxene + garnet + melt ± 

olivine. In case of 8 wt.% melt added experiments for both starting melt compositions 

and 15 wt.% BAC added experiment, no melt-pool, separated as a layer, co-existing with 

the residual four phase lherzolitic assemblage, was observed. In these experiments, melt 

was found only as pockets in triple-grain junctions (Figure 3-2c). For higher melt-added 

experiments, a distinct melt pool composed of heterogeneous quench crystals is observed 

in co-existence with lherzolitic phases except for 40 wt.% BAC added experiment and 50 

wt.% ABC and BAC added experiments where olivine was absent. The quenched melt 

pools are composed of quench clinopyroxene-like silicates intimately associated with Ca- 

Na-Fe carbonates (Figures 3-2a-b and Figure 3-2d). No textural evidence of a separate 

CO2-rich vapor phase was observed. This is in keeping with CO2 solubilities for silica- 

undersaturated melts (similar to those obtained in this study) determined by previous 

studies (e.g. Mysen et al., 1975; Brooker, 1998; Brooker et al., 2001) being similar to or 

exceeding the CO2 concentrations determined for the reacted melts from this study. 

In our experiments, it is observed that there is a broad linear correlation between 

reacting melt mass and mass fraction of melt after melt-rock reaction (Figure 3-3). For 

the experiments with melt present only at triple junctions, melt modal proportions were 

estimated by linear extrapolation of the trend of modal proportions of melt as a function 
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of amount of melt added to the experiments. Overall the melt mass increased from 4 

wt.% (where melt is concentrated only in triple-grain junctions) to 21 wt.% in case of 

experiments with ABC and 3.1 to 24 wt.% in case of experiments with BAC. It is 

observed that the olivine mass fraction decreases from 60 wt.% in the starting peridotite 

to 0 wt.% when 50 wt.% of ABC and 40 wt.% of BAC are added, respectively. Olivine is 

consumed because of pyroxene crystallization. Accordingly, the orthopyroxene mode 

overall increases from 14 wt.% to 40 wt.% due to addition of 0 to 50 wt.% ABC. It 

increases from 28 wt.% to 52 wt.% until 40 wt.% BAC is added followed by a decrease 

to 33 wt.% of orthopyroxene when 50 wt.% BAC is added. This decrease in 

orthopyroxene modal proportion between 40 wt.% and 50 wt.% BAC-added experiments 

is compensated by an increase in clinopyroxene mode from 20 to 29 wt.% over the same 

range of conditions. This reversal in pyroxene stabilization can be explained by an 

increase in bulk Ca/Mg with increasing melt added (from 0.14 at 40% BAC added to 0.18 

at 50% BAC added experiments). For ABC-added experiments, clinopyroxene mode 

displays an overall decrease from 19 wt.% to 15 wt.% for 0 to 50 wt.% melt-added runs. 

In case of BAC-added experiments, the clinopyroxene mode increases sharply from 8 

wt.% to 28 wt.% for added melt fraction of 25-50 wt.%. Garnet modal proportions 

display an overall increase from 10 wt.% to 24 wt.% for experiments with ABC and to 15 

wt.% for experiments with BAC for the initial melt mass increasing from 0 to 50 wt.% 

(Figure 3-3). 

3.3.2. Assessment of chemical equilibrium 

The experiments in this study have not been reversed. Garnets are zoned in some 

instances even though the cores are less than 1% in volume with respect to the entire 
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volume of garnet rendering them insignificant for affecting mass balance or overall 

mineralogy in the experiments. Thus, even though complete equilibration has not been 

achieved, an approach to equilibrium and maintenance of a closed system during the 

experiments can be demonstrated by the following characteristics: (1) The sum of 

residual squares (Σr2; Table 3-2) for the carbonated melt-rock reaction experiments varies 

from 0.2 to 2. Given the uncertainty in analyses of melt composition from averaging the 

heterogeneous quench phases, the experiments can be considered to have been closed to 

material exchange. (2) Two-pyroxene thermometer of Brey & Kohler (1990) and garnet- 

clinopyroxene thermometer of Ravna (2000) were used to calculate temperatures of each 

experiment (TBKN and TR00; Table 3-2). The maximum deviations of actual 

temperature of experiment and calculated temperature for TBKN is 53 °C and for TR00 

is 108 °C, both of which are within the uncertainty of the respective thermometers. This 

demonstrates that the experiments had approached equilibrium. (3) 

(Table 3-4) varies from 0.31 ± 0.03 to 0.47 ± 0..04, which is consistent with high 

values of 0.33 to 0.63, obtained in previous studies on carbonated 

peridotite partial melting and magma- crustal carbonate interactions (Hirose 1997; 

Dasgupta et al., 2007; Mollo et al., 2010). Moreover, the variation of as 

a function of FeO* + MgO of melts mimics the trend noted in previous studies (Kushiro 

and Walter, 1998; Filiberto and Dasgupta, 2011). 
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3.3.3. Phase compositions 

3.3.3.1. Reacted melt 

Reacted melt compositions (on a volatile-free basis) derived from ABC+KLB-1 and 

BAC+KLB-1 mixtures are reported in Table 3-3 and plotted in Figure 3-4 as a function 

of initial mass of reacting melt. Reacted melt compositions from the volatile-free 

experiments of Mallik & Dasgupta (2012) are also plotted in the same figure for 

comparison. 

For reacted melts in experiments with ABC, there is an overall decrease in SiO2 from 

30.1 to 27 wt.%, MgO from 21.1 wt.% to 19.7 wt.%, and Mg# from 73 to 69 for the 

increase of the original reacting melt mass from 15 to 50 wt.%. An overall increase in 

Na2O content from 4.1 wt.% to 6.7 wt.% is also observed for the same range in melt- 

rock ratio as above. An initial decrease in TiO2 from 6.3 wt.% to 2.8 wt.%, FeO* from 

14.2 to 10.8 wt.%, CO2 from 22.5 wt.% to 11.6 wt.% from 15 wt.% to 25 wt.% ABC- 

added runs followed by an increase to 5.3 wt.% for TiO2, 15.6 wt.% for FeO* and 24.6 

wt.% for CO2 till 50 wt.% ABC-added runs. An increase in Al2O3 content from 5.2 

wt.% to 9.1 wt.% and decrease in CaO content from 18 wt.% to 13 wt.% is observed from 

melt-rock ratio of 15 wt.% to 33 wt.% followed by a decrease to 4.1 wt.% and increase to 

21 wt.% in Al2O3 and CaO respectively for melt-rock ratio till 50 wt.%. In case of BAC, 

with increasing added melt mass from 25 to 50 wt.%, the reacted melt SiO2 increases 

from 42.4 to 53.4 wt.%, TiO2 from 6.4 to 8.7 wt.%, Al2O3 from 10.5 to 12.3 wt.% and 

FeO from 10.3 to 6.5 wt.%, MgO from 15.4 to 7.9 wt.%, CaO from 10.3 to 7.3 wt.%, 
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Mg# from 73 to 68 and CO2 from 12 to 6 wt.%. Na2O displays a slight decrease from 4 

wt.% to 3.4 wt.% with increasing melt mass from 25 to 50 wt.%. 

3.3.3.2. Olivine 

Olivine compositions are reported in Table 3-4 and plotted as a function of increasing 

amount of melt added in Figure 3-5. 

Olivines from the carbonated melt-rock reaction experiments display a steady 

decrease in Forsterite content from 90.1 to 85 for ABC and 88.6 for BAC for increasing 

amount of melt added from 0 to 40 wt.% and 33 wt.% respectively. 

3.3.3.3. Orthopyroxene 

Orthopyroxene compositions are reported in Table 3-5 and plotted as a function of 

increasing amount of melt added in Figure 3-6. 

Orthopyroxenes from the carbonated melt-rock reactions display an overall increase 

in concentrations of TiO2 (from 0.19 to 0.48 wt.% for ABC, 0.54 wt.% for BAC), FeO* 

(6 to 10 wt.% for ABC and 7.5 wt.% for BAC), Na2O (0.21 to 0.5 wt.% for both ABC 

and BAC) and decrease in Cr2O3 (0.3 to 0.14 wt.% for ABC and 0.17 wt.% for BAC), 

MgO (33 to 30 wt.% for both ABC and BAC) with the reacting melt mass varying from 0 

to 50 wt.%. The trend displayed by orthopyroxenes crystallized in experiments with BAC 

is similar to that displayed by orthopyroxenes from volatile-free melt-rock reaction 

experiments (Mallik & Dasgupta, 2012). While there is no systematic trend in Al2O3 and 

CaO concentrations for orthopyroxenes from runs with ABC, a slight increase in Al2O3 
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from 4.06 to 4.78 wt.% and decrease in CaO from 1.89 to 1.57 wt.% is observed for 

BAC-added runs. 

3.3.3.4. Clinopyroxene 

Clinopyroxene compositions are reported in Table 3-6 and plotted as a function of 

increasing amount of added melt in Figure 3-7. 

Compositional trends for clinopyroxenes are similar to those of orthopyroxene for 

TiO2, Cr2O3, FeO and Na2O. There is no systematic variation in MgO with increase in 

reacting melt mass while a distinct increase in Al2O3 (from 4.9 to 5.7 wt.% for ABC and 

4.9 to 7.5 wt.% for BAC) and decrease in CaO concentrations (from 14.4 to 9.1 wt.% for 

ABC and to 7.9 wt.% for BAC) is observed in case of melt mass added varying from 0 to 

50 wt.%. 

3.3.3.5. Garnet 

Garnet compositions are reported in Table 3-7 and plotted as a function of increasing 

amount of melt added in Figure 3-8. 

Garnet compositions from carbonated melt-rock reaction experiments display a 

steady increase in FeO* (from 6.7 to 11.8 wt.% for ABC and 9 wt.% for BAC) and 

decrease in Cr2O3 (from 1.05 to 0.37 wt.% for ABC and 0.27 wt.% for BAC) when the 

proportion of initial reacting melt mass varied from 0 to 50 wt.% and these trends are 

similar to the garnets displayed by volatile-free melt-rock reaction experiments in Mallik 

& Dasgupta (2012). In case of TiO2, there is an overall increase from 0.44 wt.% to 1.15 
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wt.% for ABC added runs from no-melt added to 50 wt.% melt added run. Garnets from 

runs with BAC display an overall increase in TiO2 concentrations from 0.44 to 0.88 wt.% 

from no-melt added to 50 wt.% melt-added run. The ABC-added experiments also 

display a steady decrease in MgO concentration from 21.3 wt.% to 18.7 wt.% for initial, 

reacting melt mass varying from 0 to 50 wt.%. The MgO concentrations of garnets 

decrease slightly from 21.3 to 20.6 wt.% with increasing melt added for experiments 

performed with BAC. 

3.4. Discussion 

3.4.1.  Phase relations of melt-rock reactions between eclogite-derived 

carbonated silicate melt and peridotite 

Using phase proportions, calculated by mass balance (Table 3-2; Figure 3-3), for both 

the melt- rock mixtures and the melt-free, subsolidus peridotite at the same conditions, 

chemical reactions for the each experiment have been obtained (Table 3-8). In all the 

experiments, orthopyroxene and garnet are produced at the expense of olivine and 

carbonated silicate melt. These reactions are corroborated by a) decrease in olivine modal 

proportion ultimately leading to exhaustion at high melt-rock ratios and b) increase in 

modal proportions of orthopyroxene and garnet for both series of melt-rock reaction 

experiments. With increasing melt-rock ratios, a peridotite is transformed to a websterite 

(at 50 wt.% melt-added for ABC and 40 wt.% melt-added for BAC). 

Clinopyroxene is overall produced except for three experiments – 15 wt.% and 25 

wt.% ABC added as well as 8 wt.% and 25 wt.% BAC added run. In general, 
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clinopyroxene production per gram of melt is lower than garnet and orthopyroxene 

production. 

3.4.2. Evolution of carbonated alkalic basalt (ABC) due to reaction with garnet 

peridotite 

The melts from ABC-KLB-1 mixtures display evolution in composition with 

changing melt-rock ratios and the trends for each oxide component are discussed below: 

3.4.2.1. SiO2 

SiO2 concentration of the reacted melts is lower than the starting melt ABC due to 

consumption of SiO2 from melt to crystallize orthopyroxene at the expense of olivine 

following reaction (1). Also, the SiO2 concentration is observed to increase initially from 

15 to 25 wt.% ABC-added runs followed by a decrease from 33 to 50 wt.% runs (Figure 

3-4). This trend is mirrored by the pattern of CO2 concentration in the reacted melts as a 

function of melt-mass added. Except for the 50 wt.% ABC-added run, the ABC-derived 

reacted melts have activity of SiO2, buffered by co-existing olivine and orthopyroxene. 

Dissolution of CO2 as CO3
2- enhances activity coefficient of SiO2 in reacted melts, 

thereby decreasing concentration of SiO2 (since activity of SiO2 is buffered and changes 

little). Thus, higher CO2 concentration in the reacted melt results in lower SiO2 

concentration and vice-versa. 

3.4.2.2. TiO2 

TiO2 concentration of the reacted melts is affected by (a) the bulk Ti content of the 
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melt- rock mixtures, (b) the final melt fraction, and (c) the bulk partitioning of Ti 

between the residue and melt, (DTi) which in turn is affected by the modal mineralogy of 

the residual assemblage. TiO2 in the reacted melt is higher than ABC due to melt 

consumption and incompatible behavior of the oxide during reactive crystallization of 

carbonated alkalic basalt in an olivine-bearing peridotitic matrix. A decrease in TiO2 

concentration from 15 to 25 wt.% ABC-added runs is observed due to an increase in 

clinopyroxene modal proportion causing DTi to increase. However, this decrease in TiO2 

content is followed by a steady increase until 50 wt.% ABC-added run because of 

increasing TiO2 content in the bulk melt-rock mixture overriding any effect of increasing 

garnet modal proportions (as a result DTi) (Figure 3-3). 

3.4.2.3. Al2O3 

The reacted melts have lower Al2O3 than ABC owing to crystallization of Al-bearing 

orthopyroxene, clinopyroxene, and garnet. The initial trend of increasing Al2O3 

concentration with increasing reacting melt mass of 15 wt.% to 33 wt.% is owing to 

increasing bulk alumina content at similar residual garnet mode and the drop in Al2O3 

for 40 and 50 wt.% melt-added experiments (Figure 3-4) is the result of higher garnet 

stability. Also, the similarity in the evolution trend of Al2O3 with that of SiO2 is also 

suggestive of the effect of dilution of Al2O3 content of the reacted melt by CO2. 

3.4.2.4. FeO* 

Reacted melts derived from ABC tend to overall get enriched in FeO* with higher 

melt- rock ratio due to increasing Fe in the bulk composition. 
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3.4.2.5.  MgO 

MgO content in the reacted melts is higher than the starting melt ABC due to 

interaction with peridotite (Mg-rich lithology) and decreases slightly with increasing 

melt-rock ratio due to greater buffering capacity of the melt as compared to peridotite. 

3.4.2.6.  CaO 

While CaO content in pyroxenes and garnet decrease with increasing melt-rock ratio 

(Figure(s). 3-6, 3-7 and 3-8), the modal proportions of orthopyroxene and garnet increase 

(clinopyroxene mode does not vary significantly with melt-rock ratios), with net effect of 

bulk DCa remaining constant. However, within error, an overall increase in Ca 

concentration is observed with increasing melt-rock ratio due to enrichment of Ca in the 

bulk melt-rock mixture and owing to enhancement of CO2 in the reacted melt with 

increasing melt:rock ratio. The trend of increase in CaO with increasing CO2 of the melt 

is broadly consistent with the melt compositional trend observed in carbonated peridotite 

partial melting experiments (Dasgupta et al., 2007). 

3.4.2.7.  Na2O 

Enrichment in Na2O content of the melt is observed with increasing melt-rock ratio 

due to increasing Na2O concentration of the bulk composition of melt-rock mixture. 

3.4.2.8.  Mg# 

The decreasing trend of Mg# with increasing melt-rock ratio is a function of 

decreasing Mg# of the bulk melt-rock mixture as melt-rock ratio increases. 
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3.4.2.9. CO2 

CO2 concentration in the reacted melts depends on two factors – (1) Bulk CO2 

concentration and (2) Modal proportion of melt after melt-rock reaction. At a constant 

melt mass, higher bulk CO2 concentration will yield a melt with higher CO2 whereas at a 

constant bulk CO2 concentration, higher modal proportion of reacted melt reduces the 

CO2 concentration owing to near-perfect incompatibility of CO2. An initial decrease in 

CO2 concentration of the reacted melt is observed from 15 to 33 wt.% ABC-added runs 

due to an increase in melt modal proportion. This is followed by a near-steady increase in 

CO2 content till 50 wt.% melt is added because of an interplay of the melt modal 

proportion changing only modestly and bulk CO2 concentration of melt-rock mixture 

increasing with higher amount of melt added. 

3.4.3.  Evolution of carbonated basaltic andesite (BAC) owing to reaction with 

garnet peridotite: as assessment of the effect of CO2 on phase equilibria of 

reactive infiltration of eclogite partial melt into peridotite 

Comparison of reacted melt compositions, saturated in olivine + orthopyroxene + 

clinopyroxene + garnet, derived from the BAC+KLB-1 mixture (specifically 25% BAC- 

added mixture) with the volatile-free experiments of Mallik & Dasgupta (2012) suggests 

that the former are lower in SiO2, Al2O3, and higher in MgO, and CaO in saturation with 

a four-phase assemblage. The notable exception is FeO*, where the melts derived from 

partial reactive crystallization of BAC, at intermediate melt-rock ratios, are similar to 

slightly lower compared to the reacted melts from volatile-free melt-rock reaction, 
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suggesting no strong influence of dissolved CO2 in stabilizing melt of different FeO* 

content. The Na2O contents of the melts evolved from BAC are slightly lower than the 

volatile-free, reacted melts and these differences, once again, likely result from slight 

difference in Na2O of the carbonated and volatile-free starting melts BAC and G2PM1, 

respectively. It is plausible that an increase in Mg# (maximum relative difference being 

~7%) of the intermediate melt-rock ratio BAC-derived melts with respect to reacted melts 

from volatile-free melt-rock mixtures is due to the dissolved CO2 in BAC-derived 

reacted melts enhancing MgO content of partial melts by forming MgCO3 complexes 

(e.g., Guillot & Sator, 2011) and hence a carbonated melt in equilibrium with all four 

lherzolitic phases is richer in MgO than its carbonate-free counterpart. 

CO2 concentrations in carbonated silicate melts display a negative correlation with 

SiO2 concentrations and a positive correlation with CaO concentrations similar to 

observations by Dasgupta et al. (2007; 2013). Diminishing SiO2 concentrations with 

increasing CO2 concentrations in the olivine and opx saturated melt have been attributed 

to the effect of increased activity coefficient of SiO2 by dissolved CO2, in the form of 

carbonate complexes. On the other hand, increasing CaO concentration in the melt with 

higher CO2 has been explained as the effect of decreasing activity coefficient of CaO in 

the melt as CaO reacts with CO2 to form CaCO3 complexes in the melt. Lower Al2O3 in 

the carbonated melt-rock reaction experiments as compared to the volatile-free runs is 

due to increased stability of garnet and aluminous orthopyroxene in the residue (Figure 3-

3). 
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Similar to CaO (Dasgupta et al., 2007), MgO can complex with CO2 in the silicate 

melts to produce carbonate complexes. 

MgO + CO2 ↔ MgCO3        (3-3) 
(Melt)    (Vapor)       (Melt) 

A recent study by Guillot & Sator (2011) confirms that the propensity of network- 

modifying cations such as Ca2+, Fe2+ and Mg2+ 
to bond with carbonates (whether the 

carbonates are associated with bridging or non-bridging oxygens) is much higher than 

that of network forming cations such as Si4+, Ti4+ 
and Al3+ 

irrespective of degree of silica 

saturation of the melt concerned. Although our study does not conclusively suggest any 

effect of CO2 on FeO content of the reacted melt, the reduction in activity coefficient of 

MgO (along with CaO) can be suggested based on the affinity of MgO (and CaO) to be 

enriched in carbonated silicate melts. 

3.4.4. Enrichment of TiO2 in reacted carbonated silicate melt in MORB-eclogite-

peridotite system 

TiO2 enrichment of silica-poor, alkalic basalts in general and those from ocean 

islands in particular, is of considerable interest (Prytulak & Elliott, 2007; Dasgupta et al., 

2006, 2007). Reacted melts from this study are rich in TiO2, therefore it is worth 

constraining what variables truly affect TiO2 content of magma from a hybrid mantle. 

Higher TiO2 in our CO2-bearing reacted melts owes in part to greater melt consumption 

in this study as compared to volatile-free experiments of Mallik & Dasgupta (2012) 

(Figure 3-3), i.e., for a given melt:rock ratio, greater orthopyroxene precipitation and as a 

consequence melt consumption leads to enrichment of incompatible elements in the 
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remaining melt. Therefore, one effect of dissolved carbonates in the melt is to indirectly 

cause TiO2 enrichment through expansion of orthopyroxene stability field. Although the 

difference between TiO2 content of reacted melts derived from BAC and those from the 

CO2-free experiments of Mallik & Dasgupta (2012) can in part be explained by the 

difference in resulting melt fractions, the role of melt silica content is also important. It is 

long known that the diminished concentration of SiO2 in the melt saturated with olivine 

+ orthopyroxene (i.e., at a buffered silica activity) causes enrichment of TiO2 (Delano, 

1980; Wagner & Grove, 1997; Xirouchakis et al., 2001). Hence one may expect that 

partial melts with lower silica content should have higher TiO2. Figure 3-9 shows that 

this indeed is the case for reacted melts derived both from BAC and ABC. Therefore, 

another role of dissolved carbonates is to indirectly enhance TiO2 in reacted melts by 

reducing melt-silica content. However, melts derived from BAC are much more enriched 

in TiO2 at given silica than those derived from ABC (Figure 3-9). This owes in part to 

the difference in TiO2 content of the starting eclogite melt BAC (5.66 wt.%) and ABC 

(2.87 wt.%), i.e., different bulk TiO2 content of BAC+KLB-1 and ABC+KLB-1 mixtures 

at a given melt:rock ratio. But perhaps more importantly, the data indicate that strongly 

carbonated melts do not allow TiO2 enrichment with diminishing silica following the 

same trend as CO2-free or CO2-poor melts. This is likely owing to the fact that TiO2 

forms oxide complexes in the melt by bonding with FeO and MgO and strongly 

carbonated melt reduces the available non-bridging oxygen by forming MgCO3 and 

FeCO3 complexes. Indeed it can be observed that all the strongly carbonated 

experimental melts that are olivine + orthopyroxene saturated (ABC-derived melts – this 
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study; Hirose, 1997; Dasgupta et al, 2007; 2013) define a negative trend in the melt 

SiO2-TiO2 space that is distinct from those that are non-carbonated or relatively CO2-

poor, such as BAC-derived melts (Figure 3-9). 

3.4.5. Expansion of orthopyroxene and garnet stability at the liquidus owing to 

dissolved CO2 

In our study, we observe an increase in orthopyroxene and garnet modal proportions 

in the residue of melt-rock reaction for BAC with respect to similar experiments with the 

CO2-free equivalent of BAC (G2PM1; Mallik & Dasgupta, 2012). Also, olivine is 

exhausted for reacting BAC mass between 33 and 40 wt.% while in case of G2PM1- 

KLB-1 reactions (Mallik & Dasgupta, 2012), it is exhausted between reacting melt mass 

of 40 and 50 wt.%, which indicates more efficient destabilization of olivine at the basalt 

liquidus in the presence of CO2. Furthermore, the modal abundances of residual 

clinopyroxene at a given melt:rock ratio in our study are somewhat lower than those 

observed in CO2-free melt-peridotite reaction experiments (Figure 2-3; Mallik & 

Dasgupta, 2012). Enhanced consumption of Ca-rich pyroxenes in the present 

BAC+KLB-1 reactions can be explained by complexation of Ca2+
 
and CO3

2- in the 

reacted melt, which must lower the partition coefficient of Ca between cpx and melt 

compared to its value in CO2-free melt-bearing systems. 

Previous studies have suggested the expansion of orthopyroxene and garnet stability 

at the expense of olivine and clinopyroxene at the high-pressure liquidus of basalt in the 

presence of CO2 (e.g. Kushiro, 1975; Brey & Green, 1975; Brey & Green, 1977; 
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Dasgupta et al., 2007). Dissolution of CO2 in silicate melts by complexing with MgO and 

CaO reduces the activity of these network–modifying oxides and simultaneously 

enhances the activity of SiO2 and Al2O3 in the melt by creating bridging oxygens. This 

explains why CO2 dissolution in silicate melts promotes stability of garnet and 

orthopyroxene at the liquidus and the process can be illustrated by the following reaction: 

Al2O3 + 2SiO2 + 3Mg2SiO4 + CO2 → Mg3Al2Si3O12 + Mg2Si2O6 + MgCO3 (3-4)  

(melt)      (melt)           (ol)       (vapor)               (gt)                  (opx)          (melt) 

Comparison of melting reactions constrained in previous peridotite partial melting 

experiments with (e.g., Dasgupta et al., 2007) or without CO2 (e.g., Walter, 1998) 

suggested that dissolved carbonates in the melt likely expand garnet stability field and as 

a consequence lower the alumina content of carbonated partial melts. However, because 

carbonated silicate melting of natural peridotite takes place at distinctly lower 

temperatures than the volatile-free peridotite solidus (Wendlandt & Mysen, 1980; Hirose, 

1997; Dasgupta et al., 2007; 2013), it was unclear whether the increased stability of 

garnet in carbonated system is due to difference in melt composition or due to lower 

temperature of melting. Comparison of our present study (experiments on BAC+KLB-1 

mixtures) with that of Mallik & Dasgupta (2012) establishes that the dissolved carbonates 

in the melt definitely causes expansion of garnet stability even at a constant temperature. 

3.4.6.  Transition from a basanitic to melilitite and silica-rich basaltic andesite to 

a nephelinitic basanite 

Figure 3-10 classifies alkali basalts according to their degree of silica-
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undersaturation, following the classification scheme of Le Bas (1989), where the melts 

become increasingly silica poor from basanite to nephelinite and finally to melilitite. 

ABC is an alkalic basalt (basanite) to start with and the reacted melts derived from ABC, 

irrespective of melt-rock ratio, evolve to melilitites upon reaction with peridotite in the 

presence of CO2. BAC on the other hand, is a silica-rich basaltic andesite and the reacted 

melts at intermediate melt-rock ratios (25 wt.% and 33 wt.% melt added), i.e., in the 

presence of olivine + orthopyroxene + clinopyroxene + garnet, evolve to silica-poor 

basanites or nephelinitic basanites upon reaction with peridotite under the influence of 

CO2. The effect of CO2 is obvious in this case when the reacted melts, at intermediate 

melt-rock ratios, are compared to reacted melts at volatile-free conditions (Mallik & 

Dasgupta, 2012). While the reacted melts derived from G2PM1 (CO2-free starting melt 

composition in the study of Mallik & Dasgupta, 2012) evolve only up to basanites in 

terms of their degree of silica-undersaturation even at the lowest melt-rock ratio of 8 

wt.% melt-added, the CO2-bearing basaltic andesite BAC evolves to silica-poor basanite 

or nephelinitic basanite at intermediate (25%) melt-rock ratio. This profound effect of 

lowering of silica concentration in the melt by just 2.6 wt.% of dissolved CO2 in a 

siliceous melt and no more than 0.86 wt.% in the bulk melt-rock mixture is interesting 

because this process obviates the requirement for generating a silica-undersaturated melt 

from partial melting of Si-deficient eclogite/pyroxenite to explain genesis of alkali 

basalts. In fact, our study demonstrates how a minute amount of CO2 (the CO2 may be 

derived from carbonatites, a CO2-rich fluid or by reaction of carbon-free siliceous partial 

melt with carbon present in background mantle) dissolved in a MORB-eclogite-derived 

siliceous melt can cause transition from silica-saturated to silica-undersaturated 
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compositions upon reactive infiltration into peridotite. In fact, given the trend of melt 

composition with melt:rock ratio (Figure(s). 3-4 and 3-10), reactive infiltration of lower 

melt masses than what are being explored here would likely result in nephelinite or even 

melilititic reacted melt compositions. The higher melt-rock ratio experiments for BAC 

(40 wt.% and 50 wt.% melt-added) are less silicic than BAC itself but not as silica-poor 

as the intermediate melt-rock ratio melts and this can be attributed to higher buffering 

capacity of the siliceous melts in these experiments and the exhaustion of orthopyroxene. 

An interesting aspect worthy of attention is that the vectors denoting evolution of 

reacted melt composition as a function of decreasing melt-rock ratio are somewhat 

opposite for ABC- and BAC-bearing experiments (Figure(s). 3-10 and 3-11). While the 

overall trend for ABC-derived melts is to evolve towards less-alkaline compositions with 

decreasing melt-rock ratio, the reverse is applicable for BAC-derived melts (as discussed 

above). This difference in evolution of reacted melts for the two starting melt 

compositions can be explained by the distinct silica and CO2 concentrations of the two 

starting melts using silica concentration as a proxy for degree of alkalinity or degree of 

silica-undersaturation. Silica concentration of ABC is very similar to that of KLB-1, 

which implies that the silica content of the bulk-rock mixture remains constant 

irrespective of melt-rock ratio. Thus, CO2 concentration of the bulk melt-rock mixture 

dictates the degree of silica undersaturation of the melt by lowering SiO2 concentration 

of the reacted melt (CO2 being perfectly incompatible in the system and rate of melt 

consumption being constant, CO2 concentration of the bulk mixture is positively 

correlated with CO2 concentration in the reacted melt). Less CO2 in the bulk melt-rock 
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mixture or lower melt-rock ratio implies lesser drawdown of SiO2 concentration due to 

CO2 content, hence, producing a melt of lower degree of silica-undersaturation than 

those produced at higher melt-rock ratios. On the other hand, BAC is more siliceous than 

peridotite, thus, a decreasing melt-rock ratio would indicate higher buffering capacity of 

silica concentration by peridotite in the melt-rock mixture. CO2 concentration in the 

melt- rock mixture being low as it is (the highest being 1.3 wt.% for 50 wt.% BAC-added 

run), the effect of bulk CO2 on controlling the alkalinity of the melt is overridden by 

SiO2 concentration of the bulk melt-rock mixture although the presence of dissolved 

CO2 in the melt does cause the reacted melt to achieve more silica-poor derivative 

compositions compared to similar experiments in CO2-free systems (Mallik & Dasgupta, 

2012). 

This contrasting evolution of reacted melts for the two starting melt compositions is 

also evident when the melts are projected from Mg-Tschermak onto the plane of 

Nepheline – Forsterite – Quartz (Figure 3-11). The reacted melts have also been projected 

on more commonly used Ca-Tschermak – Forsterite - Quartz plane from diopside 

following O’Hara (1968) (Figure B-2). However, in the latter, the ABC-derived melts 

plot far outside the field of the plane of projection. Both KLB-1 and ABC plot on the Si-

poor side of the thermal divide defined by the Ca-Tschermak–Enstatite join (Figure 3-11 

and Figure B-2). The reacted melts evolve to further Si-poor compositions and higher 

melt-rock ratio experiments (40 and 50 wt.% melt-added runs) produce the most extreme 

Si-deficient compositions. Also, higher CO2 concentrations in the source for increasing 

melt-rock ratios enhance precipitation of orthopyroxene at the liquidus via olivine 
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consumption. This results in the residue of the melt-rock reaction to evolve to a 

websteritic source at higher melt-rock ratios (as observed in Figure 3-11 where the 

residue approaches the Ca- Tschermack–Enstatite boundary at higher melt-rock ratios). 

Such a simultaneous evolution of reacted melt and residue gives rise to crossing tie-lines 

joining melt to residue composition via bulk melt-rock mixture. On the other hand, for 

BAC-derived experiments, BAC lying on the Si-rich side of the thermal divide results in 

the reacted melts to evolve from BAC-like compositions at higher melt-rock ratios (40 

and 50 wt.% BAC-added runs) to alkalic or relatively Si-poor melt compositions at 

intermediate melt- rock ratios (25 and 33 wt.%; Figure 3-11 and B-2). Simultaneously, 

greater orthopyroxene crystallization occurs with increasing melt-rock ratio due to higher 

bulk SiO2 concentrations and the residue thus evolves towards the thermal divide. In this 

scenario, the evolutionary trends of the reacted melts and those of the residues result in 

tie-lines that are mutually near-parallel for intermediate and high melt-rock ratios. Also, 

as noted by Mallik & Dasgupta (2012), melt-rock reaction between a siliceous melt and 

peridotite can result in a breach of the thermal divide by varying the melt-rock ratio in the 

bulk reacting lithology. The key observation in our study is that at the intermediate melt-

rock ratio, reacted, carbonated melts attain higher degree of silica-undersaturation 

compared to their CO2-free counterparts. Further, the trend of compositional evolution of 

BAC- derived melts with decreasing melt-rock ratio (Figure 3-11 and B-2) suggests that 

low melt- rock ratios likely would result in even more silica-undersaturated magma 

compositions. 
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3.4.7. Genesis of alkalic oceanic lavas by eclogite melt-peridotite reaction in 

presence of CO2 and metasomatism of the mantle by CO2-rich silicate melts 

In Figure 3-12, reacted melts from this study (evolved from ABC and BAC) are 

plotted along with reacted melts from volatile-free conditions (Mallik & Dasgupta, 2012), 

experimentally derived partial melts of carbonated and volatile-free peridotite as well as 

MORB-eclogite, natural oceanic alkalic lavas such as basanites, nephelinites and 

melilitites (according to the classification of Le Bas, 1989), and average HIMU 

composition from Jackson & Dasgupta (2008). Also plotted in the same figure are 

contours representing frequency of sampled nephelinites and melilitites in compositional 

space. MgO concentration of the reacted melts derived from ABC do not vary 

significantly across melt-rock ratios (decreases from 21 to 20 wt.% with increasing melt- 

rock ratio), however, the MgO concentration is higher than those of natural alkalic lavas. 

For a given MgO concentration, reacted melts derived from partial reactive crystallization 

of ABC are extremely deficient in Al2O3 and too enriched in CaO and CaO/Al2O3 ratios 

to explain even the most extreme silica-undersaturated compositions such as melilitites. 

However, their SiO2, TiO2, FeO*, and Na2O concentrations are within the range of 

certain natural melilitites. Shallow-level olivine fractionation (as shown in Figure 3-12) 

of up to 30 wt.% will drive the reacted melt compositions towards lower MgO 

concentrations and concurrently towards slightly lower SiO2, higher TiO2, higher 

Al2O3, similar FeO*, higher Na2O and will not affect CaO/Al2O3 of the melts at all. 

Thus, after 20% olivine fractionation, a typical reacted melt from ABC (as shown in 

Figure 3-12) is observed to match with about 20 to 40% of silica-undersaturated lavas 

(nephelinites and melilitites) better in terms of SiO2 and CaO/Al2O3 and approximately 
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60 to 80% of the same population in terms of TiO2, Al2O3 and FeO. In terms of CaO and 

Na2O, the match is at its best with less than 20% of the nephelinite and melilitite 

population. Amongst the reacted melts, it is those at the lowest melt-rock ratios which 

explain most of the natural nephelinites and melilitites the best, notably, due to their 

higher SiO2, higher Al2O3, lower CaO, lower Na2O and lower CaO/Al2O3 as compared 

to the reacted melts from higher melt-rock ratios. Compositional modification by CO2-

exsolution and subsequent olivine fraction are not the only processes that can modify the 

primary carbonated melt, however. Another possibility for the compositional evolution of 

carbonated silicate melt upon ascent, is immiscible separation into a carbonatite and a 

silica-undersaturated melt as has been demonstrated in natural occurrences and by 

experiments in several studies (e.g. Koster Van Groos & Wyllie, 1966; Lee & Wyllie, 

1997; Church & Jones, 1995; Gerbode & Dasgupta, 2010). If ABC-derived melts enter 

miscibility gap at shallower depths and perhaps lower temperatures, their extreme 

enrichments in CaO and depletion in SiO2 may be moderated. Therefore, although ABC-

derived reacted melts at mantle conditions are all melilititic, immiscibility may cause 

such melts to give rise to less extreme basanite or alkali basalt compositions as well. 

From Figure 3-12, it is observed that the reacted melts from BAC (those derived from 

intermediate melt-rock ratios) are by themselves, a good match for some of the Mg-rich 

(MgO>12-15 wt.%) natural nephelinites in terms of SiO2, Al2O3, FeO*, CaO, Na2O and 

CaO/Al2O3. However, most erupted, alkalic OIBs (greater than 80% of nephelinites and 

melilitites) have MgO <15 wt.% which indicates olivine fractionation to be a viable 

mechanism for these reacted melts to generate alkalic OIBs. Olivine fractionation of 
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around 20 wt.% drives the melt composition towards lower MgO, slightly lower SiO2 

and FeO*, higher Al2O3, CaO, Na2O and constant CaO/Al2O3. Thus, as a result of 

about 10% olivine fractionation in a typical reacted melt from BAC (as shown in Figure 

3-12), the melt will match the composition of 60% - 80% of nephelinites and melilitites 

in terms of SiO2, Al2O3, CaO, Na2O and CaO/Al2O3 and about 20% - 40% of the 

population in terms of FeO*. Overall, the most significant improvements of having 

involvement of CO2 over volatile-free conditions in the eclogite melt-lherzolite reaction 

are lowering of SiO2, Al2O3 and elevation of FeO*, Na2O and CaO/Al2O3 for a given 

MgO content, resulting in a better match with nephelinites and transitional nephelinitic 

basanites sampled in nature. TiO2 concentrations of these reacted melts are significantly 

higher (5.9 – 6.4 wt.%) than natural alkalic lavas and increases even further upon olivine 

fractionation. However, as mentioned in Mallik & Dasgupta (2012), such enrichment in 

TiO2 can be diluted by mixing with depleted peridotite partial melts. A mixing trend is 

plotted in Figure 3-12 between a typical reacted melt derived from BAC with a 

carbonated peridotite partial melt generated at 1375 °C, 3 GPa (Dasgupta et al., 2007), 

i.e., the same temperature- pressure condition at which the former reacted melt is 

generated. It is evident that mixing of carbonated peridotite-derived melt with the reacted 

melt from BAC in 3:2 ratio will produce a melilitite and drive the mixture towards lower 

TiO2 concentration and slightly higher MgO concentration as compared to the reacted 

melt from BAC. Further, such a product of melt-melt mixing upon olivine crystallization 

can produce melilitites representative of at least 40% of the sampled population or can 

form a less extreme basanite upon immiscible separation. The reacted melts derived from 

high melt-rock ratios of BAC lack enough MgO (<10 wt.%) to be considered primary 
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magmas. However, this also implies that these melts can be viable metasomatic agents in 

the mantle as discussed below. The melts generated through partial reactive 

crystallization of original eclogite melt in a peridotite matrix in this study are a significant 

improvement over the deficiencies of TiO2 and MgO in peridotite and eclogite-derived 

partial melts respectively, to explain majority of natural alkalic lavas. 

3.4.8. Dynamic scenario of eclogite-derived carbonated silicate melt and 

peridotite reaction 

3.4.8.1.  Possible scenario of genesis of eclogite-derived carbonated silicate melts. 

The first consideration for the melt-rock reaction scenario explored here is the 

generation of carbonated MORB-eclogite-partial melts. If the mantle is locally oxidized 

at depths, carbonated MORB-eclogite will encounter its carbonatite-generating solidus in 

an upwelling, convective mantle with TP = 1350 °C at around 360 km (11 GPa) while the 

solidus will be located even deeper, i.e., ~460 km (<14 GPa) in a mantle with Tp = 

1550°C (Dasgupta et al., 2004, 2007; Litasov & Ohtani, 2010). Incipient melting at the 

solidus, in this case, will generate carbonatitic melt (Dasgupta et al., 2004, 2005; 

Hammouda, 2003; Gerbode & Dasgupta, 2010; Litasov & Ohtani, 2010; Kiseeva et al., 

2012), which owing to its extreme mobility (Minarik & Watson, 1995; Hammouda & 

Laporte, 2000) should leave the parent eclogite body efficiently. It is thus difficult to 

envision how a high melt fraction carbonated silicate melt of MORB-eclogite will be 

generated at 3 GPa, 1375 °C, a condition under which eclogitic partial melt and lherzolite 

reaction is studied here. The genesis of a carbonated silicate melt such as ABC or BAC 

can be explained by the following scenario discussed at length by Dasgupta et al. (2006; 
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2007) and Gerbode & Dasgupta (2010). Silica-saturated carbonated MORB-eclogite 

(coesite or stishovite-eclogite at the conditions of near-solidus melting), upon partial 

melting at low degrees, can produce immiscible carbonatitic and silica-rich melts 

(Gerbode & Dasgupta, 2010; Kiseeva et al., 2012). The immiscible silica-rich melts may 

have characteristics similar to our BAC or ABC composition, depending on the bulk 

composition of interest. Perhaps more realistically, the carbonate-rich melt derived from 

carbonated peridotite (e.g., Falloon & Green, 1989; Dasgupta & Hirschmann, 2006; 

Dasgupta et al., 2013) or deeply subducted carbonated eclogite (e.g., Dasgupta et al., 

2004; Yaxley & Brey, 2004) or carbonated pelite (e.g., Grassi & Schmidt, 2011; Tsuno et 

al., 2012) has the potential to metasomatize the surrounding mantle. Reactive process 

involving carbonatite and volatile-free MORB-eclogite can produce a wide range of 

carbonated silicate melt composition depending on the carbonate melt:MORB-eclogite 

ratio. If carbonate melt fraction is somewhat high, at least locally, such interaction would 

likely produce a carbonated silicate melt similar in composition to ABC (Gerbode & 

Dasgupta, 2010; Figure 3-13a). On the other hand, if the interaction volume is carbonate-

poor, MORB-eclogite partial melt may dissolve some carbonate with very little impact on 

its major element chemistry, i.e., composition similar to BAC (Figure 3-13a). BAC can 

also form if 8% partial melt of volatile-free MORB-eclogite reacts with percolating 

carbonatite, carbonated silicate melt and/or CO2-rich fluid (Figure 3-13b). 

Whereas generation of carbonated silicate melt of MORB-eclogite (ABC and/or 

BAC) in an oxidized mantle will require a reactive process as outlined above, such melts 

may also be generated by direct decompression melting of graphite/diamond-bearing 

eclogite, at a redox front. In fact, this mechanism may be more likely, given the current 
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understanding of the oxygen fugacity profile of the Earth’s mantle as a function of depth 

(e.g., Stagno et al., 2013). For example, if the upper mantle reaches Fe-Ni metal 

saturation at depths (e.g. Rohrbach et al., 2007, 2011), carbonatite-generating solidus of 

carbonated eclogite may not apply. Metal saturation for peridotitic upper mantle is shown 

to occur at ~250 km (Rohrbach et al., 2007, 2011), but similar metal precipitation 

condition for eclogitic bulk compositions is not constrained as yet. If the transition from 

carbonatite to carbonated silicate melt for eclogite is fairly deep, as shown to be the case 

for peridotitic system (Dasgupta et al., 2013), then redox melting of reduced carbon-

bearing eclogite at the solidus may directly produce a carbonated silicate melt (Figure 3-

13c). 

3.4.8.2. Scenario and conditions of MORB-eclogite-derived carbonated silicate 

melts and fertile peridotite reaction in the upper mantle 

Once the carbonated silicate melt is generated by equilibration of carbonatite/CO2-

rich fluid and MORB-eclogite or by redox melting of carbon-bearing eclogite, such melt 

will move away from the eclogite bodies and encounter peridotite over a range of depth- 

temperature conditions. The experiments presented here capture such interactions at the 

base of a matured lithosphere, at ~100 km and 1375 °C, i.e., at a proximal part of the 

ocean island basalt source region. On the scale of the entire OIB source region the 

effective melt:rock ratio of such reaction is expected to be low, but on local, i.e., meter to 

tens of meters scale, the melt:rock ratio can be as high as those explored in our 

experiments. After carbonated eclogite melt-peridotite reaction, the reacted melts have 

the potential to segregate from the source regions along channels. Otherwise, these 

alkalic melts can be potential metasomatizing agents within the mantle in accordance 
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with studies that have proposed CO2-rich silicate melts metasomatizing oceanic mantle 

(e.g Gregoire et al., 2000; Delpech et al., 2004). However, it is to be noted that the nature 

of metasomatism will evolve continuously during the ascent of the melt through the 

mantle since after each stage of melt-rock reaction, the melt composition will evolve to 

be more silica-undersaturated than its previous stage. Further, as discussed above, the 

reacted melt may evolve not only by crystal fraction and CO2-degassing, but also by 

liquid immiscibility. One noteworthy corollary of our experimental results is that high- 

MgO melts (as high as 15 (BAC-derived)-21 (ABC-derived) wt.% on a CO2-free basis at 

low to intermediate melt:rock ratio) with many compositional attributes similar to alkalic 

OIBs are generated by reaction of low-MgO eclogitic melts and fertile peridotite, below 

the volatile-free peridotite solidus. We note that the involvement of dissolved carbonates 

makes the melt even more MgO-rich compared to other similar bulk compositions at 

CO2-free conditions (Mallik & Dasgupta, 2012). If the P-T condition of our experiments 

is projected to a plausible solid mantle adiabat, mantle potential temperature no more 

than 1350 °C is necessary. Therefore, our experiments suggest that if eclogite partial 

melt-peridotite reaction and possible compositions of derivative magma are not taken into 

account, temperatures of primary melilititic to nephelinitic basanite magma can be 

significantly overestimated. Our data thus suggest that such intraplate magmatism can be 

generated at ‘colder regions’ of the mantle with ‘normal potential temperatures’ such as 

along the periphery of a thermal plume, in regions of small-scale convection beneath the 

lithosphere, and other instabilities such as weak thermal anomalies (e.g., Raddick et al., 

2002; Ballmer et al., 2007). 
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3.4.9. Eclogite-derived carbonated melt-peridotite interaction beneath continents 

The scenario of melt-rock reaction and mantle metasomatism captured in our 

experiments is also relevant beneath continental lithosphere where stacked subducted 

carbonated MORB-eclogite may undergo partial melting (e.g. Heaman et al., 2002; 

Kiseeva et al., 2012) and a melt-rock reaction as documented in this study may occur. In 

fact, metasomatic alteration of continental lithospheric mantle by carbonate-bearing 

melts/fluids has been shown by several studies (e.g. Dautria et al., 1992; Ionov et al., 

1996; Yaxley et al., 1998; Kamenetsky et al., 2004). In terms of composition, comparison 

between oceanic and continental suite of nephelinites-melilitites demonstrate that even 

though they largely overlap in composition, there are differences in median values of 

certain compositional parameters. The nephelinites from continents are 14%, 6% and 

15% lower (relative) in median TiO2, FeO*, and MgO respectively and 6% higher in 

CaO as compared to those found in oceanic settings (Table 3-9; Figure 3-14). The 

melilitites display greater difference in composition between the two settings. The 

continental melilitites are 20%, 12%, 9% and 11% (relative) depleted in median 

compositions of TiO2, Al2O3, FeO*, and Na2O, respectively as well as 14% enriched in 

MgO and CaO as compared to the oceanic melilitites (Table 3-9; Figure 3-15). 

In Figure 3-14, the nephelinitic basanite derived from BAC is compared to 

continental nephelinites. Although the reacted melts are more MgO-rich, CaO and 

Al2O3-poor than majority of continental nephelinites, 10 to 20% olivine fractionation 

produces a good match with the nephelinites around median population. The 

experimental reacted melt is close to the median population of continental nephelinites in 
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terms of SiO2 and Na2O and 10 to 20 wt.% olivine fractionation can still explain a 

significant proportion of continental nephelinites. The reacted melts are more enriched in 

TiO2 than median concentration of continental nephelinites by >3 wt.% and olivine 

fractionation only results in further enrichment of TiO2, hence, increased departure from 

median concentration. However, as shown in Figure 3-14, mixing of the reacted melt 

with TiO2-poor peridotite-derived partial melts can drive the resultant reacted melt 

towards the major population of natural nephelinites. 

In Figure 3-15, the melilititic melts derived from ABC are compared to continental 

melilitites. The reacted melts of intermediate melt-rock ratio provide the best match for 

majority of continental melilitites. These experimentally derived melts are 

compositionally close to the median population of continental melilitites in terms of 

SiO2, TiO2, and FeO*. The reacted melts are Al2O3 and CaO-poor and MgO and Na2O-

rich as compared to the median population of natural lavas. Approximately 10-15 wt.% 

olivine fractionation improves the match of reacted, ABC-derived melts with majority of 

continental melilitites in terms of Al2O3, MgO and CaO. 

3.5. Conclusions 

We demonstrate that reaction between a carbonated alkalic basalt (ABC) and 

peridotite generates reacted melts of melilititic compositions with the degree of alkalinity 

decreasing with decreasing melt-rock ratio. On the other hand, a carbonated basaltic 

andesite (BAC) generates silica-poor basanites or nephelinitic basanites (as opposed to 

more siliceous basanites in volatile-free conditions; Mallik & Dasgupta, 2012) upon 
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partial reactive crystallization in a peridotitic matrix and the degree of alkalinity increases 

with decreasing melt-rock ratio. The trend of reacted melt compositions as a function of 

melt-rock ratio of reaction suggests that similar reaction at lower melt:rock ratio would 

result in true nephelinitic melt compositions. While reacted melts derived from ABC at 

lower melt-rock ratios match in major element composition with some oceanic melilitites, 

the reacted melts from BAC are excellent matches with oceanic nephelinites and 

transitional basanites in terms of SiO2, Al2O3, FeO*, CaO, Na2O and CaO/Al2O3. 

These reacted melts can either erupt by themselves or act as potential metasomatic agents 

in the Earth’s mantle. Our study underscores the importance of reactive infiltration of 

crustal melts into peridotite in genesis of wide range of basaltic compositions. In 

particular, our experiments demonstrate that if the reactive processes involving MORB-

like crust and peridotite are considered in the presence of trace CO2, large majority of 

major element compositional attributes of silica-poor basalts can be explained. Reacted 

carbonated silicate melts in MORB-eclogite-peridotite systems are reasonable primary 

magma candidates for both ocean island melilitities-nephelinites-basanites as well as 

continental nephelinites-melilitites. Therefore, the dominant form of heterogeneity in the 

distal source regions of ocean island basalts can be silica-saturated MORB-eclogite, i.e., 

subducted oceanic crust, and consideration of high-MgO, silica-poor garnet pyroxenite or 

eclogite in generation of alkalic basalts is not necessary. Furthermore, low-MgO eclogite 

partial melts by partial reactive crystallization can evolve to high-MgO, silica-poor 

magma at ambient mantle temperatures. Thus generation of silica-undersaturated alkalic 

basalts at intraplate settings does not require excess mantle potential temperatures and 

such magmas can form along periphery of strong plume, in weak plume, and by 
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decompression in the ambient mantle caused by small-scale convection. 

 

 

 

Figure 3-1. Mg# vs SiO2 (wt %) and Al2O3 (wt %) concentrations in starting melt compositions ABC and 
BAC compared with experimentally derived, volatile-free, MORB-eclogite partial melt compositions 
(Pertermann & Hirschmann, 2003; Spandler et al., 2008) and carbonated MORB-eclogite partial melt 
compositions (Hammouda, 2003; Gerbode & Dasgupta, 2010; Kiseeva et al., 2012), natural oceanic and 
continental alkalic basalts (references given in captions of Figures 3-12, 3-14 and 3-15) and average HIMU 
composition (Jackson & Dasgupta, 2008). All compositions are plotted on a volatile-free basis. 
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Figure 3-2. Back-scattered electron images of experiments with (a) 15 wt % ABC+KLB-1 mixture (G217). 
Quenched melt pool is observed to co- exist with olivine, orthopyroxene, clinopyroxene and garnet in the 
residue. The white box represents the area that is shown magnified in (b). (b) Magnification of the area 
marked by white box in (a). The quench aggregates comprise clinopyroxene-like silicates and Ca-Fe-Na 
carbonates. (c) Melt quenched in the triple junction of orthopyroxene crystals in the residue of melt-rock 
reaction (G209). The melt does not form a separate pool in this experiment unlike in (a). (d) Glass pool 
formed along with quenched dendritic aggregate in 40 wt % BAC+KLB-1ox experiment (G231). The 
similarity in glass and averaged quench melt pool compositions (Figure 3-4) demonstrates the reliability of 
our averaging technique used to measure quench melt pool compositions. 
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Figure 3-3. Mass fractions (in wt.%) of olivine, orthopyroxene (opx), clinopyroxene (cpx), garnet, and melt 
plotted as a function of amount of initial melt mass (in wt.%) reacted with peridotite for experiments with 
two starting melts – ABC and BAC. Also plotted for comparison are the fraction of reacted melts from 
volatile-free G2PM1+MixKLB-1 mixtures performed at 1375 °C, 3 GPa from Mallik & Dasgupta (2012). 
Since no reacted melt pool was observed for 8 wt.% ABC-added run, and 8 wt.% and 15 wt.% BAC-added 
experiments, the melt fractions for these experiments were estimated by linear extrapolation of melt 
consumption trends constructed for ABC and BAC-added experiments. The extrapolated melt proportions 
are plotted with gray symbols and the equations used are: (final melt fraction) = 0. 51 × (reacting melt 
fraction) for ABC+KLB-1ox experiments and (final melt fraction) = 0. 45 × (reacting melt fraction) for 
BAC+KLB-1ox experiments. The 1:1 line represents the locus of all points for which mass fraction of melt 
added and resulting melt fractions are the same. Error bars (±1σ wt.%) derive from mass balance 
calculations by propagating compositional uncertainties based on replicate microprobe analyses. 
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Figure 3-4. Average compositions of reacted melts derived from ABC- and BAC- added experiments 
plotted as a function of amount of reacting melt mass. Plotted for comparison are the starting melt 
compositions ABC and BAC. The reacted melt compositions for 8 wt.% ABC-added, 8 wt.% and 15 wt.% 
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Figure 3-4 (continued). BAC-added experiments could not be determined owing to absence of a 
quench/glass pool and the melt pockets at triple-grain junctions (Figure 3-2c) were not large enough to be 
analyzed reliably using microprobe. For comparison, the glass compositions measured in 40 wt.% and 50 
wt.% BAC-added runs and volatile-free melts produced at 1375 °C, 3 GPa from basaltic-andesite-peridotite 
reaction experiments (Mallik & Dasgupta, 2012) are also plotted. The similarity between compositions of 
averaged quench aggregates and glass in 40 and 50% BAC-added experiments strengthen the reliability of 
reacted melt composition estimates in this study. It is observed that the mean of glass and quench 
aggregates are very close to each other (the range of difference between them being <1% to 10% relative 
for major elements. The vertical black broken line (composed of smaller line segments) represents the 
amount of BAC required to be flushed through peridotite in order to exhaust olivine from the residue. The 
broken line (with widely spaced longer line segments) represents the point of olivine exhaustion for 
flushing of ABC through peridotite. ±1σ error bars are based on replicate microprobe analyses. 

 

Figure 3-5. Forsterite content ({(molar MgO)/(molar MgO)+(molar FeO)} × 100) of olivine in the residue 
of melt-rock reaction plotted as a function of reacting eclogite melt fraction. Also plotted for comparison 
are the residual olivine compositions from CO2-free equivalent of BAC+peridotite experiments (Mallik & 
Dasgupta, 2012). The broken lines are the same as in Figure 3-4. 
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Figure 3-6. Composition of orthopyroxenes from the residue of melt-rock reaction plotted as a function of 
reacting melt fraction. Symbols, error bars and broken lines are the same as in Figure 3-4. 
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Figure 3-7. Composition of clinopyroxenes from the residue of melt-rock reaction plotted as a function of 
reacting melt fraction. Symbols, error bars and broken lines are the same as in Figure 3-4. 
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Figure 3-8. Composition of garnets from the residue of melt-rock reaction plotted as a function of reacting 
melt fraction. Symbols, error bars and broken lines are the same as in Figure 3-4. 
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Figure 3-9. SiO2 (wt.%) versus TiO2 (wt.%) in experimental melts saturated with olivine and 
orthopyroxene. The TiO2 concentration of the melts increases linearly with decreasing SiO2 with the degree 
of TiO2 enrichment for a given SiO2 concentration being lower for strongly carbonated melts (see text for 
further details) as compared to volatile-free or low CO2-bearing melts. Volatile-free mantle equilibrated 
melts (Takahashi, 1986; Hirose & Kushiro, 1993; Walter, 1998; Xirouchakis et al., 2001; Davis et al., 
2011), reacted melts from volatile-free or low-CO2 mixture of MORB-eclogite/MORB-eclogite derived 
silicate melt + peridotite (Yaxley & Green, 1998; Mallik & Dasgupta, 2012; BAC+KLB- 1ox from this 
study) and high Ti-lunar basalts (Wagner & Grove, 1997; Delano, 1980) define the high-TiO2 at a given 
SiO2 trend. On the other hand, partial melts of carbonated peridotite (Hirose, 1997; Dasgupta et al., 2007; 
2013) and reacted melts from mixture of strongly carbonated MORB-eclogite derived melt + peridotite 
(ABC + KLB-1ox from this study) describe the low-TiO2 at a given SiO2 trend. 
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Figure 3-10. Reacted melt and starting melt compositions from this study, volatile-free reacted melts from 
Mallik & Dasgupta (2012), and naturally occurring basanites, nephelinites and melilitites (references 
mentioned in caption of Figure 3-12) are plotted according to melt alkalinity classification scheme of Le 
Bas (1989) The melts are categorized as basanites, nephelinites and melilitites according to their 
SiO2+Al2O3 (wt.%) and CaO+Na2O+K2O (wt.%) concentrations. Symbols and error bars are the same as 
used in Figure 3-4. The broken arrows indicate direction of evolution of melt composition towards 
decreasing melt-rock ratio during reaction. 
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Figure 3-11. (a) Pseudoternary plane nepheline (Ne)- forsterite (Fo)- quartz (Qtz) and garnet- pyroxene 
high pressure thermal divide of O’Hara & Yoder (1967) represented by wollastonite (Wo), enstatite (En), 
pyrope (Py), Mg-Tschermak (MgTs), Ca-Tschermak (CaTs) and grossular (Grss) plotted within the CMAS 
tetrahedron. The thermal divide intersects the pseudoternary plane at the CaTs-En join. (b) Projected 
compositions of the minerals Ca-Tschermak (CaTs), anorthite (An), grossular (Grss), diopside (Di), 
enstatite (En) and pyrope (Py) on the projected plane along with field for natural peridotite (GEOROC 
database), oceanic and continental basanites, nephelinites and melilitites (references in caption of Figure 3-
12). The CaTs-En join represents the pyroxene-garnet thermal divide of O’Hara & Yoder (1967). (c) and 
(d) Starting material compositions (ABC, BAC, KLB-1ox) and bulk melt-rock mixture, reacted melt and 
residue compositions for 15 wt.% to 50 wt.% for ABC-added runs and 25 wt.% to 50 wt.% for BAC-added 
runs plotted on the pseudoternary system nepheline (Ne) – forsterite (Fo) – quartz (Qtz) projected from 
Mg-Tschermak (MgTs) according to O’Hara (1968). Percentage against each melt composition/tie-line 
indicates amount of melt added to the melt-rock system. Tie-lines for each melt-rock ratio are constructed 
by joining the reacted melt and the residue compositions through composition of bulk melt-rock mixture. 
The broken arrows indicate direction of decreasing melt-rock ratio corresponding to (c) decreasing 
alkalinity in case of ABC and (d) increasing alkalinity in case of BAC. The projection diagrams have been 
created using the software MetaRep (France & Nicollet, 2010). 
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Figure 3-12. Major element concentrations of reacted melts 
from this study (owing to partial reactive crystallization of 
ABC and BAC), volatile-free reacted melts from Mallik & 
Dasgupta (2012), experimentally derived partial melts of 
carbonated MORB-eclogite (Hammouda, 2003; Gerbode & 
Dasgupta, 2010; Kiseeva et al., 2012), partial melts of 
carbonated peridotite (Dasgupta et al., 2007; Hirose 1997), 
partial melts of volatile-free MORB-eclogite (Pertermann 
& Hirschmann, 2003; Spandler et al., 2008), partial melt of 
volatile-free peridotite from 2.5 – 4.5 GPa (Takahashi, 
1986; Hirose & Kushiro, 1993; Walter, 1998; Longhi, 
2002; Davis et al., 2011) and average HIMU composition 
(Jackson & Dasgupta, 2008) plotted as a function of MgO 
concentration of these melts. These experimental melts are 
compared to naturally occurring oceanic basanites, 
nephelinites and melilitites (GEOROC database; Aulinas et 
al., 2010; Duprat et al., 2007; Dyhr & Holm, 2010; 
Kawabata et al., 2011; Barker et al., 2009; Martins et al., 
2010; Takamasa et al., 2009; Torres et al., 2010; Mourao et 
al., 2010; de Ignacio et al., 2012). Frequency contours for 
nephelinites and melilitites were constructed at intervals of 
20% from 20% to 80% using a MATLAB function 
SMOOTHHIST2D.m (Perkins, 2006). Olivine 
fractionation correction of 30% was performed on a MgO-
rich, ABC-derived melt (G239) and 20% on a MgO-rich 
BAC-derived Figure 3-12 (continued). melt (G221) using 

K ∗ ol melt  = 0.3 (Roeder & Emslie, 1970). No 
significant difference in olivine-fractionation trends were 
observed using K ∗ ol melt  = 0.34 (Matzen et al., 
2011), hence, these trends were not plotted for clarity. In 
the MgO vs. TiO2 plot, mixing line was calculated between 
a MgO-rich BAC-derived melt (B222) and a partial melt of 
carbonated peridotite to demonstrate the TiO2 concentration 
of the melt-melt mixture. The numbers next to the tick 
marks represent the percentage of carbonated peridotite 
partial melt to be added to the BAC-derived melt. 
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Figure 3-13. Cartoon envisioning three ways in which ABC and BAC-like melts may be generated in the Earth’s mantle followed by reaction of the melt with 
peridotite to produce reacted melt erupting as alkalic lavas and leaving behind a garnet-websterite (± olivine) residue (‘Residue 2’). (a) Carbonatitic melt 
produced by deep low-degree melting or redox-melting of carbon-bearing eclogite/peridotite infiltrate into volatile-free, SiO2-rich MORB-eclogite to produce 
carbonated silicate melt and ‘Residue 1’. Whether the carbonated silicate melt produced is ABC-like or BAC-like depends on the ratio of carbonatite to MORB-
eclogite – a higher ratio would favor formation of melt similar in composition to ABC (Gerbode & Dasgupta, 2010) while a lower ratio would favor a melt 
composition close to BAC. (b) Recycled volatile-free Si-rich MORB-eclogite, upon partial melting during upwelling, generates a basaltic andesite melt (volatile-
free) and this melt scavenges CO2 from background mantle or from a carbonatitic melt thus producing a BAC-like melt composition. (c) A third scenario where 
MORB-eclogite pods containing reduced carbon at depth, upon upwelling, undergoes redox melting and produces carbonated silicate melt at the redox front 
solidus. In this scenario, production of eclogite-derived carbonated silicate melt would not require carbonatite-eclogite reaction and redox melting-induced 
carbonated silicate melt can directly infiltrate peridotite (this study). The depth of the redox melting front is not constrained as yet for carbon-bearing eclogitic 
systems and it is also uncertain whether redox melting of carbon-bearing eclogite will produce a carbonated silicate melt or a carbonatitic melt. However, 
drawing analogy from peridotitic systems where the depth of transition from carbonatitic melt to carbonated silicate melt is fairly deep and thus direct generation 
of carbonated silicate melt at a similar redox front is expected (Dasgupta et al., 2013), it is plausible that redox melting of a diamond or graphite-bearing eclogite 
also directly produces a carbonated silicate melt. In this scenario, the first-stage melt-rock reaction will be that between ABC-like melt and peridotite. 



	 	

	

104

 

Figure 3-14. Histogram of major element concentrations of oceanic and continental nephelinites plotted as a function of composition (in terms of oxide). Bin 
intervals and sizes are the same for the two data-sets in a single composition vs. frequency sub-plot. Frequency represents the absolute number of data points 
present in a bin. The two colored tick marks (non-black for continental, black for oceanic) at the top of each sub- plot represent the median composition of the 
respective data-set (reported in Table 3-9). Natural nephelinites are compared to reacted melt from 25% BAC-added experiment because this reacted melt is 
nephelinitic basanite according to Le Bas (1989) (Figure 3-10). Melt composition derived from 25% BAC-added experiment (B222) is plotted on each histogram 
with broken black line. Vectors of change in melt composition due to olivine fractionation of up to 20 wt.% are also shown by black arrows with ticks on them 
representing 10 wt.% olivine fractionation. The solid black line in the plot of TiO2 represents the composition of the 3:2 mixture of carbonated peridotite partial 
melt and reacted melt from 25% BAC-added experiment. References used for oceanic nephelinites are given in the caption of Figure 3-12. Data for continental 
nephelinites are from GEOROC database, Ho et al. (2003); Melluso et al. (2011); Tschegg et al. (2011); Zeng et al. (2010); Pilet et al. (2002); Chashchin et al. 
(2007). 
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Figure 3-15. Histogram of major element concentrations of oceanic and continental melilitites plotted as a function of oxide composition. Bin intervals and sizes 
are the same for the two data-sets in a single composition vs. frequency histogram. Frequency represents the absolute number of data points present in a bin. The 
two colored tick marks at the top of each sub-plot (non-black for continental, black for oceanic) represent the median composition of the respective data-set 
(reported in Table 3-9). The melilititic melt compositions derived from all ABC-added experiments (Figure 3-10) are plotted on each histogram with broken 
black lines except for the SiO2 frequency plot where the reacted melt from 50 wt.% ABC-added run lies outside the range of concentrations displayed (towards 
the lower concentration end). Vectors of change in melt composition due to olivine fractionation of up to 30 wt.% are shown by green arrows with ticks on them 
representing 10 and 20 wt.% olivine fractionation. Olivine fractionation correction is shown for the reacted melt corresponding to 25% ABC-added run (the same 
melt composition for which fractionation correction is shown in Figure 3-12). Data for continental melilitites are from GEOROC database, Melluso et al., (2011); 
Ivanikov et al., (1998); Nielsen et al., (1997); Janney et al., (2002); Wilson et al., (1995); Dawson et al., (1995); Schultz et al., (2004); Brey (1978); Frey et al., 
(1978); Hegner et al., (1995). 
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Table 3-1. Compositions of starting materials 

  Peridotite Starting melts 

  KLB-1ox 
MixKLB-

1§ ABC BAC G2PM1§ 

SiO2 44.82 44.54 44.22 56.46 56.3 (8) 

TiO2 0.15 0.21 2.87 5.66  5.65 (8) 

Al2O3 3.51 3.70 13.45 15.61  15.6 (4) 

Cr2O3 0.32 0.23 0.05 0.01  0.01 (1) 

FeO* 8.19 8.08 15.28 8.17  8.2 (3) 

MnO 0.12 0.14 0.33 0.09  0.08 (2) 

MgO 39.50 39.30 6.87 2.51  2.5 (1) 

CaO 3.07 3.52 12.38 7.50  7.5 (2) 

Na2O 0.30 0.29 4.21 3.76  4.02 (9) 

K2O 0.02 0.01 0.33 0.21  0.21 (1) 

Mg# 89.58 89.66 44.50 35.42 35.4 (9) 

CO2 - - 11.7 2.6 - 

Sum 100.00 100.02 100.00 100.00 99.99 
Major element compositions of KLB-1ox, ABC and BAC and CO2 concentrations based on proportions of 
oxides and carbonates mixed in the starting compositions. Oxide concentrations of ABC and BAC are 
reported on a CO2-free basis. FeO*, all Fe assumed to be FeO. Also included for comparison and marked 
by § are the compositions of peridotite and eclogite partial melt as used in Mallik & Dasgupta (2012). 
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Table 3-2. Summary of melt-rock reaction experiments perfomed in this study including experimental conditions,  phases present, and 
their mass proportions. 

Run no. 
Starting materials 

 used 

Reacting  
melt  

mass (wt%) 
T (°C) T BKN (°C) T R00 (°C) P(GPa) Duration (h) 

Mineral modes (wt.%) 
Σr2 

Ol Opx Cpx Gt Melt 

G209† ABC+KLB-1ox 8 1375 1332 1295 3 119 51(1) 13(1) 18(1) 13(0) 4 0.5(2) 

G217* ABC+KLB-1ox 15 1375 1350 1298 3 144 40(2) 26(3) 13(3) 13(1) 9(2) 0.6(2) 

G239 ABC+KLB-1ox 25 1375 1327 1319 3 96 30(3) 28(5) 13(3) 13(1) 15(4) 0.3(1) 

G240 ABC+KLB-1ox 33 1375 1323 1313 3 96 27(2) 23(4) 16(2) 14(1) 20(3) 2.0(1) 

G227* ABC+KLB-1ox 40 1375 1328 1293 3 116 22(3) 25(5) 12(2) 20(0) 21(5) 0.20(3) 

G229 ABC+KLB-1ox 50 1375 1349 1301 3 93 - 40(2) 15(4) 24(1) 21(2) 0.53(9) 

B126† BAC+KLB-1ox 8 1375 1334 1276 3 95 42(1) 27(1) 14(1) 12(0) 3 0.7(4) 

B157† BAC+KLB-1ox 15 1375 1357 1314 3 100 36(1) 24(1) 17(1) 14(1) 6 0.8(3) 

B222 BAC+KLB-1ox 25 1375 1340 1483 3 92 23(1) 43(1) 8(1) 7(1) 18(2) 0.2(2) 

B223 BAC+KLB-1ox 33 1375 1325 1404 3 139 16(1) 43(2) 12(1) 11(1) 17(2) 0.27(6) 

G231 BAC+KLB-1ox 40 1375 1378 1281 3 90 - 52(1) 20(4) 18(1) 11(2) 2(1) 

G226 BAC+KLB-1ox 50 1375 1399 1308 3 115 - 33(3) 28(5) 15(1) 24(3) 3.7(6) 
±1σ errors, based on replicate EPMA analyses, are mentioned in brackets and reported as least digits cited. For example, 51(1) should be read as 51 ± 1 wt.%. 
ABC and BAC are 11.6 and 2.6 wt.% CO2-bearing starting melts, respectively and KLB-1ox is the oxide mixture used as fertile peridotite. † - Indicates 
experiments where mass proportions are calculated by the method of linear extrapolation (equations of extrapolation are mentioned in the caption of Figure 3-3). 
* indicates experiments re-reported from Dasgupta et al. (2013). TBKN ( °C) = temperature obtained using two-pyroxene thermometer of Brey & Kohler (1990), 
TR00 ( °C)  = temperature obtained using garnet-clinopyroxene thermometer of Ravna (2000) using average pyroxene and garnet compositions reported in Tables 
3-5, 3-6 and 3-7. Ol = olivine, Opx = orthopyroxene, Cpx = clinopyroxene, Gt = garnet. Σr2 = sum of residual squares obtained using phase proportions, phase 
compositions, and the bulk starting composition, – indicates absence of a phase. 
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Table 3-3. Composition of reacted melts. 

Run no.: G217 G239  G240  G227 G229 B222 B223 G231 G231gl G226 G226 gl 

Starting melt: ABC ABC ABC ABC ABC BAC BAC BAC BAC BAC BAC 

Melt added (wt%) 15 25 33 40 50 25 33 40 40 50 50 

n: 26 23 18 18 50 23 18 21 32 60 60 

SiO2  30(4) 39(3)  38(2)  31(5) 27(6) 42(2) 47.3(1) 52(1) 51.5(6) 53(1) 53.2(6) 

TiO2  6.3(9) 2.8(7)  3.4(2)  4.6(8) 5(1) 6.4(4) 5.9(2) 7.0(2) 7.0(2) 8.7(3) 8.34(9) 

Al2O3  5.2(8) 8.4(5)  9.1(5)  5.3(8) 4.1(8) 10.5(5) 11.9(4) 12.9(3) 12.7(2) 12.3(2) 12.3(1) 

Cr2O3  0.8(6) 0.13(4)  0.10(4) 0.2(3) 0.0(4) 0.2(1) 0.2(2) 0.04(1) 0.04(2) 0.1(1) 0.05(1) 

FeO* 14(2) 11(1)  12.3(9) 15(2) 16(2) 10(1) 9.9(9) 7.7(4) 7.6(2) 6.5(5) 6.35(3) 

MnO  0.21(3) 0.15(2)  0.17(2) 0.22(3) 0.23(4) 0.12(3) 0.11(3) 0.05(1) 0.06(1) 0.06(1) 0.064(8) 

MgO  21(2) 20.3(8)  17.2(9) 19(1) 20(1) 15.4(7) 12.2(8) 8.3(8) 9.1(5) 7.9(8) 8.6(3) 

CaO  18(5) 14(2)  13(1)  20(5) 21(3) 10(1) 7.9(3) 8.7(6) 9.0(3) 7.3(4) 7.6(2) 

Na2O  4(2) 4(1)  6(2)  4(2) 7(3) 4.0(7) 4.2(4) 3.0(3) 2.9(2) 3.4(3) 3.1(4) 

K2O  0.23(1) 0.11(6)  0.21(5) 0.3(2) 0.4(2) 0.4(1) 0.34(5) 0.18(6) 0.14(2) 0.35(9) 0.31(4) 

Sum 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 

Mg# 73(9) 73(3) 69(4) 70(6) 69(4) 73(3) 69(2) 66(9) 68(4) 68(9) 71(3) 

CO2 
† 22(5) 12(3)  10(3)  23(5) 25(3) 12(6) 4(2) 7(3) 7(1) 6(2) 7.2(3) 

TiO2 * 3.4(6) 2.8(4) 3.2(3) 3.5(5) 4.7(4) 6.0(5) 7.0(4) 12(3) 12(3) 9(1) 9(1) 

Na2O * 5.2(8) 4.8(8) 5.7(7) 6(1) 7.8(7) 4.5(4) 5.5(3) 5.4(7) 5.4(7) 4.0(5) 4.0(5) 

K2O * 0.5(1) 0.36(9) 0.34(5) 0.38(8) 0.82(9) 0.37(4) 0.23(2) 0.9(3) 0.9(3) 0.21(5) 0.21(5) 

CO2 * 15(4) 17(3)  19(1)  23(3) 20(2) 4(2) 5.1(6) 5.8(7) 7(1) 4.0(1) 7.2(3) 
All oxide concentrations are reported in weight percent and on a CO2-free basis. † - CO2 concentration determined by difference.  *  -  TiO2, Na2O, K2O and CO2 
concentrations determined from mass balance (refer to text for details). FeO*, all Fe assumed to be FeO. 
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Table 3-4. Composition of olivines. 

Run no.: G209 G217 G239  G240  G227 B126 B157 B222 B223 

Starting melt: ABC ABC ABC  ABC  ABC BAC BAC BAC BAC 

Melt added (wt%) 8 15 25 33 40 8 15 25 33 

n: 9 12 10 15 13 10 16 14 18 

SiO2  40.0(3) 40.4(4) 38.7(4)  39.8(3)  40.5(3) 40.4(2) 40.7(2) 40.4(8) 39.6(2) 

TiO2  b.d.l. b.d.l. b.d.l.  b.d.l.  b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 

Al2O3  0.08(3) 0.08(2) 0.10(4)  0.1(1)  0.12(7) 0.2(2) 0.10(6) 0.2(5) 0.13(8) 

Cr2O3  b.d.l. b.d.l. b.d.l.  b.d.l.  b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 

FeO* 10.9(3) 10.7(2) 12.00(1)  12.7(1)  14.0(2) 10.0(2) 10.1(2) 11.3(6) 11.6(3) 

MnO  0.09(2) 0.09(1) 0.103(7)  0.12(2)  0.11(1) 0.08(1) 0.07(1) 0.09(2) 0.09(2) 

MgO  48.5(3) 49.2(2) 48.3(6)  46.6(3)  44.4(4) 49.6(3) 48.4(2) 48.1(5) 47.3(4) 

CaO  0.170(8) 0.16(2) 0.17(3)  0.20(3)  0.3(3) 0.18(2) 0.17(1) 0.17(3) 0.20(7) 

Na2O  b.d.l. b.d.l. b.d.l.  b.d.l.  b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 

K2O  b.d.l. b.d.l. b.d.l.  b.d.l.  b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. 

Sum 99.81 100.81 99.47 99.58 99.37 100.60 99.57 100.37 98.94 

Fo# 88.8(9) 89.1(5) 88(1)  86.8(8)  85.0(1) 89.8(7) 89.5(6) 88(1) 88(1) 

  - 0.33(4) 0.45(4)  0.36(3)  0.41(6) - - 0.35(5) 0.31(3) 

All oxide concentrations are reported in weight percent.  b.d.l – below detection limit.    is given by  

(XMg
Melt/XMg

Mineral)/(XFe2+
Melt/XFe2+

Mineral). FeO*, all Fe assumed to be FeO.  

 

 

)(* meltolK MgFe
D 

)(* meltolK MgFe
D 
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Table 3-5. Composition of orthopyroxenes. 

Run no.: G209 G217 G239 G240 G227 G229 B126 B157 B222 B223 G231 G226 

Starting melt: ABC ABC ABC ABC ABC ABC BAC BAC BAC BAC BAC BAC 

Melt added (wt%) 8 15 25 33 40 50 8 15 25 33 40 50 

n: 12 26 9 9 8 16 27 12 42 45 23 11 

SiO2 53.8(5) 54.1(5) 52.8(7) 53.3(3) 54.3(4) 53.3(4) 53.8(8) 54.1(2) 54.4(7) 53.7(1) 54.3(8) 53.5(2) 

TiO2  0.24(3) 0.44(7) 0.32(9) 0.30(7) 0.39(4) 0.48(8) 0.48(4) 0.62(5) 0.57(6) 0.63(6) 0.44(6) 0.54(3) 

Al2O3  3.7(8) 3.7(7) 3.9(1) 4.8(2) 3.6(2) 4.0(3) 3.9(3) 3.9(2) 5.1(3) 5.2(5) 4.9(2) 4.78(1) 

Cr2O3  0.27(5) 0.36(1) 0.30(5) 0.35(5) 0.19(1) 0.14(2) 0.31(4) 0.25(3) 0.25(5) 0.30(3) 0.17(2) 0.17(2) 

FeO*  6.46(1) 6.5(2) 7.4(2) 7.7(2) 8.3(1) 10.2(2) 6.0(1) 6.1(2) 6.5(2) 7.0(2) 7.9(2) 7.5(1) 

MnO  0.08(3) 0.09(3) 0.09(5) 0.12(2) 0.13(4) 0.13(3) 0.08(3) 0.08(3) 0.07(2) 0.09(2) 0.05(2) 0.07(3) 

MgO  32.8(4) 33.1(4) 32(1) 30.8(3) 29.9(2) 28.7(5) 33.3(4) 32.3(2) 31.0(4) 30.7(6) 30.5(4) 30.3(2) 

CaO  2.0(1) 1.9(3) 2.1(7) 1.9(2) 1.8(1) 2.1(3) 2.0(2) 1.81(9) 1.7(1) 1.64(1) 1.6(3) 1.57(3) 

Na2O  0.17(2) 0.33(9) 0.43(9) 0.4(1) 0.33(2) 0.53(5) 0.17(2) 0.26(2) 0.31(2) 0.30(3) 0.45(2) 0.52(3) 

K2O  b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 

Sum 99.61 100.46 99.55 99.73 99.03 99.55 100.10 99.41 99.87 99.59 100.29 98.96 

  - 0.31(4) 0.42(4) 0.34(4) 0.36(5) 0.45(4) - - 0.32(1) 0.28(3) 0.28(2) 0.30(2) 

All oxide concentrations are reported in weight percent.  b.d.l – below detection limit.   is given by 

(XMg
Melt/XMg

Mineral)/(XFe2+
Melt/XFe2+

Mineral).  FeO*, all Fe assumed to be FeO. 

 

 

 

)(* meltopxK MgFe
D 

)(* meltopxK MgFe
D 



	 	

	

111

Table 3-6. Composition of clinopyroxenes. 

Run no.: G209 G217 G239 G240 G227 G229 B126 B157 B222 B223 G231 G226 

Starting melt: ABC ABC ABC ABC ABC ABC BAC BAC BAC BAC BAC BAC 

Melt added (wt%) 8 15 25 33 40 50 8 15 25 33 40 50 

n: 10 13 8 23 8 19 30 12 18 13 15 21 

SiO2  53.6(5) 53.4(4) 52.8(3) 52.1(4) 53.0(2) 54.0(2) 52.5(6) 53.0(5) 51.3(4) 49.0(4) 54.3(4) 53.8(2) 

TiO2  0.35(4) 0.89(1) 0.6(1) 0.6(1) 0.79(7) 0.75(7) 0.83(9) 1.1(1) 1.6(2) 1.78(7) 0.82(7) 1.12(8) 

Al2O3  4.3(3) 4.6(3) 5.32(9) 6.1(1) 5.27(5) 5.7(3) 4.9(2) 5.3(4) 6.8(3) 8.2(2) 7.0(5) 7.5(2) 

Cr2O3  0.37(8) 0.4(1) 0.43(4) 0.47(7) 0.29(2) 0.21(2) 0.44(3) 0.38(5) 0.29(5) 0.33(2) 0.22(3) 0.19(4) 

FeO*  4.4(3) 4.6(2) 5.2(2) 5.5(2) 6.0(1) 8.2(3) 4.1(1) 4.4(3) 4.7(2) 4.8(2) 6.0(3) 6.1(1) 

MnO  0.09(3) 0.08(2) 0.10(3) 0.10(3) 0.10(2) 0.14(3) 0.07(2) 0.07(2) 0.08(2) 0.08(2) 0.06(3) 0.08(3) 

MgO  20.1(5) 20.1(5) 19.7(2) 19.4(4) 18.7(3) 20.2(6) 20.6(4) 20.0(8) 18.5(9) 17.5(5) 20.6(7) 20.7(5) 

CaO  15.8(7) 14.5(9) 14.2(3) 13.8(7) 13.4(4) 9.1(5) 16.0(5) 14.1(8) 13.9(8) 14.1(6) 10.0(5) 7.9(6) 

Na2O  0.90(3) 1.4(1) 1.64(8) 1.47(7) 1.67(4) 2.0(1) 0.97(6) 1.38(8) 1.92(6) 1.87(7) 1.93(8) 2.17(8) 

K2O  b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 

Sum 99.93 99.98 100.00 99.60 99.29 100.32 100.34 99.83 99.06 97.52 100.90 99.55 
All oxide concentrations are reported in weight percent.  b.d.l – below detection limit. FeO* - all Fe assumed to be FeO. 
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Table 3-7. Composition of garnets. 

Run no.: G209 G217 G239 G240 G227 G229 B126 B157 B222 B223 G231 G226 

Starting melt: ABC ABC ABC ABC ABC ABC BAC BAC BAC BAC BAC BAC 

Melt added (wt%) 8 15 25 33 40 50 8 15 25 33 40 50 

n: 9 14 14 14 12 20 15 9 13 10 13 14 

SiO2  41.7(2) 41.4(3) 41.2(6) 41.3(4) 41.6(3) 40.9(4) 41.2(5) 41.5(2) 41.4(5) 40.1(4) 41.9(1) 41.3(2) 

TiO2  0.6(1) 1.1(1) 0.9(2) 0.8(2) 1.2(2) 1.2(3) 1.0(3) 1.4(2) 1.1(2) 1.4(1) 1.0(2) 0.9(1) 

Al2O3 23.6(6) 22.6(3) 22.8(4) 23.2(3) 22.9(3) 23.1(5) 23.3(6) 23.0(6) 23.0(8) 22.5(3) 23.5(6) 23.6(2) 

Cr2O3  0.7(2) 1.3(3) 0.95(1) 0.73(7) 0.59(8) 0.37(6) 1.0(3) 0.6(2) 0.4(2) 0.39(1) 0.32(1) 0.27(8) 

FeO*  7.1(2) 7.5(2) 8.7(3) 8.8(2) 9.7(3) 11.8(2) 6.9(1) 7.1(1) 7.3(2) 8.0(1) 9.3(2) 9.0(2) 

MnO  0.17(1) 0.19(1) 0.20(1) 0.22(1) 0.22(1) 0.242(1) 0.15(1) 0.14(1) 0.15(1) 0.17(1) 0.11(2) 0.14(1) 

MgO  20.4(2) 20.6(3) 20.3(4) 19.7(2) 18.6(2) 18.7(2) 21.1(2) 20.8(3) 21.4(2) 20.8(2) 20.6(3) 20.6(2) 

CaO  5.3(2) 5.5(3) 5.3(3) 5.1(2) 5.1(2) 4.3(2) 5.5(3) 5.2(4) 5.1(1) 5.2(1) 4.3(3) 3.6(1) 

Na2O  b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 

K2O  b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 

Sum 99.61 100.07 100.41 99.98 100.01 100.41 100.23 99.77 99.92 98.66 100.94 99.32 
All oxide concentrations are reported in weight percent.  b.d.l – below detection limit. FeO* - all Fe assumed to be FeO. 
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Table 3-8. Chemical reactions for the experiments. 

Starting materials 
 used 

Run no. 
Melt  

added 
(wt%) 

Chemical reactions (per gram of melt) 

ABC+KLB-1ox G209 8 0.9 ol + 1.0 melt = 0.6 opx + 0.2 cpx + 1.1 gt 

ABC+KLB-1ox G217 15 1.7 ol + 0.5 cpx + 1.0 melt = 2.4 opx + 0.8 gt 

ABC+KLB-1ox G239 25 1.6 ol + 0.1 cpx + 1.0 melt = 2.0 opx + 0.7 gt 

ABC+KLB-1ox G240 33 1.0 ol + 1.0 melt = 1.2 opx + 0.2 cpx + 0.6 gt 

ABC+KLB-1ox G227 40 0.7 ol + 1.0 melt = 0.9 opx + 0.1 cpx + 0.7 gt 

ABC+KLB-1ox G229 50 1.0 ol + 1.0 melt = 1.2 opx + 0.2 cpx + 0.6 gt 

BAC+KLB-1ox B126 8 2.7 ol + 0.6 cpx + 1.0 melt = 3.7 opx + 0.6 gt 

BAC+KLB-1ox B157 15 1.8 ol + 1.0 melt = 1.8 opx + 0.2 cpx + 0.8 gt 

BAC+KLB-1ox B222 25 3.2 ol + 0.8 cpx + 1.0 melt = 4.9 opx  + 0.1 gt 

BAC+KLB-1ox B223 33 1.5 ol + 1.0 melt = 2.2 opx + 0.003 cpx + 0.3 gt 

BAC+KLB-1ox G231 40 1.2 ol + 1.0 melt = 1.5 opx + 0.3 cpx + 0.4 gt 

BAC+KLB-1ox G226 50 1.1 ol + 1.0 melt = 1.0 opx + 0.7 cpx + 0.4 gt 
All the reactions have been normalized to 1 g of melt. The reactions have been balanced only for major 
element components SiO2, TiO2, Al2O3, FeO*, MgO, CaO and Na2O. CO2 as well as minor elements such 
as Cr2O3, MnO, K2O were ignored for mass balance. 
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Table 3-9.  Summary of descriptive statistics (mean, standard deviation and median) of 
composition of oceanic and continental nephelinites and melilitites.  

    Continental Oceanic Relative  
Difference (%) 

    Mean Std. dev Median Mean Std. dev Median 

N
ep

he
lin

ite
s 

    n = 348    n = 274     

SiO2 42.4 1.6 42.3 42.0 1.8 41.7 1.3 

TiO2 3.1 0.9 3.0 3.5 0.9 3.4 -14.0 

Al2O3 12.3 2.2 11.9 12.3 1.8 11.9 0.3 

FeO* 12.1 2.1 12.0 12.7 1.5 12.6 -5.7 

MgO 10.6 3.6 10.6 11.2 3.1 12.2 -15.1 

CaO 13.3 1.9 13.4 12.6 1.6 12.6 5.8 

Na2O 3.8 1.2 3.7 3.8 1.4 3.5 4.4 

M
el

ili
tit

es
 

    n = 332    n = 95     

SiO2 38.9 2.6 38.8 38.4 4.9 39.1 -0.8 

TiO2 3.6 1.3 3.1 3.8 1.3 3.7 -20.2 

Al2O3 9.5 1.8 9.4 10.7 2.4 10.5 -11.8 

FeO* 12.1 2.5 12.0 13.7 2.7 13.1 -9.0 

MgO 13.9 5.3 15.5 13.1 2.3 13.3 14.4 

CaO 16.0 2.8 15.9 14.5 2.9 13.7 13.6 

Na2O 3.4 2.1 3.0 3.6 1.2 3.4 -10.8 
Relative difference (%) = ({Median (continental) – Median (oceanic))/Median (continental)}) x 100. FeO*, 
all Fe assumed to be FeO. 
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Chapter 4 

Effect of variable CO2 on eclogite-derived andesite 

and lherzolite reaction at 3 GPa—Implications for 
mantle source characteristics of alkalic ocean 
island basalts 

 

 We have performed reaction experiments between 1, 4, and 5 wt % CO2-bearing 

MORB- eclogite (recycled oceanic crust)-derived low-degree andesitic partial melt and 

fertile peridotite at 1375 °C, 3 GPa for infiltrating melt fractions of 25% and 33% by 

weight. We observe that the reacted melts are alkalic with degree of alkalinity or Si 

undersaturation increasing with increasing CO2 content in reacting melt. Consequently, 

an andesite evolves through basanite to nephelinite owing to greater drawdown of SiO2 

from melt and enhanced precipitation of orthopyroxene in residue. We have developed an 

empirical model to predict reacted melt composition as a function of reacting andesite 

fraction and source CO2 concentration. Using our model, we have quantified the mutual 

proportions of equilibrated melt from andesite-peridotite (± CO2) hybridization and 

subsequent peridotite (± CO2)-derived melt required to produce the major element 

composition of various ocean island basalts. Our model can thus be applied to 

characterize the source of ocean islands from primary alkalic lava composition. 
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Accordingly, we determined that average HIMU source requires 24 wt % of MORB-

eclogite-derived melt relative to peridotite containing 2 wt % CO2 and subsequent 

contribution of 45% of volatile-free peridotite partial melt. We demonstrate that mantle 

hybridization by eclogite melt-peridotite (± CO2) reaction in the system can produce high 

MgO (>15 wt %) basaltic melts at mantle potential temperature (TP) of 1350 °C. 

Therefore, currently used thermometers to estimate TP using MgO content of primary 

alkalic melts need to be revised, with corrections for melt-rock reaction in a 

heterogeneous mantle as well as presence of CO2. 

Keywords: Recycled oceanic crust, eclogite melt-peridotite reaction, CO2, alkalic ocean 

island basalt. 

4.1. Introduction 

 Alkalic magmas ranging from basanites to nephelinites and melilitites occur 

commonly in intraplate oceanic and continental settings. It is known for decades that low-

degree melting of fertile peridotite gives rise to alkalic magmas (Kushiro, 1975; Hirose 

and Kushiro, 1993) but many of the major and minor elemental attributes of natural 

alkalic basalts and basanites, such as high TiO2, CaO, somewhat lower SiO2 and Al2O3 

remained unexplained by small extent of fusion of peridotite alone as pointed out by 

many previous studies (e.g., Kogiso et al., 1998; Dasgupta et al., 2010). Furthermore, 

most of the natural nephelinitic and melilititic magmas remained enigmatic based on the 

significant difference between their major element chemistry (e.g., low SiO2, Al2O3, 

CaO/Al2O3) and experimental partial melts of volatile-free lherzolite. The role of small 
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quantities of CO2 or carbonates (<1 wt%) has been recognized in generating silica-poor, 

strongly alkalic magmas such as kimberlites, melilitites, and nephelinites from peridotite 

(Wyllie and Huang, 1976; Brey and Green, 1975, 1977; Spera, 1981; Hirose, 1997; 

Dasgupta et al., 2007, 2013). TiO2 and FeO* contents in natural magmas still require 

involvement of mafic lithologies such as eclogites/pyroxenites either as discrete 

lithologies or as a distal reactant in a largely peridotitic mantle source (Prytulak and 

Elliott, 2007; Dasgupta et al., 2006; Gerbode and Dasgupta, 2010; Mallik and Dasgupta, 

2012, 2013). 

 One of the key petrologic arguments against the role of subducted oceanic crust in 

silica-poor magma generation was that direct partial melting of mid-ocean ridge basalt 

(MORB)-eclogite at mantle depths produces silica-rich, magnesium-poor dacitic to 

basaltic magmas (Yaxley and Green, 1998; Pertermann and Hirschmann, 2003; Spandler 

et al., 2008) that cannot be parental to silica-poor, alkalic basalts. However, Mallik and 

Dasgupta (2012) showed that if partial reactive crystallization of eclogite-derived low-

degree andesitic partial melt in a peridotite matrix or against a peridotite wall rock is 

taken into consideration, the derivative liquid can be alkalic. Moreover, while at an 

intermediate andesite:peridotite ratio, the resulting magma becomes basanitic, at a similar 

melt:rock ratio but in the presence of small amount of dissolved CO2, the derivative 

liquid becomes nephelinitic (Mallik and Dasgupta, 2013). The study of Mallik and 

Dasgupta (2013) demonstrated that with the presence of only 0.65–0.86 wt % bulk CO2, a 

basaltic andesite upon reaction with peridotite at intermediate melt-rock ratios (reacting 

melt fraction of 25 and 33 wt %) produces nephelinitic melts. These authors 

demonstrated that the transition from a siliceous melt to a nephelinitic melt can occur 
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owing to reactive crystallization of an initial andesitic melt to form orthopyroxene and 

enhance orthopyroxene stability at the expense of olivine and clinopyroxene at the 

liquidus of basalt under the influence of CO2. Mallik and Dasgupta (2013) also observed 

an increase in modal proportion of garnet in the residue for the carbonated melt-rock 

system, which led to diminished Al2O3 content of the reacted melt compared to CO2-free 

systems. The observed differences between the carbonate-free and carbonate-bearing 

systems call for further investigation on the effect of variable CO2 on phase equilibria of 

reaction between MORB- eclogite-derived basaltic andesite and peridotite. In particular, 

a quantitative framework needs to be developed that allows prediction of reacted melt 

composition (e.g., extent of alkalinity) as a function of initial andesitic melt fraction and 

CO2 content. 

 In this study, we experimentally explore the effect of variable amounts of CO2 

(0.25–1.62 wt %) in the melt- rock system by introducing 1, 2.6, 4, and 5 wt % CO2 in the 

infiltrating melt of known proportions. We demonstrate that an array of melts with degree 

of alkalinity directly proportional to CO2 concentration in the bulk, as well as residues 

with higher orthopyroxene and garnet proportions (as compared to similar melt- rock 

reaction in volatile-free conditions) can be generated via such a process. In the light of 

our new data, we discuss how alkalic melts can be generated by reactive processes in a 

heterogeneous mantle below ocean islands. We also present an empirical model to 

characterize the source of ocean islands in terms of reacting recycled crust-derived melt 

mass and bulk CO2 content. 
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4.2. Experimental and Analytical Techniques 

4.2.1. Starting material 

 The carbonated basaltic andesite melt (BAC) used in this study, on a CO2-free 

basis, is similar in composition to the starting melt G2PM1 used in the study of Mallik 

and Dasgupta (2012), which is the composition of 8.9 wt % partial melt of a volatile-free, 

SiO2-saturated MORB-eclogite (Pertermann and Hirschmann, 2003). BAC- like CO2-

bearing basaltic andesite may be generated by (a) infiltration of deeper carbonatites into 

volatile- free MORB-eclogite producing carbonated silicate melt, (b) partial melt of a 

volatile-free MORB-eclogite scavenging CO2 from the mantle, (c) direct redox melting of 

reduced C-bearing eclogite (Mallik and Dasgupta, 2013). Basaltic andesite of the same 

composition as G2PM1 but with 1, 2.6, 4, and 5 wt % CO2 were prepared by mixing 

reagent grade oxides and carbonates as mentioned in detail below. These starting melts 

are named BAC1, BAC2.6, BAC4, and BAC5, respectively (Table 4-1). Among these 

starting melt compositions, experiments with BAC2.6 have already been reported by 

Mallik and Dasgupta (2013). The volatile-free peridotite used in this study is the same 

mixture as KLB-1ox, reported by Mallik and Dasgupta (2013) and is similar in bulk 

composition to the spinel lherzolite KLB-1 as reported by Davis et al. (2009) and 

Herzberg et al. (1990) (Table 4-1). Homogeneous melt-rock mixtures were prepared with 

25% and 33% of each BAC with peridotite. Absence of vesicles in any of the 

experimental products denotes that the bulk CO2 concentration of the charges was below 

the limit of solubility in reacted melts. 

 The starting melts were prepared using high-grade oxides and carbonates from 
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Alfa Aesar. SiO2, TiO2, Al2O3, and MgO were fired overnight at 1000 °C, Fe2O3 at 800 

°C, MnO2 at 400 °C, CaCO3 at 250 °C, Na2CO3 and K2CO3 at 110 °C. All the oxides and 

carbonates (except one part of CaCO3) were mixed and ground together under ethanol for 

1 h in an agate mortar and fired for 24 h in a CO-CO2 furnace at logfO2 ~QFM-2 in order 

to reduce the Fe3+ in the mixture to Fe2+. After reduction and decarbonation, the 

remainder of CaCO3 was ground with the reduced mixture under ethanol in an agate 

mortar for 1 h in order to introduce CO2 and to bring up the CaO content of the starting 

melt BAC1, BAC4, and BAC5 to the desired level. In case of BAC2.6, both Na2O and 

CO2 were added only as Na2CO3, after the oxides and carbonates (excluding Na2CO3) 

were ground together under ethanol for 30 min and then fired in a CO-CO2 gas mixing 

furnace for 24 h in order to reduce Fe3+ to Fe2+. BACs were mixed homogenously with 

KLB-1ox in proportions such that 25% and 33% of BAC-added mixtures were made. The 

bulk CO2 concentration of the mixtures varied from 0.25 to 1.62 wt %. 2 

4.2.2. Experimental procedure 

 The experiments were performed using end-loaded piston cylinders in the 

experimental petrology laboratory of Rice University. Platinum-graphite double capsules 

																																																								
	

2	All the experiments were doped with 0.25 wt.% of a mixture of first row transition metals (Sc, V, Co, Ni, Cu, Zn) 

along with Ga and Ge. The details of the composition of the trace element mixture, analytical conditions used to 

measure concentration of trace elements in the phases and the concentration of trace elements are reported in Appendix 

E. 
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were used and prior to welding, the Pt capsules with loaded graphite inner lining were 

stored in an oven overnight at 110 °C to expel adsorbed moisture and ensure least H2O 

contamination possible. Weight loss due to welding was minimal (maximum 0.3% 

relative). Half-inch BaCO3 assembly described and calibrated in Tsuno and Dasgupta 

(2011) was used for all new experiments in this study and experiments were performed at 

3 GPa and 1375 °C—P-T conditions at the base of a mature oceanic lithosphere. The 

pressure was raised to 3 GPa before heating the sample to the desired temperature at 100 

°C/min. Duration of experiments at nominal temperature varied from 92 to 139 h. 

Following recovery from the cell assembly, capsules were mounted in epoxy plugs and 

polished using 200–600 grit silicon carbide papers and 3–0.25 m diamond abrasive 

powder in the absence of water or any other liquid including ethanol. Polishing under dry 

conditions was done to preserve soluble and delicate carbonates in the quench aggregates. 

4.2.3.  Analysis of the experiments 

 Back-scattered-electron (BSE) images were obtained and phase compositions in 

the experimental charges were analyzed using Cameca SX100 electron microprobe at 

Johnson Space Center, Houston, Texas. Energy dispersive-spectrometry (EDS) was used 

to identify phases in the charges. Phase compositions were measured using wavelength-

dispersive-spectrometry (WDS) and X-ray counts for each element were measured at the 

peak position for 20 s and half the time on each background, using accelerating voltage of 

15 kV and beam current of 20 nA. The beam diameter used was 1 m for mineral phases 

(olivine, orthopyroxene, clinopyroxene, and garnet) and 10–50 m for quench aggregates 

(reacted melt pool). The quenched reacted melt pools were analyzed on three different 
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sections exposed each time by polishing. Melt composition data were filtered by omitting 

very low frequency tails in a histogram of average major element composition and CO2 

concentration (by difference from probe totals) of reacted melts. This reduced the 1σ 

error in composition to a considerable extent without significantly affecting the average. 

For experiment B219 (25% BAC4-added run), the quenched melt aggregates were 

extremely coarse and heterogeneous as well as the exposed quench pool area was not 

large enough to obtain a statistically significant number of data points. This made reliable 

estimate of composition of quench aggregates very difficult. Even though three polished 

sections were analyzed to obtain more data for compositional analyses, we believe the 

melt composition estimate for this experiment is the least reliable of all, which is 

reflected in this melt composition being an outlier in subsequent figures. Further, 

unreliable melt composition for B219 propagated into unreliable phase proportion 

estimation for this particular experiment. Thus, we chose not to include this particular 

experiment in discussion of melt composition trends, phase proportion trends as well as 

calibration of our empirical model in future sections. 

 The standards used for phase compositions were a synthetic basaltic glass (Si, Ca, 

Fe, Mg), diopside (Si, Ca, Mg), fayalite (Si, Fe), almandine (Si, Al, Ca, Fe, Mg), pyrope 

(Mg), oligoclase (Al, Na), orthoclase (K), chromite (Cr), rutile (Ti), and rhodonite (Mn). 

CO2 concentration of the reacted melt was estimated by difference of summation of 

concentration of all oxides from 100 wt %. 
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4.3. Results 

4.3.1. Textures and phase assemblages 

 All BAC 1 KLB-1 experiments produced a quenched melt pool at the top of the 

capsule (where the quenched pool comprised clinopyroxene-like silicates interfingered 

with Ca-Fe-Na carbonates) coexisting with a four-phase residue consisting of olivine, 

orthopyroxene, clinopyroxene, and garnet. All 25% and 33% melt-added experiments 

(volatile free or carbonated) had these four phases present in their residue (Figure C-1). 

 For 25 wt % basaltic andesite-peridotite mixture experiments, olivine modal 

proportions display an overall decrease from ~26 wt % in CO2-free (G2PM1-bearing 

experiment) conditions (Mallik and Dasgupta, 2012) to ~22 wt % in case of BAC5-

bearing experiment. Olivine modal proportions for 33 wt % basaltic andesite- peridotite 

mixture experiments, display an overall decrease from ~15 wt % in CO2-free conditions 

(Mallik and Dasgupta, 2012) to ~9 wt % for BAC5-bearing experiment (Figure 4-1). 

Orthopyroxene modal proportions display an overall increase from ~37 wt % in 25 wt %-

G2PM1-bearing experiment (Mallik and Dasgupta, 2012) to ~44 wt % in 25 wt %-

BAC5-bearing experiment. For experiments with 33 wt % reacting melt fraction, 

orthopyroxene displays an increase from ~37 to ~52 wt % from G2PM1 to BAC5-bearing 

experiments. Clinopyroxene modes display a steady decrease with increasing CO2-

content in the reacting melt (or CO2 content of the bulk-melt-rock mixture) for both series 

of experiments, i.e., for experiments with reacting melt fraction of 25 and 33 wt %, with 

the modes decreasing from ~18 to ~4 wt % for the former series and ~21 to ~9 wt % for 

the latter series from CO2-free condition (Mallik and Dasgupta, 2012) through BAC5-
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bearing experiments (Figure 4-1). Garnet modal proportions do not display any 

systematic change with increasing CO2 content of reacting melt except that the modes 

from carbonated runs are higher than for CO2-free runs. For experiments with 25 wt % 

reacting andesite, the garnet mass fractions vary from ~4 to ~7 wt % and for experiments 

with 33 wt % reacting andesite, the mass fractions vary from ~11 to ~13 wt % from CO2-

free melt through BAC5- bearing experiments. Melt modal proportions display an overall 

increase from ~16 to 23 wt % from CO2-free melt-bearing through BAC5-bearing 

experiment in case of 25 wt % reacting melt fraction series. For the series with 33 wt % 

reacting melt fraction, the resulting melt fraction shows a slight increase within error 

from ~16 wt % for G2PM1-bearing experiment to ~17 wt % in case of BAC5-added run. 

4.3.2.  Assessment of chemical equilibrium 

 The goal of our study is to achieve equilibrium compositions of minerals and 

melts for wall rock domains of fertile peridotite that are impregnated with basaltic 

andesite. Hence it is critical to evaluate that our experiments approached equilibrium. An 

approach to equilibrium and maintenance of closed system during the experiments 

presented here can be established by the following criteria: (1) sum of residual square 

(Σr2) of all oxides from mass balance calculations varies from 0.1 to 1.8 (Table 4-2) 

which, considering the uncertainty in composition of reacted melt obtained from domains 

comprising quench crystals, is low. (2) The maximum difference between nominal 

temperature of experiment and temperature calculated using two- pyroxene thermometer 

of Brey and Kohler (1990) (TBKN) across all experiments is 45 °C and using garnet- 

clinopyroxene thermometer of Ravna (2000) (TR00) is 108 °C (Table 4-2). Both 
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differences in temperature are within the uncertainty of the respective thermometers; 

hence, they confirm that the experiments approached equilibrium. (3)  

varies from 0.28 ± 0.02 to 0.36 ± 0.02 (Table 4-4) which are within the range obtained by 

other experimental studies reporting olivine-carbonated silicate melt equilibria (e.g., 

Dasgupta et al., 2007; Dasgupta et al., 2013; Hirose, 1997; Mollo et al., 2010; Mallik and 

Dasgupta, 2013) and also consistent with general observations of olivine-melt equilibria 

in mafic-ultramafic systems (Roeder and Emslie, 1970; Kushiro and Walter, 1998; 

Matzen et al., 2011). 

4.3.3. Phase Compositions 

4.3.3.1.  Reacted melt 

 Reacted melt compositions derived from carbonated BACs are plotted, on a 

volatile-free basis, as a function of CO2 content of the starting melts in Figure 4-2 and are 

reported in Table 4-3. 

 With increasing CO2 dissolved in the initial basaltic andesite, the reacted melts 

display a slight decrease in SiO2 concentration from 44.9 ± 0.6 to 42.8 ± 2.3 wt % and 

44.4 ± 0.8 to 40.1 ± 2.3 wt % for reacting melt fraction of 25 and 33 wt %, respectively. 

TiO2 concentration of the melts displays an overall decrease from 6.1 ± 0.5 to 5.2 ± 0.3 

wt % and 6.7 ± 0.5 to 6.0 ± 0.4 wt % with increasing CO2 content in the reacting melt, for 

25% and 33% melt-added experiments, respectively, as the resulting melt fraction 

increases. Over the same range of reacting melt CO2 contents, Al2O3 content of the 

reacted melts decrease from 13.7 ± 0.5 to 10.8 ± 0.5 wt % and 12.6 ± 0.9 to 10.1 ± 0.5 wt 
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% for reacting melt mass of 25 and 33 wt %, respectively. The FeO* concentration of the 

reacted melts do not display any trend as a function of CO2 dissolved in the reacting melts 

and it ranges from 10.3 ± 0.8 to 9.7 ± 0.7 wt % for 25 wt % melt-bearing series and 11.0 

± 1.2 to 10.7 ± 1.1 wt % for 33 wt % melt-bearing series. On the other hand, the MgO 

concentration in the reacted melts correlate positively with increasing CO2 dissolved in 

the reacting and reacted melts; MgO concentrations increase from 12.0 ± 1.4 to 16.2 ± 

0.8 wt % for 25% melt-bearing and 13.0 ± 1.2 to�16.5 ± 0.5 wt % for 33% melt-bearing 

experiments. The trend of CaO as a function of CO2 dissolved in the reacting melt is the 

same as that for MgO and the concentrations vary from 8.4 ± 0.8 to 11 ± 1 wt % and 7.8 

± 0.6 to 11 ± 2 wt % for 25 and 33 wt % melt-bearing experiments, respectively. Na2O 

concentration in the reacted melts display a slight overall increase (within error) with 

increasing CO2 content in the reacting melts and the concentrations range from 3.8 ± 0.4 

to 4.0 ± 0.1 wt % and 3.9 ± 0.4 to 5 ± 1 wt % from 0 to 5 wt % CO2 dissolved in the 

basaltic andesite, i.e., as the resulting melt becomes more CO2 rich (see below). Mg# and 

CO2 concentration in the reacted melts also increase with increasing CO2 content in the 

reacting melts. While Mg# varied from 68 ± 4 to 75 ± 2 and 69 ± 4 to 73 ± 2 for 25% and 

33% melt-added experiments, respectively, from CO2-free to BAC5-bearing experiments, 

CO2 concentration in the reacted melts vary from 6 ± 3 to 9 ± 4 wt % and 9 ± 2 to 14 ± 4 

wt % for 25% and 33% melt-added runs. 

4.3.3.2.  Olivine 

 Mg# of olivines, for 0% to 5 wt % CO2 in the reacting melts, increase from 88.2 ± 

0.1 to 89.2 ± 1.8 and 87.4 ± 0.1 to 89.1 ± 1.1 for 25% and 33% melt-bearing experiments, 
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respectively (Figure C-2 and Table 4-4). 

4.3.3.3.  Orthopyroxene 

 Orthopyroxene compositions are plotted as a function of CO2 concentration in the 

reacting melts in Figure C-3 and tabulated in Table 4-5. With increasing amount of CO2 

in the reacting melt or increasing fraction of reacted melt, TiO2, FeO*, CaO, and Na2O in 

orthopyroxene display an overall decrease in concentration. On the other hand, with 

increasing amount of CO2 in the reacting melt or increasing reacted melt mass, Cr2O3 and 

MgO display an overall increase in concentration. Al2O3 in orthopyroxene also decreases 

with increasing CO2 in the reacting melt or increasing melt fraction; for 25% melt-added 

experiments from G2PM1 to BAC5-added runs, Al2O3 in orthopyroxene varies from 5.8 

± 0.5 to 4.7 ± 0.3 wt % and in 33 % melt-added runs from 4.8 ± 0.2 to 5.0 ± 0.6 wt %. 

4.3.3.4. Clinopyroxene 

 Clinopyroxene compositions are plotted as a function of CO2 concentration in the 

reacting melts in Figure C-4 and reported in Table 4-6. Composition of clinopyroxene 

displays an overall decrease in TiO2, Al2O3, FeO*, and Na2O with increasing CO2 

concentration in the reacting melt (G2PM1 to BAC5-added experiments) as the resulting 

melt fraction increases. For 25% melt-added runs, TiO2 decreases from 1.4 ± 0.1 to 1.14 

± 0.07 wt %, Al2O3 decreases from 8.3 ± 0.3 to 6.9 ± 0.6 wt %, FeO* from 5.0 ± 0.1 to 

4.3 ± 0.2 wt %, and Na2O from 1.68 ± 0.03 to 1.50 ± 0.08 wt %. For 33% melt-added 

experiments, similar diminishing trends for TiO2, FeO*, and Na2O were noted (Figure C-

4). In case of Al2O3, there is an initial increase from 6.9 ± 0.5 to�8.1 ± 0.2 wt % for 
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G2PM1 to BAC1-added experiments, followed by a steady decrease to 6.6 ± 0.2 wt % in 

the BAC5-added experiment. Cr2O3 and CaO concentrations display an increase from 

G2PM1 to BAC5- added experiments. Cr2O3 concentration increases from 0.28 ± 0.03 to 

0.37 6 0.04 wt % for 25% melt- added runs and 0.19 6 0.04 to 0.31 6 0.03 wt % for 33% 

melt-added runs. CaO concentration increases from 13.1 ± 0.8 to 15.0 ± 0.7 wt % in case 

of 25% melt-added runs and 12.4 ± 0.6 to 14.5 ± 0.7 wt % for 33% melt-added runs. 

MgO concentrations do not display any systematic correlation with increasing CO2 in 

reacting melt or increasing reacted melt fraction. 

4.3.3.5.  Garnet 

 Garnet compositions are plotted as a function of CO2 concentration in the reacting 

melts in Figure C-5 and given in Table 4-7. With increasing CO2 concentration in the 

reacting melts from G2PM1 to BAC5-added experiments or increasing reacted melt 

fraction, FeO* concentrations in garnet display a slight decrease in concentration from 

7.9 ± 0.1 to 7.0 ± 0.2 wt % for 25% melt-added experiments and 8.0 ± 0.2 to 7.0 ± 0.2 wt 

% for 33% melt-added experiments. Cr2O3 and CaO concentrations display an increase in 

concentration with higher reacting melt mass. Cr2O3 concentrations increase from 0.48 ± 

0.03 to 0.58 ± 0.04 wt % and 0.23 ± 0.04 to �0.48 ± 0.03 wt % while CaO concentrations 

increase from 4.9 ± 0.8 to 5.5 ± 0.7 wt % and 4.4 ± 0.6 to 5.3 ± 0.7 wt % for 25% and 

33% melt-added runs, respectively. TiO2 and MgO concentrations do not display any 

systematic variation with increasing CO2 in the melt-rock system or increasing reacted 

melt fraction. 
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4.4.  Discussion 

4.4.1.  Effect of variable CO2 on evolution of reacted melt composition 

 The effect of CO2 on reacted melt composition is most evident in terms of SiO2, 

Al2O3, MgO, and CaO contents and Mg#. Within error, SiO2 concentration decreases 

with increasing CO2 in the infiltrating melt for same melt-rock ratios and this can be 

attributed to the effect of increased activity coefficient of SiO2 in the melt (where the 

activity of SiO2 in the melt is buffered by olivine and orthopyroxene) (Dasgupta et al., 

2007; 2013; Mallik and Dasgupta, 2013). A similar decrease in Al2O3 concentrations is 

observed with increasing CO2 in reacting melts which is owing to greater crystallization 

of garnets in the residue, increasing bulk D /  from 0.10 to 0.27 (for 25% melt-

added experiments) and 0.26 to 0.37 (for 33% melt-added experiments) with experiments 

from 0 wt % CO2 in the reacting melt through 5 wt % CO2 in the reacting melt. It is 

argued that FeO* in silicate melts does not contribute to enhanced CO2 solubility because 

Fe2+ may act as a network former rather than network modifier in silicate melts (e.g., 

Brooker et al., 2001a; Giuli et al., 2011). This hypothesis may be supported by our data 

where no systematic trend in FeO* concentration in the reacted melts is observed as a 

function of increasing CO2 content in the melt-rock mixture. MgO concentration of the 

reacted melts for same melt-rock ratio display an increase in mean concentration with 

higher CO2 in the infiltrating melt and this corroborates with CO3
2- anions bonding with 

Mg2+ in the silicate melt to form MgCO3 complexes (e.g., Guillot and Sator, 2011). Due 

to the fact that Fe2+ does not display any effect in enhancing CO2 content in the melt 

while Mg2+ does increase CO2 concentrations, the net effect is that Mg# of the reacted 
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melt does increase with increasing CO2 in the melt-rock system and this is supported by 

our data in Figure 4-2. CO3
2- anions display a strong affinity for Ca2+ (Dasgupta et al., 

2007, 2013; �Mallik and Dasgupta, 2013) and Na+ cations (e.g., Guillot and Sator, 2011; 

Iacono-Marziano et al., 2012) associated with non-bridging oxygens to form CaCO3 and 

Na2CO3 complexes, respectively. An effect of such a complexation is observed in our 

study where an increase in CaO and a modest increase in Na2O concentrations are 

observed with higher CO2 in the reacting melts within experiments of same melt-rock 

ratio. We note that because enhanced CO2 in the bulk melt-rock mixture results in greater 

melt production, if complexation with CO2 did not favor Na2O enrichment, we should 

have expected to see a decrease in Na2O with increasing melt fraction owing to 

incompatible nature of Na. Therefore, a modest increase in Na2O of the reacted melt with 

increasing CO2 in the reacting melt may be a product of both complexation of Na+ with 

CO3
2- and enhanced melting for systems with higher bulk CO2. Because CO2 is perfectly 

incompatible in our melt-rock system, there are two factors on which the CO2 

concentration of the melt would depend on: (1) modal proportions of the reacted melt—

lower is the mode, higher is the CO2 concentration in the reacted melts and (2) CO2 

concentration of the reacting melt (Mallik and Dasgupta, 2013)—a higher concentration 

of CO2 in the reacting melt would enhance the CO2 content of the reacted melts. In this 

study, CO2  concentration of the reacted melts overall increasing from BAC1 through 

BAC5 (Figure 4-2) indicates that the initial CO2 concentration of the reacting melt 

dictates the CO2 concentration of the reacted melts. 
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4.4.2.  Evolution of modal proportions in residue due to variable CO2 content in 

the bulk melt-rock mixture  

 It is observed from Figure 4-1 that proportions of olivine are lower and those of 

garnets are higher in carbonated melt-rock reactions than in volatile-free experiments. 

Further, both clinopyroxene and olivine modes show a steady decrease with increasing 

bulk CO2 in melt-rock mixture, and orthopyroxene modes display a steady increase with 

increasing bulk CO2 in melt-rock mixture. A chemical reaction such as the one below 

captures the changes in phase proportions in the carbonated melt-rock reactions: 

 

2Mg2SiO4 + CaMgSi2O6 + 2CO2    2Mg2Si2O6 + (MgCO3 + CaCO3)  (4-1)                    

    Olivine       Clinopyroxene      Melt          Orthopyroxene                Melt 

 

 The above end-member reaction is also supported by increase in CaCO3 and 

MgCO3 components in the melt with decreasing olivine or clinopyroxene modes and 

increasing orthopyroxene modes as a function of increasing CO2 content in reacting melts 

(equivalent to increasing bulk CO2 content in melt-rock mixture; Figure 4-1). 

 On a volatile-free basis, the reacting melts G2PM1, BAC1, BAC2.6, BAC4, and 

BAC5 are similar in composition (Table 4-1). All melt-rock mixtures of same melt-rock 

ratio thus have identical compositions on a volatile-free basis. Also, the experiments have 

been performed at same P-T conditions of 3 GPa, 1375 °C. The only variable amongst 

the experiments of same melt-rock ratio is the CO2 concentration of the reacting melt or 

the bulk CO2 concentration of the melt-rock mixture. Thus, it can be established that the 
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difference in phase equilibria amongst the melt-rock reaction experiments is solely due to 

variable concentrations of CO2 in the system and that these experiments are well suited 

for understanding the effect of CO2 on such phase equilibria. Expansion of stability field 

of orthopyroxene and garnet at the expense of olivine and clinopyroxene at the liquidus 

of basalt has been speculated by studies before (Kushiro, 1975; Brey and Green, 1975, 

1977; Dasgupta et al., 2007) and demonstrated by Mallik and Dasgupta (2013). This 

study further confirms these prior suggestions by demonstrating a definite role of CO2 in 

affecting modal proportions of minerals in the residue of melt-rock reaction. CO2 

dissolves mostly as CO3
2- in alkalic basalts by forming bonds with divalent cations such 

as Ca2+, Mg2+, Fe2+, and alkalis such as Na+ and K+ (e.g., Brooker et al., 2001a, 2001b; 

Dasgupta et al., 2007; Guillot and Sator, 2011; Iacono-Marziano et al., 2012; Mallik and 

Dasgupta, 2013) present in the melt. Although it is debated that some of them (especially 

Mg2+ and Fe2+) act as network formers in silicate melts by bonding with bridging oxygens 

(Brooker et al., 2001b; Guillot and Sator, 2007), the divalent cations also act as network 

modifiers by bonding with non-bridging oxygens (NBOs) in the melt. Molecular dynamic 

simulation studies have shown that it is these divalent cations bonded to NBOs that 

carbonates prefer to associate themselves with (Guillot and Sator, 2011). Thus, 

dissolution of CO2 in silicate melts as carbonates decreases the activity coefficient of 

network modifiers, in turn increasing the activity coefficient of network formers such as 

SiO2 and Al2O3 in the melt (Mallik and Dasgupta, 2013). This aids in crystallization of 

orthopyroxene and garnet at the expense of olivine and clinopyroxene. 

 For volatile-free melt-rock reaction, olivine is exhausted when 50% melt is added 

to the peridotite (Mallik and Dasgupta, 2012); however, when CO2 is present in the melt-
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rock system, olivine is exhausted at a lower melt:rock ratio, i.e., when 40% melt is added 

(Mallik and Dasgupta, 2013). Also, the residue of melt-rock reaction is shifted to 

progressively orthopyroxene-rich compositions with higher amount of CO2 in the bulk 

melt-rock system. 

4.4.3. Variability in types of primary magma formed due to melt-rock reaction 

under the influence of varying CO2 

 The reacted melts from 25% and 33% G2PM1 through BAC5-added experiments 

are plotted in Figure 4-3 according to the classification of basalts by Le Bas (1989). Also 

plotted on the same figure are the starting composition of BAC as well as basanites, 

nephelinites, and melilitites from Cook Australs, St. Helena, Cape Verde, Canary Islands, 

Azores, Samoa, Societeies, and Hawaii, where the ocean island compositional data are 

corrected to be in equilibrium with olivine of Mg#88, i.e., the average Mg# of olivine in 

our melt-rock reaction experiments determined from Figure C-2. Figure 4-3 demonstrates 

how a siliceous basaltic andesite such as BAC can evolve to greater degree of silica 

undersaturation from basanites to basanitic nephelinite to ultimately nephelinite as CO2 

content in the melt-rock system increases. The excellent match between nephelinitic 

basanites and nephelinites produced in this study and those found in Cook-Australs, Cape 

Verde, Canary Islands, and Hawaii is in good agreement with numerous recent studies 

suggesting presence of recycled oceanic crust (e.g., Gerlach et al., 1988; Marcantonio et 

al., 1995; Hauri, 1996; Woodhead, 1996; Kogiso et al., 1997; Lassiter and Hauri, 1998; 

Christensen et al., 2001; Doucelance et al., 2003; Demény et al., 2004; Sobolev et al., 

2005; Day et al., 2009; Herzberg, 2011) and CO2 in the source of these ocean island lavas 

(e.g., Allegre, 1971; Hauri et al., 1993; Kogarko et al., 1995; Chauvel et al., 1997; Saal et 
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al., 1998; Martins et al., 2010; Frezzotti et al., 2002; Hoernle et al., 2002; Jørgensen and 

Holm, 2002; Dixon et al., 2008; Mourão et al., 2010). 

 The reacted melt compositions, the bulk compositions of 25% BAC + 75% KLB-

1 ox and 33% BAC + 75% KLB-1 ox as well as residue composition corresponding to 

each reacted melt are plotted on the plane of Ca-Tschermak (CaTs)—Forsterite (Fo)—

Quartz (Qtz) projected from Diopside (Di) in Figure 4-4 according to O’Hara (1968). 

Also plotted on the same figure are the starting melt BAC and peridotite KLB-1ox. Tie 

lines are constructed connecting each reacted melt to its residual composition through its 

bulk composition. In this figure, the CaTs—En join corresponds to the pyroxene—garnet 

thermal divide (O’Hara and Yoder, 1967) with silica-rich compositions to the right and 

silica-poor compositions to the left. All reacted melts from this study plot in the silica-

poor side of the thermal divide implying that upon reaction with peridotite in proportions 

of 1:3 and 1:2 and presence of as low as 0.25 wt % bulk CO2, a recycled oceanic crust-

derived siliceous melt is capable of transforming into an alkalic melt. Also, with 

increasing CO2, in the infiltrating melt/bulk source, the reacted melt shifts further away 

from the Qtz apex resulting in greater- degree of undersaturation. This is in keeping with 

Figure 4-3. The residue composition also evolves closer to the thermal divide with 

increasing CO2 in the bulk owing to greater orthopyroxene crystallization. Thus, the melt 

evolving towards greater degree of Si undersaturation, with the residue evolving towards 

the thermal divide results in tie lines crossing each other with increasing CO2 in the 

infiltrating melt. This is in contrast to the nature of evolution of reacting melts for 

increasing infiltrating melt mass at constant CO2 content of reacting melt (Mallik and 

Dasgupta, 2013, Figure C-2) where the tie lines were nearly parallel to each other and the 
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reacting melt evolved toward greater degree of Si undersaturation with lower melt-rock 

ratio. 

 We propose that reaction between andesitic melt derived from recycled MORB-

eclogite and peridotite (at intermediate melt-rock ratios) containing up to 1.6 wt % bulk 

CO2 (the maximum bulk CO2 content in this study), but as low as 0.25 wt % CO2, is a 

sufficient process to generate such silica-deficient lavas in certain ocean islands. 

4.4.4. Model to estimate reacted melt composition as a function of basaltic 

andesite-peridotite ratio and bulk CO2 in the source 

 Our experimental results establish that reaction between andesitic melt derived 

from recycled MORB- eclogite with peridotite in the presence of variable CO2 is a viable 

process to generate basanitic to nephelinitic alkalic lavas (Mallik and Dasgupta, 2012, 

2013, this study). Because our experiments were conducted with relatively high melt:rock 

ratio, i.e., reacting melt fraction ≥25 wt % and bulk CO2 content ≥0.25 wt % or 2500 

ppm, we need a parameterization to extrapolate our data to a wider range of conditions. 

We have thus developed an empirical model to predict reacted melt compositions as a 

function of basaltic andesite-lherzolite ratio and source CO2 content. 

 In this model, we have defined an ‘‘enrichment factor’’ for each of the relevant 

oxides in the melt as follows: 

Enrichment	factor . 	 	 .

.
   (4-2) 

where, Conc.Reacted melt and Conc.BAC are oxide concentrations in the resulting melt and 
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starting CO2-bearing andesitic melt in weight percentage.� 

We have fitted the following empirical function by least squares method. 

Enrichment	factorCalculated 	 a b F c CO2Bulk d F CO2Bulk e F2 (4-3) 

where a, b, c, d, e are fitting parameters, F is the reacting melt fraction by weight, and 

CO2Bulk is the CO2 concentration in the bulk melt-rock mixture in weight percentage. 

 The modeled concentration of reacted melt can be calculated from equations (2) 

and (3). Based on the reacted versus reacting melt fraction trend for CO2-free andesite-

peridotite system (Mallik and Dasgupta, 2012), we argue that our model can be used for 

reacting eclogite melt as low as 3–5% and up to intermediate reacting melt fraction of 

33% (where the melt is in equilibrium with a olivine-orthopyroxene-bearing residue) and 

a source CO2 range from 0 to 2 wt %. Also, both 2.5 and 3 GPa reacted melt 

compositions from Mallik and Dasgupta (2012) were taken into consideration during 

fitting the function as no discernible effect of pressure on melt composition was found 

within this narrow range of pressure. Table 4-8 displays the values of fitting parameters 

and Σr2 obtained from the regression. Figure 4-5 compares the measured versus modeled 

concentrations of oxides in reacted melts. We also compared our calculated 

concentrations with concentrations of volatile-free peridotite partial melt (generated at 3 

GPa, 1445 °C), partial melt of 1 wt % CO2- bearing peridotite (generated at 3 GPa, 1350–

1400 °C) and reacted melt generated from 8% and 33% eclogite-melt infiltrating 

peridotite at 3 GPa, 1440 °C (Mallik and Dasgupta, 2012) to evaluate the temperature 

range across which our model can be used. Given the uncertainties in measured melt 
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composition because of quench heterogeneities, we argue that our modeled compositions 

match reasonably well with measured compositions across a temperature range of 1350–

1445 °C for all oxides. The only caution that should be exercised is that in case of TiO2 

and Na2O, the model overestimates the concentration of these oxides for melts generated 

at 1440 °C and F > 0 with the degree of overestimation increasing with F. This is because 

the model does not take into account the counteracting effect of dilution of TiO2 and 

Na2O due to significant increase in the resulting melt-fraction at higher temperatures over 

increase in infiltrating eclogite-melt fraction (which enriches the system in TiO2 and 

Na2O). 

 In Figure 4-4, the isopleths of F and bulk CO2 were constructed using our 

empirical model. These isopleths, on the projection plane of CaTs-Fo-Qtz from Di, lie on 

the silica-undersaturated side of the thermal divide (CaTs-En join), which indicates that 

irrespective of bulk CO2 concentration, reacted melts, corresponding to reacting melt 

fraction (F) of up to 35 wt % in the melt-rock system, are alkalic. The isopleths indicate 

that both lower fraction of reacting melt and higher bulk CO2 drive the reacted melt 

toward greater degrees of alkalinity, in agreement with the previous studies (Mallik and 

Dasgupta, 2012; 2013). 

4.4.5.  Distinguishing peridotite versus hybrid pyroxenite as source of primary 

magmas using CaO versus MgO characteristic of melts 

 One of the key questions is how to identify the presence and determine the 

quantity of eclogitic heterogeneity in the source regions of basalts. Herzberg and Asimow 

(2008) proposed that peridotite-derived and pyroxenite-derived melts can be 
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distinguished by the equation: CaO = 13.81 - 0.274 MgO, where, CaO and MgO are 

oxide concentrations in primary melt (wt %). Melt compositions plotting above the line 

defined by this equation in Figure 4-6 are primary peridotite-derived melts and those 

below are primary pyroxenite- derived melts. However, our model isopleths are observed 

to transgress the green line from the field of pyroxenite-derived partial melts into 

peridotite-derived melts irrespective of bulk CO2 or melt fraction in the source. This 

implies that the above equation is not adequate to distinguish between peridotite and 

pyroxenite-derived melts, especially for a pyroxenite-peridotite hybrid source, such as the 

one used in this study. The presence of MORB-eclogite component in the distal mantle 

source regions of ocean islands cannot be excluded simply because the near-primary 

magma has relatively high CaO at a given MgO content. Similarly, the mantle source 

may be olivine bearing, although with lower modal abundance than expected for fertile 

peridotite, even though the primary magma has low CaO at a given MgO content. 

Herzberg and Asimow (2008) and Herzberg (2011) do discuss that certain high CaO 

pyroxenite-derived melts (e.g., Hirschmann et al., 2003; Kogiso et al., 2003; Keshav et 

al., 2004) may plot above the green line in Figure 4-6, although, these authors express 

dubiousness about these high MgO-garnet pyroxenites being sources of oceanic island 

basalts (OIBs) as opposed to those formed by reaction of siliceous recycled-oceanic-

crust-derived melt with peridotite (Sobolev et al., 2005, 2007; Herzberg, 2006; Mallik 

and Dasgupta, 2012, 2013). We agree with the notion that hybrid ‘‘pyroxenite’’ produced 

by siliceous melt-peridotite reaction is likely to be much more prevalent in the OIB 

source as compared to the silica-deficient garnet pyroxenites; however, we show that 

primary melts generated from such hybrid sources (without a high Ca-lithology) can also 
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lie on either ‘‘peridotite’’ or ‘‘pyroxenite’’ field. This is particularly so if the mantle 

source region is CO2 rich and infiltrated with relatively lower eclogite melt fraction. 

Therefore, caution must be exercised upon using such discrimination schemes to 

comment on source characteristics of natural lavas. 

4.4.6.  Quantifying the source characteristics of individual islands in ocean island 

groups 

 Our model can be used to estimate the contributions from eclogitic crust and CO2 

required in the broadly peridotitic source of alkalic ocean island basalts. To illustrate, we 

have chosen four ocean island groups such that the lava compositions span the entire 

range of degree of silica undersaturation according to Le Bas (1989). Accordingly, the 

ocean island groups chosen here are Canary Islands, Cape Verde, Cook Australs and 

Hawaii. The data of alkalic basalts from these islands along with the references from 

which they have been taken are reported in supporting information. Whole rock and glass 

with MgO between 8 and 16 wt % have been considered as representative samples from 

the ocean island groups to minimize effects of fractional crystallization of plagioclase and 

clinopyroxene. Intrusives and cumulate compositions have been excluded. Hence, we 

have corrected each average composition by adding back only olivine to the melt 

composition till the melt is in equilibrium with olivine of forsterite content 88% (Fo88) by 

using  = 0.3 (Roeder and Emslie, 1970). Although Matzen et al. (2011) 

have used  = 0.34 for calculating parental magma composition for 

Hawaii, they note in their study that a value of 0.34 is applicable for olivine fractionation 

corrected lava compositions that have SiO2 concentrations between 46–52 wt % and 
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(Na2O + K2O) <3 wt %. Appropriate  values for lava compositions that 

have less than 46 wt % SiO2 and greater than 3 wt % (Na2O + K2O) are less than 0.34 

(Gee and Sack, 1988; Toplis, 2005). While Hawaiian shield lavas may fall in this 

compositional range, the lavas chosen here from Canary Islands, Cape Verde, Cook-

Australs and Hawaii have SiO2 < 46 wt % and (Na2O + K2O) > 3 wt %. Hence, in order 

to avoid any bias in terms of choice of varying with lava composition, 

we have used a value of 0.3 for all lavas. We chose to correct the natural basalt 

compositions to Fo88 because that is the average residual olivine composition from our 

study. Also, within each island group, only individual islands with at least 15–20 data 

points that passed the above filter have been considered so that a representative sample 

population is included in the discussion. CaO versus SiO2 concentrations of islands from 

these four island groups have been plotted in Figures 4-7–4-10. Also plotted on each 

figure is the line proposed by Herzberg and Asimow (2008) as an approximate filter to 

distinguish CO2-bearing primary melts to the left of the line from CO2-free melts, given 

by the equation CaO = 2.318SiO2 – 93.626. As observed in Figures 4-7–4-10, most of our 

modeled CO2-free isopleth lies to the right of the filter along with some part of the low 

CO2-isopleth, especially toward high F. This reaffirms the statement by Herzberg and 

Asimow (2008) that their filter to track the presence or absence of CO2 in the mantle 

source is ‘‘approximate’’ and should not be taken as a rigid boundary. 

4.4.6.1. Canary Islands 

 Alkalic basalt compositions from six islands (La Palma, Gran Canaria, Tenerife, 

Lanzarote, Fuerteventura, and El Hierro) are plotted in Figure 4-7. In case of La Palma, 
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Tenerife, and El Hierro, low CaO, low SiO2 compositions (to the left of the filter) have 

high TKP (0.5TiO2 + K2O + P2O5 in wt %) content. This is not what would be expected if 

the high TKP lavas represented low-degree partial melts of a fixed carbonated source 

where low-degree melts would have higher CaO content with lower SiO2 (Hirose, 1997; 

Dasgupta et al., 2007, 2013). The enrichment in incompatible elements in these four 

islands is observed toward higher F isopleths, which implies that this enrichment is due to 

higher TKP concentrations in the source lithologies that underwent partial melting (due to 

higher fraction of infiltrating eclogite-derived melt in the source). Based on the 

comparison between the F-CO2 grids and the natural basalts from these three islands in 

the CaO-SiO2 space, as much as 15–35 wt % eclogite melt in the peridotite source region 

can be argued. Moreover, variable extent of eclogite-melt fluxing seems necessary even 

within one island perhaps suggesting heterogeneous distribution of eclogite component in 

the mantle source. In case of Fuerteventura and Gran Canaria, basalts with SiO2 < 42 wt 

% show enrichment in TKP at a near-constant CaO concentration of ~10– 12 wt %. This 

trend follows a trajectory of simultaneous increase in bulk CO2 and F in the source 

lithology, suggesting that both eclogite component and source CO2 may be variable and 

their enrichment or depletion is likely coupled. F and bulk CO2 may vary from >35 and 2 

wt % CO2 to <5 and 0 wt %, respectively. Lanzarote basalts display two trends: the first 

trend shows decreasing SiO2 with near-constant CaO at ~10 wt % commensurate with 

enriched TKP (similar to the trend shown by Gran Canaria); the second trend displays 

increasing CaO with decreasing SiO2 along with maximum enrichment in TKP at highest 

CaO concentrations. This latter trend can be generated by differential degrees of melting 

of carbonated peridotite (e.g., Hirose, 1997; Dasgupta et al., 2007, 2013; Herzberg and 
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Asimow, 2008), i.e., SiO2 increases and CO2 in the melt decreases with increasing degree 

of partial melting of carbonated peridotite. However, TiO2 content in these OIB lavas is 

higher to be explained by melting of carbonated peridotite alone (Figure C-6), which 

implies the involvement of a mafic lithology in the source. Presence of recycled oceanic 

crust in the source for Canary Islands has been evaluated by studies before (Herzberg, 

2011). Thus, the trend represents partial melting for a fixed hybrid lithology (peridotite 

infused with partial melt derived from MORB-eclogite). 

4.4.6.2. Cape Verde 

 Alkalic lava compositions from São Nicolau, Santo Antão, Santiago, São Vicente 

and Sal are plotted in Figure 4-8. The islands of Santo Antão and Santiago display a weak 

positive correlation of CaO versus SiO2 in terms of lava composition and in these islands 

along with São Nicolau, enrichment in TKP is observed to increase toward low CaO, low 

SiO2. This trend corresponds well with that of Tenerife, Canary Islands, i.e., the 

incompatible element enriched lavas correspond to a higher eclogite-F and higher CO2- 

bearing source. Lower SiO2 content in enriched lavas is an effect of higher CO2 in the 

source. São Vicente and Sal basalts display a negative correlation between CaO and SiO2 

with higher CaO content lavas being more enriched in TKP across a narrow range of 

eclogite-F isopleths. This trend can be explained by differential degrees of partial melting 

of a CO2-bearing hybrid source lithology with lower-degree partial melts corresponding 

to high CaO, low SiO2, enriched lavas. 
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4.4.6.3.  Cook Australs 

 Alkalic basalt compositions from the islands of Tubuai and Aitutaki are plotted in 

Figure 4-9. The island of Tubuai shows a similar trend as Santo Antão, Cape Verde while 

Aitutaki shows a trend similar as São Vicente, Cape Verde. Therefore, Tubuai lavas may 

be generated from a source that has both an eclogite-melt poor, CO2-poor component 

(relatively high CaO, high SiO2) and an eclogite-melt-rich, CO2- rich component 

(relatively low CaO, SiO2). Similarly, fractionation-corrected Aitutaki lavas can be 

generated by variable extent of melting of a hybrid (±olivine)-websterite lithology fluxed 

with CO2. 

4.4.6.4.  Hawaii 

 Postshield lava compositions from Hawaii, postshield and rejuvenated 

compositions from Maui as well as rejuvenated compositions from Oahu and Kauai are 

plotted in CaO-SiO2 space (Figure 4-10). The alkalic basalts from the island of Hawaii 

display a general enrichment in TKP with lower CaO content across a range of SiO2 

concentrations and TKP decreases with increasing CaO for a given SiO2 content. This 

trend can be considered to be similar to São Nicolau, Cape Verde. Maui, Oahu and 

Kauai, on the other hand, display an overall enrichment in TKP with increasing CaO and 

decreasing SiO2 content of lavas similar to São Vicente, Cape Verde. In other words, the 

CaO-SiO2 trends for Maui, Oahu, and Kauai all suggest variable degree of melting of a 

carbonated source where the width of the arrays may derive from variable extent of 

eclogite-melt fluxing. 
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 One conclusion that can be reached from the comparison of the natural OIB data 

CaO-SiO2 arrays with our reacted melt composition data and model is that relatively large 

amount of eclogite melt fluxing (as high 30–40% by weight with respect to the peridotite 

source) with variable CO2 content may be reasonable to invoke for the source regions of 

many ocean islands with strongly alkalic, silica-poor basalts. In case of the Hawaiian 

Islands Maui, Oahu and Kauai, several lava compositions that plot on the isopleth grid 

span nearly the entire range of eclogite-melt fraction and bulk CO2 on the grid. However, 

one may ask whether such conclusion is in accordance with other major and minor 

elements. Perhaps more importantly, can one unambiguously argue for silica-poor, 

alkalic OIBs being exclusively generated by eclogite-melt-peridotite ± CO2 reaction as 

modeled in CaO-SiO2 plots, i.e., without any contribution from direct partial melting of 

peridotite above the volatile-free peridotite solidus? This distinction between eclogite-

peridotite reacted melt being the sole entity in primary OIB versus eclogite-peridotite 

reacted melt being just one of the two components in primary OIB (the other component 

being peridotite partial melt) is critical as this has direct bearing on the geodynamic and 

thermal conditions at which primary OIBs are generated. Therefore, in the following 

section we evaluate other major and minor element spaces that may also provide 

constraints on how much eclogite melt and source CO2 are necessary and permissible by 

the fractionation corrected OIB data. 

 In Figure C-7, we plot our model results showing how reacted melt compositions 

in MgO-oxide spaces evolve as a function of reacting eclogite melt F and bulk CO2 

isopleths. The average of the ocean island basalt compositions from six islands in the 

Canaries, five islands from Cape Verde, two from Cook-Australs and four from Hawaiian 
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islands as well as high μ (HIMU) average composition from Jackson and Dasgupta 

(2008) (Table C-2) have also been plotted in the same figure for comparison. Jackson and 

Dasgupta (2008) only used shield-stage silicate lavas with MgO contents between 8 and 

16 wt % to determine average ocean island compositions. This was done to avoid 

cumulates and minimize effects of crystal fractionation. We also plotted partial melts of 

volatile-free and carbonated peridotite in Figure C-7 to evaluate how volatile-free and 

carbonated peridotite partial melts compare to ocean island averages. 

 The most likely constraints to be used for estimating source characteristics of 

ocean islands are SiO2, Al2O3, MgO, and CaO concentrations because these four oxides 

are profoundly influenced by presence of CO2 in the source, hence, can be effective 

tracers of varying bulk CO2 content in the source. However, in the plots of Al2O3 versus 

MgO and CaO versus MgO in Figure 4-11, several volatile-free peridotite partial melts 

plot within the space of our modeled isopleths rendering it difficult to distinguish source 

characteristics just based on the location of melt composition in these plots. In fact, as 

discussed earlier, the inability of a filter suggested by Herzberg and Asimow (2008) 

(green line in Figure 4-6) to distinguish between peridotite-derived versus pyroxenite-

derived melts underscores this problem even further. However, in the space of TiO2 

versus MgO, peridotite-derived melts and our modeled isopleths do plot in distinct fields 

highlighting TiO2 as a key proxy for pyroxenite assimilation in ocean island sources (e.g., 

Prytulak and Elliott, 2007). Thus, we consider TiO2 as another reliable compositional 

constraint for determining source characteristics. 

 Figure C-7 shows that covariation of SiO2, Al2O3, MgO, and CaO of average 
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OIBs from Hawaii, Cape Verde, Canary, and Cook Austral islands can be matched by 

reacted melt compositions of eclogite-lherzolite system in the presence of CO2. For 

majority of the individual islands among these groups, 10–35 wt % reacting eclogite melt 

fraction and 0–1.2 wt % bulk CO2 content seem appropriate to drive the reacted melt 

compositions toward natural OIBs. However, our reacted melt compositions and modeled 

isopleths, especially for relatively high (10–35 wt %) reacting melt fraction, yield much 

higher TiO2 concentration compared to those in average primitive ocean island and 

HIMU basalts (except for Santo Antão, Cape Verde). In order to satisfy the TiO2 contents 

of average alkalic OIBs, reacting eclogite melt fraction needs to be ≤5 wt % relative to 

lherzolite. Therefore, concentrations of major (SiO2, Al2O3, MgO, CaO) and minor 

(TiO2) elements of modeled reacted melts suggest divergent estimates of eclogite 

contributions to OIB source regions. Therefore, it appears unlikely that silica-poor 

basanites to melilititic nephelinites from ocean islands can be produced by eclogite melt 

(±CO2)-subsolidus peridotite reaction alone. This problem can be overcome; however, if 

we consider that at conditions similar to those of our experiments, carbonated silicate 

melt is generated from peridotite as well (Wendlandt and Mysen, 1980; Hirose, 1997; 

Dasgupta et al., 2007, 2013), or at similar pressure (~2.5 GPa) but temperature slightly 

hotter than our experiments, volatile-free peridotite partial melt is also generated. 

 Therefore, we propose that for alkalic OIB generation, a two-step process of melt-

rock reaction and melt- melt mixing may be necessary. In a mantle domain with 

heterogenous distribution of recycled oceanic crust (comprising an eclogite-rich mantle 

zone and a eclogite-free or an eclogite-poor mantle zone), the first stage consists of 

eclogite-melt-peridotite + CO2 reaction in an eclogite-bearing mantle domain and the 
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second stage involves mixing of reacted melt from the first stage with peridotite ± CO2-

partial melt. The most likely scenario of eclogite-peridotite hybrid melt and peridotite 

partial melt interaction is where the generation of the former takes place in the deeper 

portion of the upwelling mantle, i.e., below the peridotite solidus, and the reacted melt 

upon ascent mixes with peridotite partial melts generated from eclogite- poor mantle 

domains. 

 Mixing between equilibrated melts from eclogite melt-peridotite + CO2 systems 

and peridotite ± CO2 systems generated at similar or somewhat shallower depths 

(equivalent to ~2–4 GPa, 1350–1400 °C) provide the relative contributions of peridotite-

eclogite ± CO2 hybrid partial melt (melt 1) and peridotite ± CO2- bearing partial melt 

(melt 2; Table 4-9). We have modeled mixing between melt 1 and 2 where melt 2 is 

either a carbonated peridotite partial melt or a volatile-free peridotite partial melt 

(compositions reported in Table C-1) in order to determine the relative proportions of 

melts 1 and 2 required to produce major element com- position of OIB averages (Figure 

4-11). We have estimated the values of eclogite-melt fraction, bulk CO2 and fraction of 

peridotite partial melt that would best match the ocean island average composition in 

terms of SiO2, TiO2, Al2O3, MgO, and CaO. For the purpose of modeling, we have 

chosen two peridotite partial melt compositions (Table C-1)—a volatile-free lherzolite 

partial melt generated at 2.5 GPa, 1425 °C (Hirose and Kushiro, 1993) and a partial melt 

of 1 wt % CO2-bearing peridotite generated at 3 GPa, 1350 °C (Dasgupta et al., 2007). 

Whether a volatile-free peridotite partial melt or a carbonated peridotite partial melt 

contributes to the ocean island lava was decided on the basis of which peridotite-melt 

yielded better convergence in optimization. In case of Canary Islands, Cook-Austral 
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Islands, Hawaiian Islands and average HIMU, mixing melt 1 with volatile-free peridotite 

partial melt produced a better convergence in terms of SiO2, TiO2, Al2O3, CaO, and 

MgO. On the other hand, for Cape Verde islands, a tighter constraint of amount of 

eclogite-melt and CO2 in the source prior to mixing with melt 2 is obtained by mixing 

melt 1 with carbonated peridotite partial melt. 

 Our two-stage melt-rock reaction and melt-melt mixing calculation suggests that 

the deeper portion of alkalic OIB source regions, i.e., below the peridotite solidus, can be 

significantly CO2 rich (0.3–2.0 wt % in the mixed source) and may observe a significant 

fraction of eclogite melt infiltration. 

 While the match between modeled melt composition (result of melt-rock reaction 

and subsequent melt- melt mixing) and target melt composition (ocean island average 

composition) is overall good for Canary Islands, Cape Verde, Cook Australs and average 

HIMU (based on the sum of residual squares as reported in Table 4-9), the match is not as 

good for Hawaiian Islands. Our model overestimates TiO2 and CaO concentrations for the 

Hawaiian Islands significantly. Lassiter et al. (2000) have invoked the presence of 

pyroxenite in the source of alkalic post-erosional Hawaiian lavas. However, we find that 

involving siliceous partial melts of hybrid pyroxenite (formed by reaction of siliceous 

eclogite-melt with peridotite, akin to the residues of melt-rock reaction from this study) 

formed at 3.5 GPa (Sobolev et al., 2007) in our model does not resolve the problem with 

overestimation of TiO2 and CaO. Thus, the alkalic basalts in Hawaiian Islands require a 

lithology in their source that will produce SiO2 and CaO-poor melts in the upper mantle. 

CO2-present partial melting of a lithology will not be applicable in this case because CO2 
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can decrease the SiO2 content but will simultaneously enhance the CaO concentration of 

the melt (Hirose, 1997; Dasgupta et al., 2007, 2013). Partial melting of garnet pyroxenite 

(Hirschmann et al., 2003) or mixed peridotite-pyroxenite sources (Kogiso et al., 1998; 

Yaxley and Green, 1998) can produce appropriate low SiO2, low CaO melts. However, 

these partial melts being more aluminous for a given MgO content than the Hawaiian 

alkalic basalts, calls for a pressure of melting greater than 3 GPa. 

 One aspect of experimentally equilibrated melt from eclogite-peridotite-CO2 

systems and their derivatives produced via mixing with experimental partial melts of 

peridotite is that FeO* concentration is lower by a few weight percent as compared to the 

plotted alkalic OIBs and HIMU averages. One possible explanation for this could be that 

our experimental conditions (having been performed in graphite inner capsules) are more 

reduced (~QFM -2) compared to those in the source of these OIBs, which may contain 

Fe2O3 even up to the concentration of TiO2 (Herzberg and Asimow, 2008). Presence of 

higher Fe3+/Fetotal in the system would elevate total FeO* content in the reacted melts 

owing to greater incompatibility of Fe2O3 during melting and melt-mantle equilibration. 

To test this, we have estimated the Fe3+/Fetotal of the carbonated reacted melts from this 

study using Kress and Carmichael (1991) and the values are in the range of 0.02– 0.03. 

 We have also estimated the Fe3+/Fetotal of the olivine fractionation corrected ocean 

island averages in Table C-2 assuming that Fe2O3 content of the ocean island averages are 

equal to their TiO2 content (Herzberg and Asimow, 2008) and the values are in the range 

of 0.2–0.3. Therefore, there is an increase in Fe3+/Fetotal by a factor of 10 between our 

experimental melts and natural ocean island lavas. In order to demonstrate that such an 
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increase in Fe3+/Fetotal can increase FeOtotal, we have estimated the change in FeOtotal as a 

function of Fe3+/Fetotal in rhyo-dacitic melts generated at 3 GPa, 1050 °C from Jégo and 

Dasgupta (2014, in press). An increase in Fe3+/Fetotal by a factor of 10 is observed to 

increase FeO* by ~2.5 wt %. Thus, higher oxygen fugacity at the source of ocean island 

basalts can be a plausible reason to explain the FeO* mismatch between our experimental 

melts and alkalic ocean island basalts. 

4.4.7. Temperatures of generation of primitive silica-poor basanites to melilititic 

nephelinites 

 Our reacted melt compositions and those that could be produced by mixing such 

hybrid melts (Mallik and Dasgupta, 2012, 2013, this study) and carbonated peridotite 

partial melts have implications for temperature estimates of primary basalts. For 

intermediate melt-rock ratio (applicable to sources of several ocean islands according to 

Table 4-9), the MgO concentration of the reacted melts, on a volatile-free basis, vary 

from 12 to 16 wt % with increasing melt CO2 concentration from 0 to 9 wt %. The MgO 

contents of the reacted melt after mixing with 30% of carbonated peridotite partial melt 

(30% being the average proportion of peridotite partial melt applicable to several islands 

of Cape Verde according to Table 4-9) is 14 to 19 wt % with corresponding CO2 

concentration in the melt increasing from 0 to ~11 wt %. As an example, using the MgO-

in melt thermometer of Herzberg and Gazel (2009), such MgO concentrations correspond 

to a range of mantle potential temperatures (TP) from 1438 °C to 1543 °C which is, 88 to 

193 °C, respectively, higher than the TP of 1350 °C that would be applicable for our 

experiments. Thus, a melt-rock reaction between recycled oceanic crust-derived melt and 
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peridotite without or with up to 11 wt % CO2 in the melt can produce a biased sig- nature 

of high TP. Hence, caution must be exercised when using such thermometers and the 

possibility of introducing a correction factor for melt-rock reaction and presence of CO2 

(as pointed out by Herzberg and Asimow (2008)) must be introduced. In this case, we 

observe that reaction between MORB-eclogite-derived partial melt and peridotite causes 

an overestimation of mantle potential temperature (ΔTP) by 88 °C with no CO2 present in 

the reacted melt followed by ΔTP of ~18 °C/wt % CO2 in the reacted melt. In other words, 

for 1000 ppm CO2 in the mantle source, a silicate melt with up to 6 wt % CO2 

(corresponding to a melt fraction of 1.7 wt %) can give an apparent TP overestimation by 

100 °C. 

 The fact that Canary Islands and Cook-Australs require contribution from 

volatile-free peridotite partial melt as opposed to carbonated peridotite partial melt in 

case of Cape Verde has geodynamic implications. In order to partially melt volatile-free 

peridotite at P ~3 GPa, T ~1445 °C (Davis et al., 2011), i.e., temperature higher than that 

at which the experiments from this study are performed, is required. This implies that a 

thermal perturbation from a nearby plume or the core of a thermally zoned plume is 

needed to facilitate volatile-free partial melting, hence, Canary Islands and Cook-Australs 

likely have TP > 1350 °C (TP applicable to mid-ocean ridge mantle and corresponding to 

P-T conditions of experiments in this study). On the other hand, carbonated peridotite can 

undergo partial melting at the P-T condition of experiments from this study (Hirose, 

1997; Dasgupta et al., 2007) which implies that the necessity of a thermal plume to 

generate alkalic basalts is precluded in case of Cape Verde. We cannot specifically 

comment on the thermal condition of the mantle required for postshield and rejuvenated 
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stage magmatism in Hawaiian Islands, given the poor match between the Hawaiian 

alkalic melts and our modeled melt compositions. 

4.5.  Conclusions 

 We demonstrate that, at intermediate melt-rock ratios, recycled oceanic crust-

derived andesite upon reaction with peridotite can evolve to alkalic basalts in the 

presence of 0–1.67 wt % CO2 in the melt-rock mixture. The degree of silica 

undersaturation or alkalinity of the reacted melts increase with greater CO2 content in the 

system where the reacted melts evolve from a basanite to a nephelinite. The increasing 

degree of silica undersaturation in the reacted melt with greater CO2 is accompanied by 

crystallization of orthopyroxene and garnet in the residue. We have developed an 

empirical model to estimate source characteristics (infiltrating MORB-eclogite-derived 

melt mass and CO2 content in the source) as well as subsequent contribution from 

peridotite (±CO2)-derived melt for ocean islands from our experimentally produced 

primary reacted melt compositions. Our model underscores the importance of such melt-

rock reactions and presence of minor CO2 in the mantle source in elevating MgO contents 

of reacted melts which raises the possibility of estimating erroneously high TP under 

some ocean islands. We also predict, from our model, that Canary Islands and Cook 

Australs require contribution from volatile-free peridotite partial melt in addition to 

hybridization of MORB-eclogite-derived-melt with peridotite in presence of CO2, 

whereas, Cape Verde requires contribution from carbonated peridotite partial melt along 

with hybridization of MORB-eclogite-derived melt and peridotite. This implies that 

Canary Islands and Cook-Australs require a thermal perturbation and TP of at least 1425–
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1450 °C while Cape Verde does not require any such thermal anomaly and TP of ~1350 

°C is sufficient for genesis of alkalic basalts. 

 

 

Figure 4-1. Modal proportions of minerals (olivine, orthopyroxene, clinopyroxene, and garnet) and reacted 
melt (wt %) plotted versus CO2 concentration in reacting melt (wt %). Modal proportion estimate for 25% 
BAC4-added experiment may not be very reliable given the poor estimate of melt composition analysis for 
this experiment (see text for further details). Error bars represent ±1σ standard deviation. 
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Figure 4-2. Reacted melt composition (wt %) plotted versus CO2 concentration in reacting melt (wt %). 
Melt composition for 25% BAC4- added experiment may not be reliable due to poor-quality exposure of 
quench pool in the sample. Error bars represent ±1σ standard deviation. 
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Figure 4-3. Reacted melt compositions and starting basaltic andesite melt from this study compared with 
natural ocean island basalts (GEOROC database) (França et al., 2006; Aulinas et al., 2010; Duprat et al., 
2007; Dyhr and Holm, 2010; Barker et al., 2009; Martins et al., 2010; Torres et al., 2010; Mourão et al., 
2010; Takamasa et al., 2009; Kawabata et al., 2011) from Cook-Australs, St. Helena, Cape Verde, Canary, 
Azores, Samoa, Societies and Hawaii (corrected to be in equilibrium with olivine of Fo88 using Fe*-Mg KD 
=0.3) plotted on Le Bas (1989) classification diagram of CaO + Na2O + K2O (wt %) versus SiO2 + Al2O3 
(wt %) with fields represented by basanites, nephelinites, and melilitites. The broken (25% melt- added 
runs) and solid arrows (33% melt-added runs) represent direction of increasing degree of silica 
undersaturation or alkalinity with higher CO2 concentration in the reacting and reacted melts. The numbers 
next to tick marks on arrows denote CO2 concentration in the reacting melt that produced the respective 
reacted melt composition. Error bars represent ±1σ  standard deviation. 
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Figure 4-4. Bulk compositions of 25% basaltic andesite + KLB-1ox and 33% basaltic andesite + KLB-1ox, 
their corresponding equilibrated melt, and residue compositions for initial melt compositions G2PM1, 
BAC1, BAC2.6, BAC4, and BAC5 plotted on the compositional space Ca-Tschermak (CaTs)—Anorthite 
(An)—Quartz (Qtz)—Enstatite (En)—Forsterite (Fo), projected through Diopside (Di), according to 
O’Hara (1968). CaTs—En join represents garnet—pyroxene thermal divide of O’Hara and Yoder (1967). 
Also plotted for comparison are reacting melt composition BAC (black star) and starting peridotite KLB-
1ox (green star) and modeled reacted melt composition as a function of reacting eclogite-melt fraction 
(solid black lines) and bulk CO2 (blue dashed curves) isopleths. The isopleths have been constructed using 
equations (4-2) and (4-3) given in the text. Numbers in black next to the black isopleths represent fraction 
of reacting melt (wt %) each iso- pleth corresponds to. Similarly, numbers in blue next to the blue dashed 
curves represent bulk CO2 content (wt %) each isopleth represents. The black (25% basaltic andesite-added 
experiments) and red (33% basaltic andesite-added experiments) dashed arrows indicate direction of 
increasing degree of silica-undersaturation of reacting melt with greater CO2 concentration in the reacting 
and reacted melt. 
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Figure 4-5. Modeled versus analyzed oxide concentrations of reacted melts, showing the reliability of our 
parameterization in predicting reacted melt compositions in eclogite-peridotite systems at ~3 GPa. The 
experimental data are from Mallik and Dasgupta (2012, 2013) and this study. Error bars in measured 
concentration represent ±1σ standard deviation. The dashed lines represent 10% error envelope with respect 
to the 1:1 line. 
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Figure 4-6. CaO (wt %) versus MgO (wt %) space with green line, given by equation�CaO = 13.81 - 0.274 
MgO, dividing the fields of peridotite-derived from pyroxenite- derived primary melts as defined by 
Herzberg and Asimow (2008), compared with the reacted melt compositions of andesite-peridotite hybrids 
and modeled reacted melt compositions as a function of eclogite-derived reacting melt fraction and bulk 
CO2 content. The numbers against isopleths denote reacting melt fraction and source CO2 concentration in 
wt %. Melt-rock reaction in eclogite-peridotite systems produces equilibrated melt compositions that 
transgress the field of pyroxenite-derived and peridotite-derived primary melts. 
 
 
 

 

 

 



	 	

	
	

159

 

Figure 4-7. Natural lava compositions from Canary Islands (La Palma, Gran Canaria, Tenerife, Lanzarote, 
Fuerteventura, and El Hierro) corrected to be in equilibrium with Fo88, by adding back olivine, using 

∗ 	0.3 (Roeder and Emslie, 1970), plotted on CaO versus SiO2 space along with model 
isopleths for bulk CO2 and F (infiltrating MORB-eclogite melt fraction relative to peridotite) in the source. 
The lava compositions have been taken from the database GEOROC. The model isopleths are plotted using 
equations (4-2) and (4-3) (see text for further details). The numbers against isopleths denote reacting 
eclogite melt mass in wt % (black) and source CO2 concentration in wt % (blue). The red line is given by 
the equation CaO = 2.318 SiO2 - 93.626, represents an approximate filter for separating CO2-bearing 
primary mantle melts to the left from CO2-free melts to the right (Herzberg and Asimow, 2008). The lava 
compositions are shaded according to their concentration of TKP (0.5TiO2 + K2O + P2O5) as per the gray 
scale bar in the figure. TiO2, K2O, and P2O5 are incompatible components in the system. TiO2 
concentrations are roughly a factor of 2 higher than K2O + P2O5 concentrations; hence, they have been 
halved to ensure that TiO2 concentration does not dominate the incompatible element budget. 
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Figure 4-8. Natural lava compositions from islands in Cape Verde (São Nicolau, Santo Antão, Santiago, 
São Vicente) corrected to be in equilibrium with Fo88 using ∗ 	0.3 (Roeder and Emslie, 
1970), plotted on CaO versus SiO2 space along with model isopleths for bulk CO2 and F (infiltrating melt 
mass) in source. The numbers against isopleths denote reacting melt mass in wt % (black) and source CO2 
concentration in wt % (blue). The lava compositions have been taken from the database GEOROC. The red 
line and shading of the symbols mean the same as in Figure 4-7. 
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Figure 4-9. Natural lava compositions from two islands in Cook Australs (Tubuai, Aitutaki) corrected to be 
in equilibrium with Fo88 using ∗ 	0.3 (Roeder and Emslie, 1970), plotted on CaO versus 
SiO2 space along with model isopleths for bulk CO2 and F (infiltrating eclogite melt mass) in source. The 
numbers against isopleths denote reacting melt mass in wt % (black) and source CO2 concentration in wt % 
(blue). The lava compositions have been taken from the database GEOROC. The red line and shading of 
the symbols mean the same as in Figure 4-7. 
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Figure 4-10. Natural lava compositions from four islands in Hawaiian Islands (Hawaii, Maui, Oahu, and 
Kauai) corrected to be in equilibrium with Fo88 using ∗ 	0.3 (Roeder and Emslie, 1970) 
plotted on CaO versus SiO2 space along with model isopleths for bulk CO2 and F (infiltrating melt mass) in 
source. The numbers against isopleths denote reacting melt mass in wt % (black) and source CO2 
concentration in wt % (blue). The lava compositions have been taken from the database GEOROC. The red 
line and shading of the symbols mean the same as in Figure 4-7. 
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Figure 4-11. Isopleths of reacting melt fraction (solid lines) and source CO2 (broken lines), after mixing 
with 40% by weight of volatile-free peridotite partial melt (composition reported in Table C-1), constructed 
using the empirical model from this study plotted on MgO versus oxide (SiO2, TiO2, Al2O3, FeO*, and 
CaO) compositional space. The numbers against isopleths denote reacting melt fraction in wt % (5–35) and 
source CO2 concentration in wt % (0–2). Also plotted for comparison are average alkalic basalt 
compositions from the islands of Canary, Cape Verde, Cook-Australs, and Hawaiian Islands (compositions 
reported in Table C-2) as well as HIMU average composition (Jackson and Dasgupta, 2008), partial melts 
of carbonated peridotite generated at temperatures from 1350 to 1400 °C, pressures from 2 to 4 GPa 
(Dasgupta et al., 2007, 2013) and partial melts of volatile-free peridotite up to 20% melting degree and 
pressure of equilibration of 2.5–4 GPa from previous experimental studies (Walter, 1998; Hirose and 
Kushiro, 1993; Takahashi, 1986; Davis et al., 2011). The average basalt compositions are corrected to be in 
equilibrium with Fo88 by adding back equilibrium olivine (see text for details). The average compositions 
from Cape Verde plot off the isopleth grids in the oxide spaces (toward lower SiO2 and Al2O3 and higher 
CaO). This is because Cape Verde requires contribution from carbonated peridotite partial melt (as shown 
in Table 4-9), not volatile-free peridotite partial melt (which has been used in the example mixing 
calculation in this figure). The average compositions from Maui and Hawaii (before olivine fractionation 
correction) have MgO concentrations lower than 11 wt %, hence, plot outside the area of the figure. Maui 
and Oahu (after olivine fractionation correction) have FeO* concentration higher than 13 wt %, hence plot 
outside the MgO versus FeO* space. 
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Table 4-1. Composition of peridotite and starting melts used in this study. 

  Peridotite Starting melts 

  KLB-1ox† MixKLB-1§ G2PM1§ BAC1 BAC2.6† BAC4 BAC5 

SiO2 44.82 44.54 56.3 (8) 56.31 56.46 56.32 56.40 

TiO2 0.15 0.21  5.65 (8) 5.65 5.66 5.65 5.66 

Al2O3 3.51 3.70  15.6 (4) 15.56 15.61 15.57 15.59 

Cr2O3 0.32 0.23  0.01 (1) 0.01 0.01 0.01 0.01 

FeO* 8.19 8.08  8.2 (3) 8.15 8.17 8.16 8.16 

MnO 0.12 0.14  0.08 (2) 0.10 0.09 0.10 0.10 

MgO 39.50 39.30  2.5 (1) 2.51 2.51 2.51 2.52 

CaO 3.07 3.52  7.5 (2) 7.47 7.50 7.46 7.34 

Na2O 0.30 0.29  4.02 (9) 4.02 3.76 4.02 4.03 

K2O 0.02 0.01  0.21 (1) 0.21 0.21 0.21 0.21 

Mg# 89.58 89.66 35.4 (9) 35.43 35.42 35.42 35.47 

CO2 - - - 1.00 2.60 3.98 4.90 

Sum 100.00 100.02 99.99 100.00 100.00 100.00 100.00 
Major element compositions of BAC1, BAC2.6, BAC4, BAC5 (volatile-free basis) and CO2 concentrations 
based on proportions of oxides and carbonates mixed in the starting compositions. All oxides 
concentrations are in weight percent. 
§ = Compositions as reported in Mallik and Dasgupta (2012). 
† = Composition as reported in Mallik and Dasgupta (2013).   
FeO*, all Fe assumed to be FeO. Mg# = 100 × (MgO)/((MgO)+(FeO))), where (MgO) and (FeO) are molar 
MgO and FeO respectively.
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Table 4-2. Summary of melt-rock reaction experiments perfomed in this study 

Run no. Starting materials 
 used 

Reacting melt
 mass (wt%) 

T BKN (°C) T R00 (°C) Duration (h) Phase modes (weight percent) Σr2 
Ol Opx Cpx Gt Melt 

G150 § G2PM1+ MixKLB-1 25 1365 1371 45 25.7(7) 37(1) 17.6(9) 3.6(9) 16(2) 0.11 

B208 BAC1 + KLB-1ox 25 1359 1424 117 23(2) 40(3) 13(1) 8(2) 16(3) 0.1(3) 

B222 † BAC2.6 + KLB-1ox 25 1360 1483 92 23.1(6) 43(1) 8(1) 7.8(7) 18(2) 0.2(2) 

B219 BAC4 + KLB-1ox 25 1343 1387 104 17.6(5) 53(1) 9(2) 4.8(9) 16(3) 0.2(1) 

B209 BAC5 + KLB-1ox 25 1338 1436 93 22(2) 44(4) 4(2) 7(1) 23(3) 0.3(2) 

G132 § G2PM1 + MixKLB-1 33 1359 1370 48 15.3(5) 37.0(8) 21(1) 10.9(6) 16(1) 0.63 

B212 BAC1 + KLB-1ox 33 1330 1421 134 20(1) 38(2) 14.7(4) 11.0(6) 17(2) 0.14(6) 

B223 † BAC2.6 + KLB-1ox 33 1375 1404 139 16(1) 43(3) 12.7(7) 11.0(7) 17(2) 0.3(2) 

B215 BAC4 + KLB-1ox 33 1345 1423 93 12(2) 48(4) 14(2) 11.0(1) 15(4) 1.2(4) 

B211 BAC5 + KLB-1ox 33 1340 1414 130 9(2) 52(4) 9(2) 12.6(9) 17(3) 1.8(5) 
All experiments were performed at 3 GPa, 1375 °C. 
§ = Experiments re-reported from Mallik and Dasgupta (2012). 
† = Experiments re-reported from Mallik and Dasgupta (2013). 
TBKN(°C) = Temperature calculated using two-pyroxene thermometer of Brey and Kohler (1990). 
TR00(°C) = Temperature calculated using garnet-clinopyroxene thermometer of Ravna (2000). 
Σr2 = Sum of residual squares obtained from linear regression of phase modes and phase compositions.±1σ errors, based on replicate EPMA analyses, are 
mentioned in brackets and reported as least digits cited. For example, 37(1) should be read as 37 ± 1 wt.%. 
 

 

 

 



	 	

	
	

166

Table 4-3. Composition of reacted melts.  

Run no.: G150 B208 B222 B219 B209 G132 B212 B223 B215 B211 

Starting melt: G2PM1 BAC1 BAC2.6 BAC4 BAC5 G2PM1 BAC1 BAC2.6 BAC4 BAC5 

Melt added (wt%) 25 25 25 25 25 33 33 33 33 33 

n: 10 44 100 19 93 23 46 158 125 46 

SiO2 44.9(6) 44(2) 42(2) 42(1) 43(2) 44.4(8) 46.4(8) 47.3(1) 42(2) 40(2) 

TiO2 6.1(5) 6.6(6) 6.4(4) 7.4(4) 5.2(3) 6.7(5) 6.3(1) 5.9(2) 5.7(2) 6.0(4) 

Al2O3 13.7(5) 10.6(1) 10.5(5) 10.4(2) 10.8(5) 12.6(9) 12.3(3) 11.9(4) 10.5(4) 10.1(5) 

Cr2O3 0.06(1) 0.10(3) 0.2(1) 0.1(2) 0.10(3) 0.10(3) 0.07(2) 0.2(2) 0.3(4) 0.1(1) 

FeO* 10.3(8) 10(1) 10(1) 11.0(7) 9.7(7) 11(1) 9.8(2) 9.9(9) 11(1) 11(1) 

MnO 0.16(2) 0.10(3) 0.12(3) 0.11(1) 0.11(3) 0.14(3) 0.09(2) 0.11(3) 0.13(4) 0.11(3) 

MgO 12(1) 14(1) 15.4(7) 13.7(5) 16.2(8) 13(1) 12.3(9) 12.2(8) 14.9(8) 16.5(5) 

CaO 8.4(8) 8.9(1) 10(1) 11.1(1) 11(1) 7.8(6) 7.8(2) 7.9(3) 10(1) 11(2) 

Na2O 3.8(4) 4.7(7) 4.0(7) 3.7(4) 4(1) 3.9(4) 4.6(4) 4.2(4) 5(1) 5(1) 

K2O 0.4(1) 0.4(2) 0.4(1) 0.32(8) 0.25(7) 0.4(1) 0.39(5) 0.34(5) 0.34(8) 0.3(1) 

CO2 - 6(3) 12(6) 11(1) 9(4) - 9(2) 4(2) 13(5) 14(4) 

Mg# 68(4) 71(3) 73(3) 69(2) 75(2) 69(4) 69(1) 69(2) 70(3) 73(2) 
All oxide concentrations, in weight percent, are reported on a CO2-free basis.  FeO*, all Fe assumed to be FeO. Mg# = 100 × ((MgO)/((MgO)+(FeO))) where 
(MgO) and (FeO) are molar MgO and FeO respectively. 
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Table 4-4. Composition of olivine. 

Run no.: G150 B208 B222 B219 B209 G132 B212 B223 B215 B211 

Starting melt: G2PM1 BAC1 BAC2.6 BAC4 BAC5 G2PM1 BAC1 BAC2.6 BAC4 BAC5 

Melt added (wt%) 25 25 25 25 25 33 33 33 33 33 

n: 5 16 14 10 26 4 9 18 15 7 

SiO2  39.9(2) 40.0(8) 40.4(8) 39.5(3) 40.9(8) 40.4(5) 40.9(2) 39.6(2) 40.8(4) 40.6(4) 

TiO2  b.d.l 0.10(3) b.d.l b.d.l 0.06(2) b.d.l 0.08(2) b.d.l 0.08(4) 0.1(2) 

Al2O3 0.12(1) 0.5(5) 0.2(5) 0.1(1) 0.2(2) 0.4(4) 0.12(5) 0.13(8) 0.3(3) 0.2(1) 

Cr2O3  b.d.l 0.05(2) b.d.l b.d.l 0.05(2) b.d.l 0.03(2) b.d.l 0.05(5) 0.036(7) 

FeO* 11.5(1) 11.6(5) 11.3(6) 10.9(2) 10.4(2) 12.02(4) 11.9(2) 11.6(3) 11.3(3) 10.5(2) 

MnO 0.13(1) 0.08(2) 0.09(2) 0.08(2) 0.08(2) 0.116(7) 0.09(2) 0.09(2) 0.08(2) 0.077(9) 

MgO 48.11(9) 48.6(7) 48.1(5) 48.7(4) 48.3(7) 46.80(1) 46.8(5) 47.3(4) 48.1(7) 48.1(3) 

CaO 0.202(7) 0.3(2) 0.17(3) 0.16(1) 0.24(1) 0.236(1) 0.22(3) 0.20(7) 0.3(2) 0.3(2) 

Na2O 0.024(9) 0.06(4) 0.03(1) 0.03(2) 0.02(1) 0.04(3) 0.02(1) 0.03(1) 0.09(3) 0.08(1) 

K2O b.d.l 0.01(2) b.d.l b.d.l 0.007(8) b.d.l b.d.l b.d.l 0.02(2) 0.01(1) 

Sum 100.00 101.25 100.37 99.47 100.19 100.06 100.15 98.94 101.06 100.01 

Fo# 88.2(1) 88(2) 88(1) 89(1) 89(2) 87.40(7) 88(1) 88(1) 88(2) 89.1(8) 

 0.28(4) 0.33(4) 0.35(5) 0.28(2) 0.36(2) 0.32(5) 0.320(9) 0.31(3) 0.31(2) 0.34(2) 

b.d.l – below detection limit.    is given by (XMg 
Melt/XMg 

Mineral)/(XFe2+ Melt/XFe2+ Mineral). FeO*, all Fe assumed to be FeO. Oxide concentrations 

are in weight percent. 

 

 

)(* meltolK MgFe
D 

)(* meltolK MgFe
D 
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Table 4-5. Composition of orthopyroxene. 

Run no.: G150 B208 B222 B219 B209 G132 B212 B223 B215 B211 

Starting melt: G2PM1 BAC1 BAC2.6 BAC4 BAC5 G2PM1 BAC1 BAC2.6 BAC4 BAC5 

Melt added (wt%) 25 25 25 25 25 33 33 33 33 33 

n: 7 30 42 13 11 14 7 45 51 20 

SiO2  52.9(5) 54.0(6) 54.4(7) 52.0(3) 54.3(5) 52.9(2) 55.4(4) 53.7(1) 54.0(4) 54.1(6) 

TiO2  0.60(5) 0.58(6) 0.57(6) 0.64(8) 0.44(5) 0.60(3) 0.6(1) 0.63(6) 0.58(5) 0.52(7) 

Al2O3  5.8(5) 5.0(3) 5.1(3) 5.7(2) 4.7(3) 4.8(2) 5.4(4) 5.2(5) 5.3(3) 5.0(6) 

Cr2O3  0.23(3) 0.26(6) 0.25(5) 0.31(4) 0.31(4) 0.16(2) 0.24(5) 0.30(3) 0.24(3) 0.27(3) 

FeO*  6.9(1) 6.7(2) 6.5(2) 6.7(3) 6.0(2) 7.2(2) 6.8(2) 7.0(2) 6.8(1) 6.3(1) 

MnO  0.12(1) 0.08(3) 0.07(2) 0.06(2) 0.07(2) 0.11(1) 0.06(2) 0.09(2) 0.07(2) 0.06(2) 

MgO 31.4(3) 31.6(4) 31.0(4) 31.7(3) 31.8(4) 31.2(2) 30.1(2) 30.7(6) 31.6(4) 31.6(7) 

CaO 1.91(9) 1.6(1) 1.7(1) 1.7(1) 1.65(8) 1.69(9) 1.64(4) 1.64(1) 1.69(8) 1.7(2) 

Na2O  0.32(3) 0.36(5) 0.31(2) 0.32(2) 0.27(2) 0.42(2) 0.32(2) 0.30(3) 0.38(5) 0.31(5) 

K2O 0.009(9) 0.007(8) 0.005(6) 0.002(3) 0.002(3) 0.004(5) 0.003(5) 0.005(7) 0.03(3) 0.01(1) 

Sum 100.19 100.30 99.87 99.18 99.47 99.11 100.53 99.59 100.70 99.95 

 0.26(4) 0.30(4) 0.32(1) 0.28(2) 0.32(3) 0.29(4) 0.286(8) 0.28(3) 0.28(2) 0.31(5) 

b.d.l – below detection limit.   is given by  (XMg 
Melt/XMg 

Mineral)/(XFe2+ Melt/XFe2+ Mineral).  FeO*, all Fe assumed to be FeO. Oxide 

concentrations are in weight percent. 

 

 

)(* meltopxK MgFe
D 

)(* meltopxK MgFe
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Table 4-6. Composition of clinopyroxene. 

Run no.: G150 B208 B222 B219 B209 G132 B212 B223 B215 B211 

Starting melt: G2PM1 BAC1 BAC2.6 BAC4 BAC5 G2PM1 BAC1 BAC2.6 BAC4 BAC5 

Melt added (wt%) 25 25 25 25 25 33 33 33 33 33 

n: 4 31 18 30 25 8 12 13 29 22 

SiO2  51.5(5) 51.5(6) 51(1) 50.4(4) 52.1(6) 52.9(3) 51.9(4) 49.0(4) 51.7(6) 52.2(7) 

TiO2  1.4(1) 1.5(1) 1.6(2) 1.7(1) 1.14(7) 1.3(1) 2.0(2) 1.8(2) 1.4(1) 1.14(8) 

Al2O3  8.3(3) 7.1(3) 6.8(4) 7.6(4) 6.9(6) 6.9(5) 8.1(2) 8.2(3) 7.4(6) 6.6(2) 

Cr2O3  0.28(3) 0.28(3) 0.29(4) 0.35(4) 0.37(4) 0.19(4) 0.25(7) 0.33(5) 0.24(6) 0.31(3) 

FeO*  5.0(1) 4.9(2) 4.7(1) 4.8(2) 4.3(2) 5.1(2) 4.6(2) 4.8(2) 4.9(2) 4.4(1) 

MnO  0.14(2) 0.08(2) 0.08(2) 0.07(3) 0.08(2) 0.11(1) 0.07(3) 0.08(2) 0.07(2) 0.07(2) 

MgO  19.1(6) 19.3(9) 18.5(5) 18.5(3) 18.5(6) 19.2(5) 17.0(5) 17.5(2) 18.9(7) 18.6(6) 

CaO  13.1(8) 13.0(8) 13.9(5) 13.8(4) 15.0(7) 12.4(6) 14.1(7) 14.1(4) 13.9(8) 14.5(7) 

Na2O  1.68(3) 1.8(1) 1.9(1) 1.89(8) 1.50(8) 2.01(8) 1.95(8) 1.9(1) 1.76(1) 1.56(6) 

K2O 0.007(8) 0.007(8) 0.004(5) 0.004(5) 0.004(8) 0.003(4) 0.007(1) 0.005(7) 0.01(1) 0.01(1) 

Sum 100.56 99.36 99.06 99.24 99.82 100.14 100.05 97.52 100.22 99.23 

b.d.l – below detection limit. FeO* - all Fe assumed to be FeO. Oxide concentrations are in weight percent. 
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Table 4-7. Composition of garnet. 

Run no.: G150 B208 B222 B219 B209 G132 B212 B223 B215 B211 

Starting melt: G2PM1 BAC1 BAC2.6 BAC4 BAC5 G2PM1 BAC1 BAC2.6 BAC4 BAC5 

Melt added (wt%) 25 25 25 25 25 33 33 33 33 33 

n: 5 12 13 12 23 2 10 10 23 15 

SiO2  41.5(5) 41.3(6) 41(1) 41.1(4) 41.9(6) 41.5(3) 41.9(4) 40.1(4) 41.7(6) 42.0(7) 

TiO2  1.1(1) 1.3(1) 1.1(2) 1.2(1) 1.00(7) 1.1(1) 1.5(2) 1.4(2) 1.1(1) 1.01(8) 

Al2O3  23.6(3) 22.2(3) 23.0(4) 23.0(4) 22.3(6) 23.5(5) 22.8(2) 22.5(3) 22.6(6) 22.2(2) 

Cr2O3  0.48(3) 0.47(3) 0.44(4) 0.67(4) 0.58(4) 0.23(4) 0.38(7) 0.39(5) 0.47(6) 0.48(3) 

FeO*  7.9(1) 7.7(2) 7.3(1) 7.9(2) 7.0(2) 8.0(2) 8.0(2) 8.0(2) 7.7(2) 7.0(1) 

MnO  0.25(2) 0.14(2) 0.15(2) 0.14(3) 0.15(2) 0.20(1) 0.16(3) 0.17(2) 0.14(2) 0.13(2) 

MgO  20.4(6) 21.6(9) 21.4(5) 20.8(3) 21.2(6) 20.9(5) 21.0(5) 20.8(2) 21.4(7) 20.9(6) 

CaO  4.9(8) 5.2(8) 5.1(5) 5.2(4) 5.5(7) 4.4(6) 5.0(7) 5.2(4) 5.1(8) 5.3(7) 

Na2O 0.00(3) 0.1(1) 0.1(1) 0.00(8) 0.08(8) 0.08(8) 0.00(8) 0.1(1) 0.15(1) 0.10(6) 

K2O 0.000(8) 0.014(8) 0.007(5) 0.000(5) 0.007(8) 0.000(4) 0.000(1) 0.003(7) 0.03(1) 0.00(1) 

Sum 100.15 100.09 99.92 100.00 99.60 100.00 100.80 98.66 100.43 99.23 

b.d.l – below detection limit. FeO* - all Fe assumed to be FeO. Oxide concentrations are in weight percent. 
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Table 4-8. Fitting parameters for modeling reacted melt composition as a function of reacting eclogite melt 
fraction relative to peridotite and source CO2 concentration. 
 

 

a,b,c,d,e = Fitting parameters for empirical model (Equations 4-3 and 4-4 in text). 
Σr2 = Sum of residual squares; it is the square of the difference between measured composition of the 
experimental melts and composition calculated using the empirical model given by Equations 4-3 and 4-4 
in the text . 
All oxide compositions are in weight percent. 
 
 
 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

  a b c d e Σr2 

SiO2 -0.198 -0.059 -0.055 0.041 0.257 0.008 

TiO2  -0.567 3.199 0.020 -0.408 -2.632 0.057 

Al2O3  -0.092 -0.501 -0.302 0.643 0.593 0.022 

FeO*  0.055 0.908 0.033 0.034 -0.963 0.041 

MgO  4.998 -2.150 2.114 -4.225 -2.848 1.466 

CaO  0.657 -2.642 0.347 -0.301 1.985 0.051 

Na2O  -0.564 2.516 0.149 -0.149 -1.952 0.066 

K2O  -0.161 5.184 -0.575 0.783 -5.023 0.290 
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Table 4-9. Source characteristics for ocean islands and HIMU average estimated from empirical model. 
 

Ocean island group Island 
Reacting 

eclogite melt  
percent θ 

Source CO2  
concentration 

(wt.%) θ 

Weight 
percent of  
peridotite 

partial 
melt ᴵ 

Σr2

Canary Islands 

La Palma 27 1.9 39* 0.4

Tenerife 26 2.0 45* 0.7

Gran Canaria 25 1.3 31* 4.4

Fuerteventura 31 2.0 49* 0.6

Lanzarote 45 2.0 44* 3.0

El Hierro 25 1.8 25* 3.3

Cape Verde 

Santo Antão 31 1.5 26† 0.6

São Vicente 39 1.6 45† 0.9

São Nicolau 15 0.2 33† 1.1

Santiago 15 0.3 31† 0.7

Sal 39 2.0 55† 3.7

Cook-Australs 
Tubuai 23 2.0 51* 1.0

Aitutaki 28 2.0 42* 2.5

Average HIMU   24 2.0 45* 1.1
 
* - Volatile-free peridotite partial melt has been used in mixing calculation (composition in Table C-1). 
† -  Carbonated peridotite partial melt has been used in mixing calculation (composition in Table C-1). 
θ – In a two stage hybridization process, this represents the first step where reacting melt or eclogite-melt 
reacts with sub-solidus peridotite+CO2. Thus, reacting melt fraction and source CO2 concentration refer to 
the amount of eclogite-melt and CO2 content required to form reacted melt in the first step of the 
hybridization process, prior to peridotite-melt mixing (see text for details). 
ᴵ - In a two stage hybridization process, this represents the second step where reacted melt from the first 
step (see above) undergoes mixing with peridotite-derived melt (CO2-bearing or not). The composition of 
peridotite partial melts used in this step are reported in Table C-1. Thus, the weight percent here is the 
percentage of peridotite-derived melt required in the total contribution comprising peridotite partial melt 
and reacted melt from hybridization process in the first step. 
Σr2 – Sum of residual squares obtained from least square minimization. 

 

 
 
 
 
 



	 	

	
	

173

Chapter 5 

Mantle wedge hybridization by subducted 
sediment-derived hydrous rhyolitic melt at 2-3 
GPa – Implications for generation of ultra-
potassic magmas in convergent margins  

 

We investigated the melting behavior of peridotite fluxed with 25 wt.% of H2O-

bearing rhyolitic sediment-melt (1.8 wt.% bulk H2O), by performing experiments from 

1100 to 1300 °C at 2 GPa and 1050 to 1350 °C at 3 GPa. The apparent solidus of our 

bulk composition lies between 1100 and 1150 °C at both pressures, which is at a higher 

temperature than the vapor-saturated solidus and close to the pargasite dehydration 

solidus of peridotite. With increasing temperature, reacted melt fraction increases from 

20 to 36 wt.% from 1200 to 1300 °C at 2 GPa and 7 to 24 wt.% from 1225 to 1350 °C at 

3 GPa. Orthopyroxene is present as a residual phase in all the experiments, while olivine 

is present as a residual phase in all the experiments at 2 GPa only. Amphibole is absent 

above 1100 °C at both pressures, clinopyroxene disappears above 1200 °C and 1300 °C 

at 2 and 3 GPa, respectively, and garnet (only present at 3 GPa) melts out above 1300 °C. 

Upon reaction with the mantle wedge and subsequent melting of the hybrid rock, 

subducted sediment-derived rhyolites evolve in composition to a nepheline-normative 



	 	

	
	

174

ultrapotassic leucitite, similar in major element composition to ultrapotassic lavas from 

active arcs such as Sunda and inactive arcs such as in the Roman Magmatic Province. 

Fluxing peridotite with H2O versus H2O-bearing sediment melt at similar pressures does 

not appear to have an effect on isobaric melt productivity, but does have significant effect 

on melting reactions and resultant melt composition, with influx of sediment melt adding 

K2O to the system, thereby stabilizing phlogopite, which in turn buffers the reacted melt 

to ultrapotassic compositions. Previous experimental studies, along with this study find 

that phlogopite can be stable near the hotter core of the mantle wedge, hence, is likely to 

be subducted to deeper mantle, thereby, influencing deeper cycling of volatiles and large 

ion lithophile elements (LILEs). Also, because DRb
phl/melt>> DSr

phl/melt and DNd
phl/melt, 

DSm
phl/melt <<1, long-term stability of phlogopite in the mantle can create ‘enriched 

mantle’ domains (εSr and εNd ≥ 0). 

Keywords: subducted sediment; ultrapotassic arc lavas; mantle wedge hybridization; 

hydrous mantle melting 

5.1. Introduction 

Subducted sediments play a role in the formation of arc magmas. The evidence 

for this comes from geochemical tracers such as high B and 10Be (Morris et al. 1990), the 

similarities in trace element patterns (Elliott et al. 1997) and correlation in geochemical 

signatures such as Th/La and other trace element ratios (Plank 2005; Plank and Langmuir 

1993) between several arc lavas and the corresponding subducted sediments. Sediment 

contribution to the arc source can be in the form of a dehydrating fluid or as a partial melt 

originating from the sediments. Whether the sediment flux in the arc source is from a 
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fluid or a melt has been distinguished in the literature using certain geochemical 

parameters. For example, high Ba/Th and U/Th are attributed to fluid addition, whereas, 

high Th and Be, Th/Nb and Th/REE are attributed to sediment melt addition (Elliott et al. 

1997; Hawkesworth et al. 1997; Johnson and Plank 2000; Pearce et al. 2005). Here, we 

focus on the role of sediments in the source of arc lavas in the form of sediment derived 

partial melt.  

Siliciclastic sediments (±H2O ±CO2) produce dacitic to rhyolitic partial melt 

compositions and such melts are produced at the estimated pressure-temperature 

conditions applicable to subduction zones (Auzanneau et al. 2006; Duncan and Dasgupta 

2014; Hermann and Green 2001; Hermann and Spandler 2008; Johnson and Plank 2000; 

Nichols et al. 1996; Schmidt et al. 2004; Spandler et al. 2010; Thomsen and Schmidt 

2008; Tsuno and Dasgupta 2011; Tsuno and Dasgupta 2012; Vielzeuf and Holloway 

1988) Such siliceous melts, being out of equilibrium with the overlying mantle wedge, 

will react with the latter (Nicholls and Ringwood 1973; Prouteau et al. 2001; Rapp et al. 

1999; Sekine and Wyllie 1982a; Sekine and Wyllie 1982b; Tatsumi 2001). Previous 

experimental studies have investigated the reaction between slab (oceanic crust)-derived 

hydrous rhyo-dacitic melt and peridotite and their studies produced rhyolites (Sekine and 

Wyllie 1982b) or high Mg-andesites and dacites (Prouteau et al. 2001; Rapp et al. 1999). 

The results from these studies can explain how slab-derived fluxes can form high Mg 

andesites and dacites by reacting with the mantle. However, arc lavas with sediment-melt 

signature in their source vary from dacites to basalts, with the latter even being silica-

undersaturated compositions such as nephelinites and leucitites (Avanzinelli et al. 2008; 

Conticelli et al. 2002; Nelson 1992; Peccerillo 1985; Rogers et al. 1987; van Bergen et al. 
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1992). It is not clear from the current set of experimental studies how alkalic silica-

undersaturated arc lavas with sediment signature in their source may form. It has been 

demonstrated experimentally that a siliceous melt upon reaction with peridotite can form 

silica-undersaturated alkalic melt compositions (Mallik and Dasgupta 2012; Mallik and 

Dasgupta 2013; Mallik and Dasgupta 2014) in the presence or absence of CO2. H2O 

being the dominant volatile released from subducting slab in most subduction zones, it is 

important to assess whether the presence of H2O in the system consisting of sediment-

derived siliceous melt and peridotite can also produce silica-undersaturated alkalic melt 

compositions.  

In this study, we investigate partial melting of a mixed hydrous sediment-melt 

peridotite source in the mantle-wedge of subduction zones. We demonstrate that hydrous 

rhyolitic sediment-derived partial melt evolves to ultrapotassic nepheline-normative 

compositions upon reaction with peridotite by stabilizing orthopyroxene preferentially 

over olivine, therefore reducing the silica content of the melt and by stabilizing 

phologopite which buffers the composition of the melt to elevated K2O contents. The 

melt compositions in this study reproduce the major element composition of orogenic 

ultrapotassic lavas from active arc settings such as Sunda as well as post-collision 

settings such as in the Roman Magmatic Province.  
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5.2. Experimental methods 

5.2.1. Starting materials 

The sediment partial melt (SPMH7.34) used in this study is the average of the 

compositions of partial melts of Global Subducting Sediment or GLOSS (Plank and 

Langmuir 1998) generated at 3.5 GPa, 900-950 °C in the study by Hermann and Spandler 

(2008). The peridotite (KLB-1ox) used in this study is the same aliquot that has been 

used by Mallik and Dasgupta (2013, 2014) with composition similar to the lherzolite 

KLB-1 reported by Takahashi (1986) and Davis et al. (2009). The compositions of 

starting materials have been reported in Table 5-1. Both starting materials were 

synthesized using reagent grade oxides (SiO2, TiO2, Al2O3, Cr2O3, Fe2O3, MnO2, MgO, 

P2O5), carbonates (CaCO3, Na2CO3, K2CO3) and hydroxides (Al(OH)3). In order to 

minimize adsorption of additional water to the starting mixtures, SiO2, TiO2, Al2O3 and 

MgO were heated overnight at 1000 °C, Fe2O3 at 800 °C, MnO2 at 400 °C, CaCO3 at 200 

°C and Na2CO3, K2CO3 at 110 °C.  P2O5, being extremely hygroscopic, was stored in a 

desiccator. For synthesizing SPMH7.34, the above oxides (except Al2O3) and carbonates 

were mixed in the desired proportion and ground well in an agate mortar under ethanol 

for 45 minutes. After the ethanol evaporated, the mixture was fired in a Deltech CO-CO2 

mixing furnace for 24 hours at fO2 ~QFM – 2 in order to reduce Fe3+ to Fe2+ as well as 

decarbonate Na2CO3 and K2CO3, followed by addition of Al(OH)3 such that the desired 

proportion of Al2O3 is added to the mixture along with 7.34 wt.% of H2O. KLB-1ox was 

synthesized by mixing the reagent grade oxides (except P2O5) and carbonates in the 

desired proportion and the mixture was fired in a Deltech CO-CO2 mixing furnace at 
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fO2~QFM-2 for 24 hours in order to decarbonate the carbonates and reduce Fe3+ to Fe2+. 

Twenty five percent (by weight) of SPMH7.34 and seventy five percent (by weight) 

KLB-1ox were mixed homogenously and ground well in an agate mortar and the mixture 

(with bulk H2O of 1.8 wt.%) was stored in a desiccator. 

5.2.2.  Experimental procedure 

The experiments in this study have been performed using piston-cylinder device 

in the Experimental Petrology laboratory at Rice University using a half-inch BaCO3 

pressure assembly and the calibration of Tsuno and Dasgupta (2011). The starting 

mixture was packed in Au, Au80Pd20 or Au75Pd25 capsules and the capsules were welded 

shut using a graphite arc-welder. Weight loss due to welding was measured for every 

capsule, where the weight loss may be attributed either to loss of water or to loss of noble 

metal. In no case was the weight loss greater than 0.5% relative to the unwelded capsule. 

Temperature was monitored and controlled in the experiments using W95Re5/W74Re26 

(Type C) thermocouple. The experiments were performed from 1100-1300 °C at 2 GPa, 

and 1050-1350 °C at 3 GPa – pressures relevant for sub-arc depths (England et al. 2004; 

England and Katz 2010; Syracuse and Abers 2006) and temperatures corresponding to 

those in the mantle wedge up to estimates of maximum temperature beneath volcanic 

fronts (Syracuse et al. 2010). Run durations varied from 73 to 193 hours with lower 

temperature experiments typically run longer. Once the experiments were quenched by 

terminating power-supply to the heater, the pressure from the assembly was 

decompressed very slowly and finally the capsules were recovered. Following this, the 

capsules were mounted in epoxy and exposed longitudinally on 240-600 grit silicon-

carbide paper and then polished on nylon or velvet microcloths using 0.25 to 3 micron 
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polycrystalline diamond powder. For all the experiments, the capsules were impregnated 

with epoxy under vacuum and polishing under water or any kind of liquid was avoided to 

preserve delicate phases such as hydrous glass, hydrous quench matrix minerals and 

phlogopite.  

5.2.3.  Analysis of run products 

The polished samples from experiments were imaged using the FEI Quanta 400 

FEG-SEM at Rice University. Phases were identified using energy dispersive 

spectroscopy and compositionally analyzed using the electron microprobe Cameca SX50 

at Texas A&M University, College Station. All phases were analyzed using 15 kV 

accelerating voltage. While olivine, orthopyroxene, clinopyroxene and garnet were 

analyzed using a 1µm wide beam at 20 nA beam current, phlogopite was analyzed using 

a 5 µm wide beam and 5 nA beam current, amphibole using a 5 µm beam and 10 nA 

beam current. The melt did not quench to a glass pool in most of the experiments and 

instead formed a domain with heterogeneous quench aggregates. In order to obtain 

reliable compositional estimates of the quench pool, defocused 10 nA beam of beam sizes 

varying from 10 to 30 µm was used. The quench pool was analyzed on three different 

sections, each one exposed by polishing off the old surface. The counting times for the 

elements varied from 20 to 80 seconds. The analytical standards used were albite (Na), 

diopside (Mg, Si, Ca), pyrope (Mg, Al, Ca, Fe), Indian Ocean glass (Mg, Si, Al, Ca), 

olivine (Mg, Si, Fe), orthoclase (Al, K), chromite (Cr), ilmenite (Ti), spessartine (Mn) 

and SmPO4 (P). Modal proportions of phases were estimated by mass balance 

calculations on an anhydrous basis and minor oxides such as Cr2O3, MnO and P2O5 along 

with FeO* were excluded. Because the amount of H2O estimated in the quench pools by 
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difference from probe totals has large uncertainties involved, H2O was excluded from 

mass balance. This produced mass proportions of phases that appeared to correlate well 

with proportions estimated visually from texture. The amount of Fe-loss to the Au-Pd 

capsule was estimated from the deficit in mass balance.  

5.3.  Results 

5.3.1.  Textures and phase assemblages 

Figure 5-1 shows the textures in some of the experiments from this study, Table 

5-2 lists the details of the experimental conditions as well as the modal proportion of 

phases, Figure 5-2 shows the stability of phases in P-T space and Figure 5-3 shows modal 

proportion of phases as a function of temperature.  

The experiment performed at 2 GPa, 1100 °C (run number G310) has crystals of 

olivine, orthopyroxene, clinopyroxene and amphibole surrounded by finer grains of 

orthopyroxene (interpreted as residual orthopyroxene although smaller in size) and 

phlogopite (Figure 5-1a). The mineralogy and texture is the same from the top to the 

bottom of the capsule (Figure 5-1b). The experiments at 2 GPa, 1150-1300 °C exhibit a 

gradient in mineralogy from the top to the bottom of the capsule, with olivine and 

orthopyroxene being present towards the top and clinopyroxene and phlogopite towards 

the bottom of the capsule (Figure 5-1c). At 2 GPa, 1150 °C, fine grains and laths of 

residual orthopyroxene are present only interstitially around larger orthopyroxene grains 

towards the top of the capsule (Figure 5-1d), whereas, at 1175 °C, laths of phlogopite-like 

intersertal quench are present between orthopyroxene and olivine grains (Figure 5-1e). 
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From 1200-1300 °C, a quench melt pool is present at the top of the capsule, with 

interserts of phlogopite-like quench laths present in between olivine and orthopyroxene 

grains (Figure 5-1f). At 3 GPa, 1050 – 1300 °C, all the experiments display gradient in 

mineralogy across the capsule, with orthopyroxene grains being dominantly present 

towards the top and clinopyroxene, phlogopite and amphibole (only at 1050 – 1100 °C) 

grains present mostly towards the bottom of the capsule. Garnet is distributed 

homogenously from the top to the bottom of the capsule until 1225 °C. At temperatures 

above 1225 °C, garnet decreases in modal abundance and gradually remains restricted 

towards the bottom of the capsule. Intergranular residual orthopyroxene is present 

between orthopyroxene grains towards the top of the capsule, with the residual 

orthopyroxene being more intimately associated with phlogopite, clinopyroxene, garnet 

and orthopyroxene grains towards the bottom of the capsule (Figure 5-1g).  At 3 GPa, 

1100 °C, very fine wisps of intersertal quench material was observed to be present in 

association with residual orthopyroxene in between grains of orthopyroxene and olivine 

(Figure 5-1h). Quenched melt pool is present at the top of the capsule from 1225 – 1350 

°C at 3 GPa, with interstices filled with phlogopite-like quench laths in between 

orthopyroxene grains. No evidence of vapor, in the form of bubbles, is present in any of 

the above experiments. Trace amounts of porosity are present uniformly across the 

capsule at 1100 °C, 2 GPa. The porosity is more distinctly present amidst the 

intergranular residual orthopyroxene and intersertal quench matter at 1150 °C and higher 

temperatures at 2 GPa and 1050 °C and higher temperatures at 3 GPa, although there 

seems to be no gradient in the porosity from the top to the bottom of the capsule. Whether 

the porosity is due to presence of a vapor phase or fall-out of quench matter (the quench 
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matter being vapor or melt induced) during polishing cannot be determined by texture 

alone.  

At 2 GPa, while the modal proportion of melt/quench aggregates (20 to 35 wt.% 

from 1200 to 1300 °C) and olivine (3 to 11 wt.% from 1200 to 1300 °C) increase with 

increasing temperature, the modal proportions of orthopyroxene (63 to 53 wt.% from 

1100 to 1300 °C), amphibole (15 wt.% at 1100 °C) and phlogopite (17 to 7 wt.% from 

1100 to 1200 °C) decrease with increasing temperature, with amphibole being exhausted 

above 1100 °C, and phlogopite above 1250 °C.  Clinopyroxene increases in mode with 

temperature (5 to 14 wt.% from 1100 to 1175 °C), but is exhausted above 1200 °C. At 3 

GPa, the modal proportions of melt/quench (16 to 24 wt.% from 1225 to 1350 °C) and 

orthopyroxene  (64 to 76 wt.% from 1050 to 1350 °C) increase, whereas, proportions of 

amphibole (~15 wt.% between 1050 and 1100 °C), clinopyroxene (5 to 1 wt.% from 1050 

to 1300 °C), garnet (4 to 2 wt.% from 1150 to 1300 °C) and phlogopite (16 to 5 wt.% 

from 1050 to 1300 °C) decrease with increasing temperature. At 3 GPa, amphibole is 

exhausted above 1100 °C; clinopyroxene, garnet and phlogopite are exhausted above 

1300 °C. 

A minor amount of CaCO3 globules in the silicate quench pool was observed in 

the experiments G297 and G296. Similar observations of carbonate contamination in 

nominally carbon-free, hydrous experiments have been made in recent studies of Till et 

al. (2012) and Green et al. (2014). We provide in the supplementary, a discussion of 

possible source of carbon contamination in these hydrous, solid media experiments but 

note that given the minor volume of carbonate globules in our exposed sample surfaces, 

their effect on measured melt composition is not significant.  
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5.3.2.  Assessment of approach to chemical equilibrium 

Reversal experiments have not been performed in this study. However, the 

following criteria can establish that chemical equilibrium was approached in the 

experiments: a) Limited compositional heterogeneity is observed within a phase, 

although some of the garnet grains had volumetrically insignificant aluminous cores 

which are distinct from the rims b) The olivine and orthopyroxene Fe2+-Mg KD vary from 

0.27 to 0.33 which lies within the range of previous hydrous mantle melting experimental 

studies (0.27 – 0.39) such as Condamine and Médard (2014), Green et al. (2014), Grove 

et al. (2006), Parman and Grove (2004)  c) The difference between the nominal 

temperatures measured in experiments and their corresponding temperatures calculated 

using the two pyroxene thermometer of Brey and Kohler (1990), across all the 

experiments in this study, varies from 8 to 150 °C, indicating approach to equilibrium.  

5.3.3.  Melt compositions 

Melt compositions obtained using electron probe microanalyses are reported in 

Table 5-4. The experiments have suffered significant Fe-loss from the silicates to the 

capsule material, the relative amount of Fe-loss varying from 13 to 45 wt.%. Such an 

amount is similar to relative Fe-loss of 38 wt.% as reported by Gaetani and Grove (1998) 

for hydrous partial melting of putative mantle lithologies in unconditioned Au80Pd20 

capsules (similar to capsules used in this study).  We have corrected the melt 

compositions by adding back Fe to them, based on partitioning of Fe between the various 

silicate phases. Melt compositions estimated after correcting for Fe-loss are given in 

Table 5-3 and plotted in Figure 5-4. On a volatile-free basis, at 2 GPa, the Fe-loss 
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corrected melt compositions display an increase in SiO2 concentration from 49.8 to 50.4 

wt.% and MgO from 10.3 to 13.6 wt.% from 1200 to 1300 °C. Al2O3 concentration 

decreases from 15.4 to 13.5 wt.%, CaO decreases from 9.5 to 7.1 wt.% and Na2O 

decreases from 2.8 to 2.2 wt.% from 1200 to 1300 °C. TiO2 and K2O concentrations 

increase from 0.60 to 0.71 wt.% and 4.6 to 6.3 wt.% from 1200 to 1250 °C, respectively, 

followed by a decrease (after the disappearance of phlogopite) to 0.59 wt.% and 4.9 wt.% 

at 1300 °C, respectively. H2O concentrations in the melts have been estimated both by 

difference from probe totals, assuming that the deficit in the totals is only due to H2O and 

by mass balance. Melt H2O concentration estimated from probe deficit decreases steadily 

from 12.9 to 8.3 wt.%, and estimates from mass balance decrease from 7.6 to 5.2 wt.% as 

temperature decreases from 1200 – 1300 °C. 

At 3 GPa, the melt composition displays an increase in SiO2 concentration from 

46.8 to 48.8 wt.%, FeO* from 4.3 to 5.4 wt.%, and MgO from 10.7 to 13.9 wt.% from 

1225 to 1350 °C. Al2O3 concentration decreases from 14.5 to 14.0 wt.%, CaO from 12.1 

to 7.4 wt.%, and Na2O from 3.6 to 2.6 wt.% from 1225 to 1350 °C. TiO2 and K2O 

concentrations increase from 0.66 to 0.81 wt.% and 6.6 to 7.7 wt.% between 1225 and 

1300 °C, respectively, followed by a decrease to 0.76 wt.% and 6.8 wt.% at 1350 °C, 

respectively. H2O concentration in the melt (estimated by difference from probe totals) 

decreases from 16.5 to 11.4 wt.%, while estimates from mass balance decrease from 16.9 

to 7.7 wt.%, as the temperature increases from 1225 – 1350 °C.   

The melt compositional trends after Fe-loss correction are the same as in actual 

analyses (Table 5-4), except that FeO* in corrected compositions shows an increase with 

temperature both at 2 and 3 GPa.  
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5.3.4.  Residual mineral compositions 

The mineral compositions in the residue display systematic shifts in composition 

with temperature at both 2 and 3 GPa. The mineral compositions are reported in Tables 5-

5 – 5-10. The following changes in mineral composition as a function of increasing 

temperature are observed: Mg# in olivine increases from 90.4 ± 0.1 to 94 ± 2 at 2 GPa. 

Al2O3 in orthopyroxene increases from 2.4 ± 0.4 to 2.7 ± 0.4 wt.% at 2 GPa and 2.72 ± 

0.01 to 3.9 ± 0.3 wt.% at 3 GPa. Mg# in orthopyroxene increases from 91.2 ± 0.2 to 93.7 

± 0.3 wt.% at 2 GPa and 91.1 ± 0.3 to 93.4 ± 0.4 wt.% at 3 GPa. Al2O3 in clinopyroxene 

at 2 GPa increases from 4.6 ± 0.7 to 5.3 ± 0.4 wt.% at 1150 °C, followed by decrease to 

3.7 ± 0.3 wt.% at 1200 °C. At 3 GPa, Al2O3 content increases from 4.6 ± 0.5 to 6.4 ± 0.3 

wt.% at 1200 °C, followed by a decrease to 4.48 ± 0.05 wt.% at 1300 °C. Garnet displays 

a steady decrease in FeO* from 8.0 ± 0.1 to 4.5 wt.% and increase in MgO from 19.9 ± 

0.5 to 24 wt.%. Phlogopite displays an increase in TiO2 from 0.8 ± 0.1 to 1.1 ± 0.1 wt.% 

at 2 GPa and 0.9 ± 0.2 to 1.3 ± 0.1 wt.% at 3 GPa. Al2O3 content in phlogopite slightly 

increases from 17.3 ± 0.1 to 17.9 ± 0.3 wt.% at 2 GPa and 17.5 ± 0.3 to 18.3 ± 0.5 wt.% 

at 3 GPa. Across both 2 and 3 GPa, Al2O3 content in amphibole is ~13.2 – 13.5 wt.%, 

FeO* varies from ~3.4 to 3.7 wt.%, MgO content is ~19.9 wt.% and Na2O concentration 

is ~3.0 to 3.4 wt.%. 
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5.4.  Discussion 

5.4.1.  Determination of solidus temperature of peridotite fluxed by hydrous 

sediment-melt 

The lack of any mineralogical gradient across the capsule at 1100 °C, 2 GPa is 

similar to the inferred subsolidus experiments in Grove et al. (2006)  and Till et al. 

(2012), where these authors state that, in the presence of a vapor-phase, the solubility of 

silicate components in the H2O-rich vapor may not be high enough to facilitate 

dissolution and re-precipitation of minerals according to thermal gradient in the capsule. 

The variation in mineralogy across the capsule has been mentioned as one of the criteria 

for presence of silicate melt in the charge, as the mineral zoning is attributed to mineral 

compaction due to the tendency of the melt to segregate towards the hot zone in the 

capsule by Grove et al. (2006) and Till et al. (2012). These studies also note an increase 

in porosity in their samples towards the top of the capsule correlating with greater 

presence of silicate melt towards the top. However, we do not observe any distinct 

change in porosity within the samples from our study. Hence, at least according to the 

argument of mineral segregation presented by these studies, our experiments at 1150 °C 

and higher temperatures, appear to be above the solidus of the bulk composition, 

therefore, the apparent solidus temperature of this sediment-melt hybridized hydrous 

peridotite composition at 2 GPa can be placed between 1100 and 1150 °C. Similarly, all 

the experiments at 3 GPa should be above the solidus of the bulk composition (due to 

presence of mineral segregation in all of them), placing the apparent solidus below 1050 

°C at 3 GPa. Other than mineral zonation, another criterion used by Till et al. (2012) to 
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bracket the solidus is an abrupt change in Mg# of the minerals across the solidus. In our 

study, Mg# of minerals are also affected by variable Fe-loss from the experiments, hence, 

changes in Mg# of minerals may not be a reliable tool to bracket the solidus. 

According to Green et al. (2014), a trace amount of melt does not influence the 

compatible elements in minerals, hence, according to them Mg# is unaffected. Instead the 

study states that disappearance of a hydrous mineral (amphibole, in this study) or 

depletion in moderately incompatible elements in residual minerals can indicate 

appearance of silicate hydrous melt. This approach of Green et al. (2014) is similar to that 

used by Dasgupta and Hirschmann (2006, 2007), where these authors tracked the change 

of Na in clinopyroxene to determine the appearance of a sodic, carbonatitic melt in 

carbonated peridotite partial melting experiments. Na is also moderately incompatible in 

our study and can be measured above detection limit in orthopyroxene, clinopyroxene, 

and phlogopite. Above 1100 °C, after amphibole disappears, there is a steady decrease in 

Na2O concentration with increasing temperature (Figure 5-5). These arguments place the 

apparent solidus of peridotite fluxed by hydrous siliceous melt between 1100 – 1150 °C 

at 2 and 3 GPa, similar to that bracketed based on textural criteria mentioned above. 

However, there exists trace to minor intergranular porosity in the experiments at 1100 °C 

or below and the bulk H2O concentration calculated from modal proportion of phases 

indicate a deficit of ~0.8 wt.%. This indicates that a H2O-rich phase existed in the pore 

spaces. This H2O-rich phase could not have been vapor, given that is very unlikely for the 

vapor-saturated solidus of the assemblage to lie at temperatures 50 – 300 °C higher than 

the vapor-saturated solidi determined by Green et al. (2010, 2014), Grove et al. (2006) 

and Till et al. (2012), at 2 and 3 GPa. Hence, this apparent solidus between 1100 – 1150 
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°C is close to the dehydration solidus of the assemblage or represents the initiation of 

major melting due to dehydration of amphibole, where, a tiny melt fraction was likely 

present in the experiments ≤ 1100 °C, at both 2 and 3 GPa. In fact, the wisps of quench 

matter observed at 1100 °C, 3 GPa (as observed in Figure 5-1h in our study), are likely to 

be quench from tiny amount of silicate melt as interpreted by Grove et al. (2006) and Till 

et al. (2012), as opposed to globular quench, which they interpret to be quench from 

vapor. 

If the apparent solidus of peridotite fluxed by hydrous sediment-melt is indeed 

between 1100 – 1150 °C at both 2 and 3 GPa, then the solidus is slightly higher than the 

pargasite dehydration solidus (~1100 °C and 1050 °C at 2 and 3 GPa respectively) of 

Green et al. (2010, 2014) and much higher than the vapor-saturated solidus of lherzolite 

(~1000-1050 °C from 2 to 3 GPa, according to Green et al., 2010, 2012; ~850 °C and 

~810 °C for 2 and 3 GPa respectively, according to Grove et al., 2006) (Figure 5-6). The 

apparent (dehydration) solidus of peridotite fluxed with sediment-melt in our study is 

higher than the solidus of peridotite fluxed with similar amount of H2O because the effect 

of H2O in lowering the solidus temperature of peridotite decreases if other components 

that help stabilize hydrous mineral phases are added. H2O is much more compatible in 

the system of peridotite infiltrated by sediment-melt, as the rhyolitic sediment-melt 

introduces enough Na2O and K2O to stabilize significant amounts of amphibole and 

phlogopite. The stabilization of amphibole and phlogopite in particular can make the 

system evolve from a vapor-saturated system (for peridotite bulk composition fluxed only 

with H2O > 0.4 wt.% up to 3 GPa) to a nearly to completely vapor-absent, hydrous 

system (for hybrid peridotite bulk composition with elevated Al2O3, K2O and Na2O). 
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Inferring the solidus of hydrous assemblages based on texture and compositional 

changes is debated and controversial based on previous studies (e.g. discrepancy in 

determination of solidus temperature of vapor-saturated lherzolite between Grove et al. 

2006, Till et al. 2012 and Green et al. 2010, 2014), hence, our solidus temperature 

determination for the assemblage may not be robust. We note, however, that locating the 

true solidus is not essential to our current study.  

 

5.4.2.  Evolution of melt composition with temperature and pressure 

5.4.2.1.  Effect of temperature 

Al2O3, CaO, and Na2O decrease in concentration steadily with increasing 

temperature due to their incompatibility in the system because garnet (the phase in which 

Al2O3 is compatible), clinopyroxene (the phase compatible with CaO) and amphibole (the 

phase in which Na2O is compatible) are exhausted by 1225 °C at both 2 and 3 GPa.  TiO2 

and K2O are compatible in phlogopite, hence, they increase until 1250 °C, 2 GPa and 

1300 °C, 3 GPa followed by decrease in concentration is correlated with the exhaustion 

of phlogopite. SiO2, MgO and FeO* concentrations increase with temperature or 

increasing melt fraction owing to their compatibility in the system with residual olivine 

and/or orthopyroxene.  

5.4.2.2.  Effect of pressure 

Melt compositions at 2 GPa have higher SiO2 (48 – 50 wt.% at 2 GPa, 45 – 48 

wt.% at 3 GPa) and lower CaO/Al2O3 (0.61 – 0.53 at 2 GPa, 0.83 – 0.53 at 3 GPa), than 
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melt compositions produced at 3 GPa.  A similar compositional trend i.e., higher SiO2 

and lower CaO/Al2O3 at 1 GPa compared to 3 GPa is also observed for hydrous peridotite 

partial melts (Hall 1999; Hirose 1997; Hirose and Kawamoto 1995; Tenner et al. 2012). 

In case of peridotite partial melting, the silica activity in the melt is buffered by an 

equilibrium between olivine and orthopyroxene at both pressures – at lower pressures, 

higher SiO2 contents increase the availability of bridging oxygens, enhancing the 

dissolution of alkalis in the silicate melts, therefore, lowering the activity co-efficient of 

silica (Hirschmann et al. 1998; Tenner et al. 2012), and consequently enhancing the mole 

fraction of silica in the melt. At higher pressures, production of low-silica, hence, 

depolymerized melt lowers the effect of alkalis in affecting the activity coefficient of 

silica in the melt.  In this study, an equilibrium between olivine and orthopyroxene exists 

at 2 GPa, buffering activity of silica at that pressure, however, such a buffer is absent at 3 

GPa due to absence of olivine. Thus, the reason behind the lowering of silica in higher 

pressure hydrous peridotite partial melts over lower pressure partial melts is not directly 

applicable here. Higher SiO2 at 2 GPa may be explained by the fact that presence of a low 

SiO2 phase such as olivine along with orthopyroxene implies that SiO2 is slightly less 

compatible at 2 GPa (DSiO2 ranging from 1.02 - 1.11) than at 3 GPa (DSiO2 ranging from 

1.10 – 1.14). Lower CaO/Al2O3 in melts at 2 GPa as compared to 3 GPa can be explained 

by the enhanced compatibility of Al2O3 at 3 GPa owing to enhanced mode of phlogopite 

and stability of garnet at higher pressure (bulk DAl2O3 ranging from 0.29 – 0.17 at 2 GPa 

and 0.39 – 0.28 at 3 GPa) for given temperatures of melting.  
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5.4.3.  Melting relations in the hydrous rhyolite fluxed peridotite system at 2 and 

3 GPa and comparison with similar melting reactions for peridotite+H2O 

systems 

Melting reactions for our experiments were derived using the method of Baker 

and Stolper (1994). Least-square fits to mineral proportions as a function of melt modal 

proportion were constructed at both 2 and 3 GPa.  At both 2 and 3 GPa, the modal 

proportions of minerals at 1150 °C were assumed to be representative of modes at F=0.  

This is because, based on change in composition of minerals with temperature, melting 

out of amphibole and textural relationships, the apparent solidus of the assemblage at 2 

GPa and 3 GPa likely lies between 1100 – 1150 °C. Only experiments where the melt 

mode could be determined by mass balance were considered in the least-square fit, along 

with the near-solidus mode approximation. Among the phases present at 2 and 3 GPa, 

amphibole was not considered at either pressures because amphibole is melted out of the 

system at temperatures lower than the temperature at which melt modes could be 

determined.  

Combining the slopes of the best-fit equations for the minerals, the following 

melting reactions for 1 g of melt were obtained between 1150 – 1300 °C (F = 0 - 35 

wt.%) at 2 GPa and 1150 – 1350 °C (F = 0 – 24 wt.%) at 3 GPa: 

0.2 orthopyroxene + 0.4 clinopyroxene + 0.7 phlogopite = 0.3 olivine + 1 melt (2 GPa)

 (1) 

0.1 garnet + 0.7 phlogopite + 0.5 clinopyroxene = 0.3 orthopyroxene + 1 melt (3 GPa)

 (2) 
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From equations 1 and 2, it is observed that clinopyroxene and phlogopite are 

consistently consumed to produce melt at both pressures. At 2 GPa, olivine is in a 

reaction relation with the melt, while orthopyroxene is consumed. However, the behavior 

of orthopyroxene changes at 3 GPa where orthopyroxene participates in a reaction 

relation with the melt. Another interesting observation in the melting relations is that 

phlogopite is the most dominant phase in the melting of the assemblage. This explains 

why phlogopite is able to buffer the K2O and TiO2 content of the melts effectively, even 

though it is not modally the most abundant phase in the system (which causes DK2O and 

DTiO2 to be <1, hence, K2O and TiO2 should have otherwise behaved incompatibly). 

Comparison of melting reactions constrained here to those that can be derived 

from hydrous melting of mantle wedge peridotite of similar fertility yield useful 

information in terms of how the melting systematics can change if the fluxing agent of 

wedge melting is pure H2O versus a H2O-bearing (slab-derived) rhyolitic melt. Using the 

method of Baker and Stolper (1994), we derived melting reactions for lherzolite fluxed 

with 1.5 wt.%, 2.5 wt.% H2O at 3.5 GPa (based on the experiments by Tenner et al., 

2012). These bulk H2O contents and pressure of melting are the closest match to the 3 

GPa experiments from this study, in terms of direct comparison of effect of supplying 

slab-derived siliceous melt with H2O versus pure H2O to lherzolite. Because the melt 

modal proportions in Tenner et al. (2012) are ≥18 wt.%, we assumed the melting of 1.45 

wt.% H2O-bearing lherzolite at 1025 °C, 2.5 GPa (after exhaustion of amphibole and 

corresponding to a melt modal proportion of 8 wt.%) from Green et al. (2014) to be 

applicable to partial melting of 1.5 wt.% H2O bearing lherzolite, in order to obtain a 

better sense of melting relations covering a wide range of degree of partial melting 
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comparable to this study.  We also derived reactions for melting of lherzolite + 14.5 wt.% 

H2O at 3.2 GPa (based on the experimental data of Till et al., 2012) in order to compare 

changes in melting reactions of lherzolite with variable amounts of fluxed H2O.  

The following reactions for forming 1 g of melt were obtained: 

Lherzolite fluxed with 1.45-1.5 wt.% H2O at 2.5 – 3.5 GPa 

0.2 orthopyroxene + 0.8 garnet + 0.6 clinopyroxene = 0.6 olivine + 1.0 melt (F = 8  - 18 

wt.%) (3) 

0.2 olivine + 0.3 orthopyroxene + 0.2 clinopyroxene + 0.3 garnet = 1.0 melt (F = 18 – 30 

wt.%) (4) 

Lherzolite fluxed with 2.5 wt.% H2O at 3.5 GPa 

0.59 olivine + 0.01 orthopyroxene + 0.40 garnet = 1.00 melt (F = 20 – 27 wt.%) (5) 

Lherzolite fluxed with 14.5 wt.% H2O at 3.2 GPa 

0.4 olivine + 0.7 garnet + 0.3 clinopyroxene = 0.4 orthopyroxene + 1.0 melt (F = 9 – 25 

wt.%, after exhaustion of chlorite)       (6) 

The first obvious difference between reactions 1, 2 (our study) and 3, 4, 5, 6 is the 

presence of phlogopite as a dominant melting phase in the former versus complete 

absence of phlogopite in the latter. This can be explained by the influx of significant 

amount of K2O in the lherzolite melting system via metapelite-derived melt, whereas, 

lherzolite by itself lacks enough K2O to stabilize phlogopite in the presence of H2O. The 

second difference in melting systematics is the role of orthopyroxene in the melting 
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reaction. In case of lherzolite+hydrous rhyolite, orthopyroxene is in a reaction relation 

with the melt i.e., orthopyroxene is produced by incongruent melting of olivine, 

clinopyroxene, garnet and phlogopite. In case of lherzolite+H2O, orthopyroxene generally 

contributes to melting; olivine is produced along with the melt at lower melt fractions but 

contributes to melt formation at higher melt fractions. An interesting observation is that, 

with increasing amount of H2O fluxing in lherzolite, the contribution of orthopyroxene to 

melt formation decreases to the extent that, with 14.5 wt.% H2O being present in the 

lherzolite, orthopyroxene is produced along with melt, rather than being a contributor to 

melt formation.  

5.4.4.  Melt productivity and temperature-melt fraction systematics in the system 

peridotite+H2O versus peridotite+rhyolite melt+H2O 

Our study provides an opportunity to compare melting systematics of metapelite 

melt-fluxed mantle wedge melting with those of H2O-fluxed mantle wedge melting, both 

in terms of melt productivity and temperature-melt fraction systematics. 

Isobaric melt productivity of peridotite fluxed with H2O versus slab-derived 

hydrous rhyolitic melts is an important parameter in understanding how various fluxing 

compositions influence the process of melting in subduction zones. Figure 5-7 compares 

melt fraction as a function of temperature from this study as well as previous peridotite 

partial melting studies. Anhydrous partial melting of peridotite at 3 GPa (Walter 1998) 

produces an isobaric melt productivity of 0.36 wt.%/ °C from 14 to 53% partial melting, 

which is higher than the melt productivity of 1.5-5 wt.% H2O bearing peridotite partial 

melting at 3.5 GPa (0.10 to 0.13 wt.%/ °C from 18 to 31% melting; Tenner et al., 2012) 
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and 14.5 wt.% H2O-bearing peridotite partial melting at 3.2 GPa (0.15 wt.%/ °C from 9 

to 33 wt.% melting; Till et al., 2012). The isobaric melt productivity in our study is 0.15 

wt.%/ °C from 20 to 35 wt.% partial melting at 2 GPa and 0.14 wt.%/ °C from 7 to 24 

wt.% partial melting at 3 GPa. These values are very similar to melt productivities of 

hydrous peridotite partial melting. Therefore, the presence of H2O in the system 

decreases melt productivity, consistent with the findings of Gaetani and Grove (1998). 

Presence of H2O in the system initiates melting at a lower temperature. However, the 

propensity of minerals to participate in a melting reaction is also low at lower 

temperatures, which hinders melt productivity. The bulk H2O concentration, during 

melting of natural silicate assemblages, affects melt fraction at a given temperature for a 

wide variety of silicate bulk compositions (Langmuir et al., 2002; Tsuno and Dasgupta, 

2012); higher bulk H2O causes peridotite to produce a given melt fraction at a lower 

temperature, following cryoscopic relation (assuming that the amount of H2O present 

during melting is positively correlated to the amount of H2O dissolved in the silicate 

melt).  

An interesting outcome of our study is that at 3 GPa, the melt fraction versus 

temperature curve of the 1.8 wt.% bulk H2O-bearing sediment melt hybridized peridotite 

lies in between the melt fraction versus temperature curves of peridotite with 1.5 and 2.5 

wt.% H2O at 3.5 GPa from Tenner et al. (2012). This observation suggests that over the 

temperature interval of this study, bulk H2O concentration is the chief factor that 

influences the location of the isobaric melt fraction-temperature curves and a change in 

major element composition (peridotite fluxed by pure H2O versus peridotite fluxed by 

25% rhyolitic melt) has a limited effect on temperature-melt fraction relationship. 
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5.4.5.  Composition of partial melts in the system peridotite+H2O versus 

peridotite+rhyolite melt+H2O 

In Figure 5-8, the melt compositions generated at 3 GPa from this study are 

compared with partial melts of peridotite fluxed with 1.5 and 2.5 wt.% H2O at 3.5 GPa 

from Tenner et al. (2012), where the pressure of melting and the bulk water contents in 

the mantle lithology are close to that in our study. Except for 4 experiments of Tenner et 

al. (2012), where the capsules were pre-saturated with Fe, the other experiments from that 

study have likely suffered from Fe-loss, although the amount of Fe-loss has not been 

specified. In order to be consistent, the Fe-loss uncorrected melt compositions from our 

study were compared to the experiments of Tenner et al. (2012). For a given melt-

fraction, the partial melts derived from peridotite fluxed with hydrous rhyolite-melt are 

more enriched in SiO2 (by ~4-5 wt.%), Al2O3 (by ~3-3.5 wt.%), Na2O (by ~1.5-2 wt.%) 

and depleted in FeO* (by ~2-6 wt.%), MgO (by ~6-13 wt.%), CaO (by ~4 wt.%) as 

compared to peridotite fluxed with H2O. The difference in partial melt compositions 

between the two hydrous lithologies  arises chiefly due to bulk compositional control. For 

both types of hydrous mantle lithologies, SiO2 and MgO increase, while Al2O3 and CaO 

decrease with increasing melt fraction. FeO* also increases with increasing temperature 

and extent of melting in melt compositions from this study, but again, there is scatter in 

the data from hydrous partial melting of peridotite in Tenner et al. (2012), likely due to 

variable Fe-losses from the sample to the capsule metal. While Na2O displays 

incompatible behavior in melt compositions from this study, scatter exists in the data 

from hydrous peridotite melting. However, given that no Na2O-compatible phase exists 

during partial melting of hydrous peridotite within the window of 18-33% partial melting, 
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Na2O is expected to behave incompatibly, i.e., diminish in concentration with increasing 

melting. TiO2 and K2O contents of hydrous peridotite partial melts exhibit decreasing 

trend with increasing melt fraction, but in our case of sediment melt-fluxed melting of 

peridotite, TiO2 and K2O behave compatibly in the presence of phlogopite, i.e., up to 

1250 °C and 1300 °C at 2 and 3 GPa, respectively, and behave incompatibly only at 

higher temperatures. 

5.4.6.  Evolution of sediment-derived hydrous rhyolitic partial melt to alkalic 

basalt by mantle wedge hybridization and subsequent melting in subduction 

zones 

The melt compositions from this study have been plotted in Figure 5-9 on the 

plane of Ca-Tschermak (CaTs)-Forsterite (Fo)-Quartz (Qtz) projected from Diopside (Di) 

in the CMAS system, according to the projection scheme of O’Hara (1968). Reacted melt 

compositions (on a volatile-free basis) from previous experimental studies on 

hybridization of mantle-wedge by slab-derived siliceous melts are also plotted in Figure 

5-9. The melt compositions from Sekine and Wyllie (1982b)  are quartz-normative 

rhyolites similar to the granitic composition they chose as the fluxing agent from the 

subducting slab. The hybridized melt compositions from Rapp et al. (1999)  and Prouteau 

et al. (2001)  are also mostly quartz-normative trachy-andesites to trachy-dacites. The 

likely reason behind the previous studies producing siliceous hybrid melts, not very 

different from the siliceous slab-derived flux is because of the high melt-rock mass ratio 

(90:10 to 50:50) studied in their experiments, because of which the bulk composition of 

the melt-rock mixture was influenced mostly by the composition of the sediment melt. 

On the other hand, our experiments study a lower melt-rock mass ratio of 25:75, which 
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resulted in the reacted melts being Ne-normative alkalic basalts, plotting on the silica-

poor side of the thermal divide. Also, with decreasing temperature and increasing 

pressure, the melts evolve towards greater degree of silica-understaturation. Thus, our 

study demonstrates how quartz-normative rhyolite, derived from subducted sediments, 

may evolve to produce Ne-normative alkalic basalts by hybridization with the mantle-

wedge.  

More specifically, the melt compositions in this study are ultra-potassic basalts 

(K2O/Na2O>2, K2O>3 wt.%, MgO>3 wt.%), that belong to Group III (leucitites), 

according to the classification of Foley et al. (1987) (Figure 5-10). 

5.4.7.  Application to ultra-potassic magmatism in convergent margin settings – 

active subduction zones and post-collisional zones 

Ultra-potassic basalts from active subduction settings, such as Sunda arc, and 

post-collisional settings, such as Roman Magmatic Province have been inferred to have 

sediment contribution in their source based on their trace element and isotopic 

composition (e.g., Beccaluva et al., 1991; Ben Othman et al., 1989; Conticelli et al., 

2002; Conticelli et al., 2009; Hoogewerff et al., 1997; Nelson, 1992; Peccerillo, 1985; 

Whitford and Jezek, 1982). In order to verify whether partial melting of a hybridized 

mantle lithology due to reaction of sediment-derived siliceous hydrous partial melt and 

mantle-wedge lherzolite could reproduce the major element composition of the leucititic 

ultra-potassic basalts found in these localities, in Figure 5-11 we compare the major 

element composition of the Fe-loss corrected melt compositions from this study with 

ultra-potassic lava compositions from the Sunda Arc (active subduction regime) and from 
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the inactive subduction regimes in Roman Magmatic Province, Aegean region, and 

Western Anatolia. Aegean and Anatolia have also been proposed to have a mantle source 

enriched by crustal subduction component (e.g. Robert et al., 1992; Keller, 1983). We 

have filtered the natural data to only consider compositions that have MgO > 6.5 wt.% in 

order to minimize fractionation effects of minerals other than olivine as much as possible, 

for better comparison of our primary experimental melts with the natural compositions. 

However, even after restricting the compiled natural data to > 6.5 wt.% MgO, the natural 

lavas can still not be deemed primary and olivine fractionation had to be performed on 

our experimental melts to bring them closer to the lava compositions (Figure 5-11). After 

olivine fractionation of 10-15 wt.%, our experimental melt compositions reproduce, 

reasonably well, the compositions of the ultrapotassic lavas from Vulsini and Colli 

Albani from Roman Magmatic province and Batu Tara from Sunda, except that at a given 

MgO concentration, Al2O3 is ~2 wt.% higher for Vulsini and Na2O is about 0.5-1 wt.% 

higher for Colli Albani, within error.  The Roccamonfina lavas are distinctly higher in 

SiO2, and lower in CaO and FeO* content, for a given MgO and this could likely be 

explained by hybridization of a higher proportion (>25 wt.%) of sediment melt with 

peridotite, based on the observed effect of sediment-melt on the concentrations of these 

two oxides (Figure 5-8). The Dodecanese province lavas are distinctly more enriched in 

TiO2 and depleted in K2O than the melts from this study. Enrichment in TiO2 can be 

caused by a slab-flux from the subducted oceanic crust, rather than sediments, and the 

melt can have lower K2O if it is not saturated in phlogopite – so the degree of melting has 

to be high enough to melt-out phlogopite. Thus our study is able to demonstrate that it is 

possible to form the ultrapotassic lavas observed in the Sunda arc and Roman Magmatic 
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Province by enriching the mantle by hydrous sediment-derived melt. In an active arc 

scenario, the volcanism can be related to ongoing subduction and 

hybridization/metasomatism from the slab. For inactive arcs, the formation of the 

enriched mantle source can be related to former subduction and later melting of the 

enriched source can take place either due to thermal perturbation or decompression 

induced by rifting. 

The role of CO2 has been proposed for the genesis of silica-undersaturated 

ultrapotassic rocks from the Roman Magmatic Province, primarily due to the known role 

of CO2 in lowering the activity of silica in silicate melts (therefore promoting silica-

undersaturation in melts) ((Brey and Green 1975; Dasgupta et al. 2007; Eggler 1978; 

Mallik and Dasgupta 2013; Mallik and Dasgupta 2014)). The proposed sources of CO2 

are a) the carbonate-rich sediments associated with Appennine orogeny (sediments 

deposited on the Tethyan basin and scraped off onto continental margins during 

subduction) likely subducted along the Adriatic slab, and CO2 supplied by partial melting 

at deeper depths in the mantle (Avanzinelli et al. 2008; Boari et al. 2009; Conticelli et al. 

2002; Conticelli et al. 2009); b)  assimilation with the limestone country rock (Conte et 

al. 2009; Iacono Marziano et al. 2007). While presence of CO2 in the genesis of the 

ultrapotassic rocks from Roman Magmatic Province cannot be ruled out, we would like 

to emphasize here that dominant presence of CO2 in the system is not necessary for 

achieving silica-undersaturation in silicate melts, as demonstrated by this study. A H2O-

rich system can also reproduce the major element composition of ultrapotassics from 

Roman Magmatic Province, in particular if melting takes place at higher pressures in the 

garnet stability field. 
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5.4.8.  Stability of phlogopite in metasomatized mantle wedge and its 

geochemical implications 

Figure 5-12 shows the stability limit of phlogopite as determined by previous 

experimental studies on multiple saturation of various hydrous melt compositions such as 

mica lamprophyre (Esperança and Holloway 1987), potassic madupite (Barton and 

Hamilton 1979), sanidine phlogopite lamproite (Mitchell 1995), olivine lamproite (Sato 

1997), and olivine leucitite (Elkins-Tanton and Grove 2003) as well as in various studies 

on hydrous melting of phlogopite-clinopyroxenite (Lloyd et al. 1985), phlogopite-

pargasite lherzolite (Conceição and Green 2004), and phlogopite-peridotite (Condamine 

and Médard 2014). In our study, phlogopite exists up to 1250 °C at 2 GPa and 1300 °C at 

3 GPa.  Thus, our study along with Lloyd et al. (1985) and Elkins-Tanton and Grove 

(2003) show that phlogopite can be stable at the maximum temperatures existing beneath 

volcanic fronts (Syracuse et al. 2010), or the hot core of the mantle wedge above the 

subducting slab. Although the stability of phlogopite beyond 5 GPa is not well-

constrained, based on its stability up to ~1400 °C at 3 GPa, it is possible that phlogopite 

could subduct along the downward limb of mantle wedge into deeper mantle. This has 

interesting implications for long-term geochemical evolution of the mantle because 

phlogopite can be a potential carrier for volatiles such as H2O, F, N as well as large ion 

lithophile elements (Rb, Ba and Cs) into the deeper mantle. Because DRb
phl/melt>> 

DSr
phl/melt and DNd

phl/melt, DSm
phl/melt <<1 ((Foley et al. 1996; LaTourrette et al. 1995; 

Schmidt et al. 1999), long-term stability of phlogopite in the mantle (> 0.5 b.y) can 

evolve the radiogenic Sr signature of the mantle towards “enriched mantle” signatures 
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(εSr ≥ 0 and εNd ≥ 0 ) (Schmidt et al. 1999) as observed in several orogenic and 

anorogenic potassic lavas (Nelson 1992). 

5.5.  Conclusions 

We investigated the effect of fluxing hydrous rhyolitic sediment-derived melts on 

the melting behavior of peridotite across P-T conditions relevant to sub-arc depths in the 

mantle. The apparent solidus of the 25:75 rhyolite-peridotite mixture with ~1.8 wt.% bulk 

H2O lies between 1100-1150 °C at 2 and 3 GPa, well above the vapor-saturated solidus 

and very close to the dehydration solidus of peridotite. Therefore, for a similarly H2O-

rich bulk compositions, addition of hydrous siliceous melt as opposed pure H2O can 

make the system evolve from a vapor-saturated to a near to complete vapor-

undersaturated system. Whether peridotite is fluxed by pure H2O or hydrous sediment 

melt does not appear to have an influence on melt productivity although the effect on 

melting relations is significant. While the residue of melting is dominantly 

orthopyroxene-rich with phlogopite stable up to 27% and 21% melting at 2 and 3 GPa 

respectively, the reacted melts are ultrapotassic (leucititic) due to the buffering by 

phlogopite. Thus, a hydrous rhyolite, upon reactive crystallization and subsequent 

melting of the peridotitic matrix, evolves to a nepheline-normative ultrapotassic 

composition. The partial melt compositions produced in this study resemble the major 

element compositions of orogenic leucitites from Sunda arc and Roman Magmatic 

Province. The possibility that phlogopite may subduct to deeper mantle due to its stability 

up to temperatures in the core of the mantle wedge has important implications for deep 
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cycling of volatiles such as water, nitrogen and fluorine and LILEs, and long term 

stability of phlogopite can create mantle domains enriched in Sr-isotopes.  

Figure 5-1. Back scattered electron images of experiments performed in this study on 75:25 mixture of 
fertile peridotite (KLB-1 ox) and a hydrous rhyolitic partial melt. (a) G310: 2 GPa, 1100 °C – Larger grains 
of amphibole (amph), orthopyroxene (opx) and clinopyroxene (cpx) embedded in a matrix of phlogopite 
(phl) and finer-grained residual orthopyroxene. There is very little to no porosity present in the sample. (b) 
Same experiment as (a). The white box indicates the area represented by (a). Black arrow points towards 
the top direction of the capsule. There is no mineralogical variation that exists across the capsule, which 
according to Grove et al. (2006) and Till et al. (2012) is one of the criteria for a subsolidus experiment. (c) 
G307: 2 GPa, 1150 °C - A distinct gradient in mineralogy is observed across the capsule, with 
clinopyroxene (brightest) and phlogopite towards the bottom and orthopyroxene and intergranular residual 
orthopyroxene [as shown in (d)] mostly towards the top of the capsule. The arrow indicates the top 
direction of the capsule and the white box indicates the area represented in (d). (d) Same experiment as (c). 
Grains of orthopyroxene are surrounded by phlogopite and intergranular fine-grained residual 
orthopyroxene. Comparing the texture with (a), the fine residual orthopyroxene grains are not as 
widespread as in (a), but distinctly located in intergranular regions.  Also, there is a significant amount of 
porosity in the intergranular regions, the porosity being much higher than in (a). 
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Figure 5-1. (continued) (e) G309: 2 GPa, 1175 °C – Intersertal laths of quench with significant amount of 
porosity present in intergranular regions. (f) G301: 2 GPa, 1250 °C – Melt pool towards the top of the 
capsule, represented by quench and pockets of glassy domain coexisting with orthopyroxene grains and 
intersertal quench laths. The intersertal quench matter is very similar texturally to that in (e), which 
indicates that the quench in (e) is from a silicate melt. (g) G295: 3 GPa, 1150 °C – This image is from the 
bottom of the capsule. The residual orthopyroxene and porosity are intimately associated with garnet, 
clinopyroxene and phlogopite, rather than being focused mostly in intergranular regions (which is the 
prevalent texture towards the top of the same capsule). (h) G311: 3 GPa, 1100 °C – Grains of 
orthopyroxene, olivine and amphibole surrounded by residual orthyroxene, significant porosity and fine 
wisps of quench in intergranular regions. We interpret the wisps of quench are from a trace amount of 
silicate melt.  
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Figure 5-2. Conditions of experiments and the stability range of phases in pressure (depth)-temperature 
space for our study. Dark fillings in the polygon represent presence of a phase and white zones represent 
absence of a phase. Orthopyroxene (Opx) is present in all the experiments and unequivocal presence of 
quenched melt is argued for all experiments to the right of the ‘Amph out’ boundary. The other phases are 
– olivine (Ol), amphibole (Amph), clinopyroxene (Cpx), garnet (Gt), and phlogopite (Phl). The presence of 
a very small melt fraction at temperatures below the apparent dehydration solidus (‘Amph out’) may be 
expected based on our estimated bulk composition but cannot be confirmed based on texture. 
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Figure 5-3. Modal proportion of phases in the experiments in weight percent, as determined by mass 
balance (see text for details). Zero mode indicates presence of a phase based on textural analyses, but where 
the modal proportion could not be determined by mass balance, due to trace to minor abundance. The error 
bars represent ± 1σ uncertainty determined by propagating the uncertainties in phase compositions against 
the bulk composition.  
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Figure 5-4. Composition of reacted melt in the experiments (in weight percent), after correcting for Fe-loss, 
as a function of temperature. The amount of Fe lost to the capsule material from the melt was estimated by 
using bulk Fe-loss from mass balance and partitioning of Fe between the solid phases and the melt, and the 
melting degree of the experiment. This amount of lost Fe was added back to the melt and the composition 
was renormalized to 100%. H2O concentrations (filled symbols) are estimated by difference from probe 
totals. The open symbols are H2O concentrations estimated by mass balance (red edge – 2 GPa, black edge 
– 3 GPa).  The error bars represent ± 1σ uncertainty based on replicate microprobe analyses.  
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Figure 5-5. Na2O concentration as a function of temperature for phlogopite, orthopyroxene, and 
clinopyroxene. There is a steady decrease in Na2O concentration after amphibole is melted out, and the 
exhaustion of a hydrous phase (amphibole in this case) along with decline in concentration of a moderately 
incompatible element (Na2O) may be indicative of the appearance of silicate melt in the system in 
significant proportion at temperatures exceeding 1100 °C, according to Green et al. (2014). This places the 
apparent solidus of peridotite fluxed with hydrous sediment-melt between 1100 – 1150 °C at both 2 and 3 
GPa.  
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Figure 5-6. P-T plot comparing the apparent dehydration solidus boundary or the onset of major melting 
determined in this study, with vapor-saturated or dehydration solidus boundaries of fertile peridotite + H2O 
from recent studies of Grove et al. (2006) – G06, Till et al. (2012) – T12, Green et al. (2010) – G10, and 
Green et al. (2014) – G14. Also shown for reference are the pressure-temperature conditions (1100 – 1300 
°C at 2 GPa and 1050 – 1350 °C at 3 GPa) of our experiments (black filled circles) and of generation of 
hydrous metapelite partial melt (900 and 950 °C at 3.5 GPa, Hermann and Spandler, 2008) used in this 
study as a fluxing agent. Also plotted on the figure are the dry solidii of peridotite (Hi00 – Hirschmann, 
2000; He00 – Herzberg, 2000); solidi of peridotite with 50 to 200 ppm H2O (O'Leary et al. 2010) (marked 
with the amount of H2O in ppm written next to the lines); zone of wet metapelite melting ((Hermann and 
Green 2001; Hermann and Spandler 2008; Johnson and Plank 2000; Schmidt et al. 2004; Thomsen and 
Schmidt 2008; Tsuno and Dasgupta 2012). Estimates of slab top pressure-temperature conditions for South 
Marianas (cold subduction), Guatemala/El Salvador (intermediate subduction) and Central Cascadia (hot 
subduction) using model D80 (where the depth of coupling between the slab and the mantle wedge is at 80 
km) of Syracuse et al. (2010) are also shown for reference. 
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Figure 5-7. Melt fraction versus temperature for this study compared with previous experimental studies of 
H2O-rich vapor-undersaturated peridotite partial melting at 3.5 GPa (Tenner et al., 2012), H2O vapor-
saturated peridotite partial melting at 3.2 GPa (Till et al., 2012), and anhydrous peridotite partial melting at 
3 GPa (Walter, 1998). Regression lines have been fitted through the melt fractions as a function of 
temperature. The slopes of the lines give dF/dT at a constant P. The equations of the best-fit lines are: F = 
0.13T-160.09 (1.5 wt.% H2O-bearing peridotite), F = 0.13T-140.2 (2.5 wt.% H2O-bearing peridotite), F = 
0.10T-103.2 (5 wt.% H2O-bearing peridotite), F = 0.15T-146.77 (14.5 wt.% H2O-bearing peridotite), F = 
0.36T-535.28 (anhydrous peridotite), F = 0.15T-162.91 (2 GPa, this study), F = 0.14T-161.33 (3 GPa, this 
study).  
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Figure 5-8. Comparison of compositions of partial melts derived from peridotite fluxed by hydrous 
metapelite-derived rhyolitic partial melt (from this study; black squares), to partial melts of hydrous 
peridotite (from Tenner et al., 2012), as a function of degree of partial melting.  Black triangles and gray 
triangles represent partial melts of peridotite fluxed by 1.5 wt.% and 2.5 wt.%, respectively. The partial 
melts from this study were produced at 3 GPa while the partial melts of hydrous peridotite were produced 
at 3.5 GPa. All melt compositions are plotted on an H2O-free basis and the error bars are ±1� uncertainties 
based on replicate microprobe analyses given in Table 5-3. 
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Figure 5-9. Projection of compositions from this study along with previous studies of slab-melt and 
peridotite hybridization such as Sekine and Wyllie (1982b), Rapp et al. (1999) and Prouteau et al. (2001) 
on the plane of Ca-Tschermak (CaTs)-Forsterite (Fo)-Quartz (Qtz), projected from Diopside (Di) following 
the scheme of O’Hara (1968). The Anorthite (An)-Enstatite (En) join represents the critical plane of silica 
saturation, hence, compositions that plot to the right of this join are quartz-normative. The An-Fo join 
represents the criticial plane of silica undersaturation, and compositions that plot between the An-Fo and 
An-En joins are hypersthene (Hy)-normative. Compositions that plot to the left of the An-Fo join are 
nepheline (Ne)-normative. The CaTs-En join represents the garnet-pyroxene high pressure thermal divide 
of O’Hara and Yoder (1967) . 
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Figure 5-10. Reacted melt compositions from this study, on a volatile-free basis, plotted on the 
classification scheme of Foley et al. (1987)  for ultra-potassic rocks. The melt compositions from this study 
lie under Group III or leucitites. The error bars are ±1� uncertainties based on replicate microprobe 
analyses of quenched melt pools and given in Table 5-3. 
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Figure 5-11. Comparison of estimated melt compositions, on a volatile-free basis, from this study with 
ultrapotassic lavas from Dodecanese Province in the Aegean province (Robert et al., 1992); Afyon 
province in Anatolia (Keller, 1983); Vulsini area (Kamenetsky et al., 1995), Roccamonfina volcanics 
(Conticelli et al., 2009) and Colli Albani volcanics (Boari et al., 2009) from Roman Magmatic Province; 
Batu Tara in Sunda arc (Stolz et al., 1988, van Bergen et al., 1992). Trajectories of olivine fractionation 
correction on the highest MgO bearing experimental melts at 2 and 3 GPa are plotted to aid visual 
comparison of derivative melts that can derive from experiments with natural compositions. The error bars 
are ±1� uncertainties based on replicate microprobe analyses of quenched experimental melt pools and 
given in Table 5-3. 
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Figure 5-12. A pressure-temperature space showing the stability limit of phlogopite determined by this 
study along with previous experimental studies. Also plotted are the estimates of maximum temperature 
beneath volcanic front and estimates of slab top pressure-temperature conditions for South Marianas (cold 
subduction) and Central Cascadia (hot subduction) using model D80 (where the depth of coupling between 
the slab and the mantle wedge is set at 80 km) of Syracuse et al. (2010) . 
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Table 5-1. Starting compositions used in this study. 

Conc. 
(wt.%) 

SPMH7.34 KLB-1ox† 
Bulk 

 Mixture# 

SiO2 72.69 44.82 51.79 

TiO2 0.43 0.15 0.22 

Al2O3 14.93 3.51 6.37 

Cr2O3 0.00 0.32 0.24 

FeO* 0.94 8.19 6.38 

MnO 0.03 0.12 0.10 

MgO 0.26 39.5 29.69 

CaO 0.95 3.07 2.54 

Na2O 3.19 0.3 1.02 

K2O 6.38 0.02 1.61 

P2O5 0.18 0 0.04 

H2O 7.34 0 1.83 
 

Major element compositions of KLB-1ox and SPMH7.34 reported on a volatile-free basis and H2O 
concentrations based on proportion of Al(OH)3 mixed in the starting composition; † = Composition as 
reported in Mallik and Dasgupta (2013, 2014); # = Bulk mixture consists of 25% SPMH7.34 and 75% 
KLB-1ox; FeO* indicates all Fe reported as FeO. 
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Table 5-2. Summary of experiments with phase assemblage and available phase proportions.  

Exp. 
No. 

T (0C) TBKN P (GPa) 
Time 
(h) 

Capsule 
metal 

Melt Melt
P2O5

 Ol Opx Cpx Grt Phl Amph sum(r2) 

G310 1100 1185 2 88.5 Au - 0.0(2) 63(1) 5(2) - 17(2) 15(3) 0.8(5) 

G307 1150 1191 2 94.5 Au75Pd25 + + 57(1) 13.7(3) - 24.6(8) - 1.8(9) 

G309 1175 1193 2 73 Au + + 62(2) 13.9(8) - 24(1) - 2.7(6) 

B256 1200 1192 2 68 Au75Pd25 20(3) 17 3(3) 69(4) + - 7(1) - 0.3(4) 

G301 1250 - 2 96 Au75Pd25 27.5(8) 23 5.0(5) 68(1) - - + - 1.6(8) 

G303 1300 - 2 72 Au75Pd25 35.5(8) 37 11(1) 53(2) - - - - 0.4(2) 

G308 1050 1111 3 193 Au75Pd25 - - 64(1) 5(2) + 16(2) 15(2) 0.6(5) 

G311 1100 1133 3 97 Au - + 64(2) 5(1) - 17(2) 15(2) 1.5(7) 

G295 1150 1300 3 116 Au80Pd20 + - 64(2) 12.7(5) 4(1) 19(2) - 1(1) 

G290 1200 1286 3 93 Au80Pd20 + - 68(2) 14(1) 0.6(1) 17(2) - 1.1(9) 

G297 1225 1269 3 124 Au75Pd25 7(6) 7 - 71(4) 6(5) 0(1) 14(5) - 0.7(4) 

G296 1250 1258 3 114 Au80Pd20 11(3) 11 - 71.8(1) + 3(1) 8(2) - 0.5(5) 

G298 1300 - 3 115 Au80Pd20 22(1) 21 - 71(2) + 2.0(9) 5(2) - 2(1) 

G300 1350 - 3 98 Au80Pd20 24(4) 24 - 76(2) - - - - 0(3) 

 

TBKN – Temperature estimated from the two pyroxene thermometer of Brey and Kohler (1990); MeltP2O5 – Melt fraction obtained from bulk P2O5 and melt P2O5 
concentrations, assuming P2O5 to be perfectly incompatible (DP2O5 

residue/melt = 0); sum(r2) – sum of residual squares obtained from mass balance of components 
(excluding Cr2O3, MnO, P2O5, FeO* and H2O); + - indicates presence of a phase, however, mass balance did not detect the phase due to its minor to trace 
presence, because of which proportion of the phase could not be determined; - refers to absence of a phase from the system. Presence or absence of melt in the 
system is guided by assuming the apparent solidus to be between 1100 – 1150 0C at both 2 and 3 GPa; ±1σ errors reported in parentheses are determined by 

propagating ±1σ error in phase compositions based on replicate electron microprobe analyses. For example, 20(3) should be read as 20±3 wt.%; MeltP2O5 values 
being close to melt proportions obtained from mass balance suggests that melt proportion estimates in this study are robust. 
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Table 5-3. Fe-loss corrected melt compositions 

Run no. B256 G301 G303 G354 G296 G298 G300 

P (GPa) 2 2 2 3 3 3 3 

T (° C) 1200 1250 1300 1225 1250 1300 1350 

SiO2  50(1) 48(1) 50.4(1) 42(3) 45(2) 46.3(4) 47.6(9) 

TiO2 0.60(9) 0.71(5) 0.59(7) 0.9(2) 0.7(1) 0.78(9) 0.75(9) 

Al2O3  15.4(5) 14(1) 13.5(1) 12(1) 13.6(8) 13.5(1) 13.7(5) 

Cr2O3  0.06(2) 0.06(3) 0.09(2) 0.5(3) 0.06(4) 0.06(2) 0.08(2) 

FeO*  6.8(5) 7.4(3) 7.4(2) 9(1) 7.2(4) 7.8(2) 7.6(2) 

MnO  0.08(2) 0.08(3) 0.08(2) 0.10(4) 0.09(3) 0.08(2) 0.08(2) 

MgO  10(2) 12(2) 13.6(2) 16(2) 13(2) 13.2(3) 14(1) 

CaO  9(2) 7.8(7) 7.1(2) 9(5) 11(4) 8.2(2) 7(1) 

Na2O  2.7(6) 2.9(2) 2.23(9) 5(2) 3.2(8) 2.5(2) 2.6(5) 

K2O  4.6(9) 6.3(6) 4.93(8) 5(1) 6.6(8) 7.4(2) 6.6(9) 

P2O5  0.27(6) 0.19(4) 0.12(3) 0.4(3) 0.4(2) 0.21(4) 0.18(4) 

Mg# 73(3) 75(2) 76.6(6) 76(7) 75(4) 75.1(6) 76(2) 

 

All oxide concentrations are in weight percent. Mg# = [molar MgO/sum(molar MgO + molar FeO*)]*100. ±1σ error reported in parantheses, based on replicate 
electron microprobe analyses. For example, 50(1) should be read as 50±1 wt.%. FeO* indicates all Fe reported as FeO. 
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Table 5-4. Composition of reacted melts as analyzed using EPMA 
 

Run no. B256* G301† G303† G297* G296* G298† G300† 

P (GPa) 2 2 2 3 3 3 3 

T (° C) 1200 1250 1300 1225 1250 1300 1350 

n: 40 72 20 41 28 43 50 

SiO2  50(2) 49(1) 51.3(7) 43(4) 46(3) 48(1) 49(1) 

TiO2 0.60(8) 0.73(5) 0.60(6) 0.9(1) 0.7(1) 0.81(7) 0.76(8) 

Al2O3  15.5(7) 14.1(9) 13.7(3) 12(1) 14(1) 14.0(3) 14.0(5) 

Cr2O3  0.06(2) 0.07(3) 0.09(2) 0.49(2) 0.07(3) 0.06(2) 0.08(2) 

FeO*  5.8(4) 5.3(3) 5.8(2) 6.8(3) 4.7(3) 4.2(1) 5.4(2) 

MnO  0.08(2) 0.08(3) 0.08(1) 0.11(2) 0.09(3) 0.08(2) 0.08(2) 

MgO  10(2) 13(2) 13.9(3) 16(2) 13(2) 13.7(4) 14(1) 

CaO  10(1) 7.9(8) 7.2(1) 9(3) 11(3) 8.47(7) 7(1) 

Na2O  2.8(5) 3.0(2) 2.27(1) 5.2(7) 3.3(6) 2.6(2) 2.6(4) 

K2O  4.6(9) 6.5(6) 5.02(7) 5.4(9) 6.7(8) 7.7(2) 6.8(7) 

P2O5  0.27(5) 0.19(5) 0.12(3) 0.4(2) 0.4(1) 0.22(4) 0.19(4) 

H2O
1 13(3) 10(2) 8(1) 20(4) 14(4) 12(2) 11(2) 

H2O
2 8(1) 6.7(2) 5.2(1) 20(11) 14(3) 7.3(6) 8(1) 

Mg# 76(3) 81.5(6) 81.1(5) 81(4) 83(3) 85.3(5) 82(2) 
 
* - Average analyses of quench crystals; † - Analyses of glass; all oxide concentrations are in weight percent. H2O concentration has been determined as 
difference from microprobe total; Mg# is molar [MgO]/(molar [MgO]  + molar [FeO]) X 100; ±1σ error reported in parantheses, based on replicate electron 
microprobe analyses. For example, 50(2) should be read as 50±2 wt.%; FeO* indicates all Fe reported as FeO; H2O

1 – H2O concentration estimated by difference 
from probe totals; H2O

2 - H2O concentration estimated from mass balance. 
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Table 5-5. Composition of olivine, as analyzed using EPMA 
 

Run no. G310 G309 B256 G301 G303 G311 

P (GPa) 2 2 2 2 2 3 

T (° C) 1100 1175 1200 1250 1300 1100 

n: 5 16 14 10 26 4 

SiO2  41.2(4) 41.3(6) 41.3(2) 41.1(4) 41.8(6) 41.2(2) 

TiO2  b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 

Al2O3  0.06(4) 0.07(9) 0.05(6) 0.06(2) 0.05(1) 0.03(2) 

Cr2O3  b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 

FeO* 9.54(1) 7.63(7) 7.30(8) 6.60(8) 6.12(8) 9.1(2) 

MnO  0.09(1) 0.08(2) 0.07(2) 0.06(2) 0.064(1) 0.08(2) 

MgO  50.2(3) 51.8(9) 51.4(5) 52.1(2) 51.8(3) 51.0(4) 

CaO 0.08(1) 0.11(4) 0.14(4) 0.124(9) 0.12(2) 0.08(3) 

Na2O 0.011(1) 0.02(1) 0.03(2) 0.03(2) 0.013(1) 0.011(9) 

K2O  b.d.l b.d.l b.d.l b.d.l b.d.l b.d.l 

Sum 101.17 101.06 100.32 100.08 99.98 101.44 

Mg# 90.4(1) 92(2) 93(1) 93(1) 94(2) 90.88(7) 

KD - - 0.25(4) 0.31(3) 0.29(1) - 
 
n – Number of replicate analyses from electron microprobe 
Mg# - [molar MgO/(molar MgO+molar FeO)]×100 
KD – (molar FeO/molar MgO)olivine/(molar FeO/molar MgO)melt 

±1σ error reported in parantheses, e.g., 41.2(4) is 41.2 ± 0.4 wt.% 
FeO* indicates all Fe reported as FeO 
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Table 5-6. Composition of orthopyroxene, as analyzed using EPMA 
 

Run no. G310 G309  G307  B256 G301 G303 G308 G311 G295 G290 G297 G296 G298 G300 

P (GPa) 2 2 2 2 2 2 3 3 3 3 3 3 3 3 

T (° C) 1100 1175 1150 1200 1250 1300 1050 1100 1150 1200 1225 1250 1300 1350 

n: 12 17 12 11 10 9 9 5 12 13 14 11 13 23 

SiO2  55.9(6) 55.1(8) 55.8(8) 54.1(9) 55.1(4) 54.5(4) 55.7(7) 55.7(8) 55.7(1) 54.5(7) 55.3(1) 54.9(5) 55.2(7) 55(1) 

TiO2  0.05(1) 0.06(2) 0.06(2) 0.07(3) 0.07(2) 0.06(1) 0.04(3) 0.07(2) 0.04(3) 0.07(4) 0.07(4) 0.06(3) 0.06(1) 0.07(3) 

Al2O3  2.4(4) 2.9(5) 3.0(4) 3.2(4) 3.4(4) 2.7(4) 2.72(1) 2.8(4) 2.8(3) 3.7(5) 3.3(4) 3.3(4) 3.4(1) 3.9(3) 

Cr2O3  0.18(3) 0.24(5) 0.24(7) 0.3(1) 0.37(4) 0.37(5) 0.2(1) 0.27(3) 0.18(4) 0.21(7) 0.26(6) 0.28(5) 0.31(2) 0.32(4) 

FeO*  6.0(1) 5.2(2) 5.3(1) 5.3(3) 4.7(2) 4.3(2) 6.0(2) 5.8(2) 5.0(1) 4.3(2) 4.3(6) 4.4(3) 3.4(2) 4.3(3) 

MnO  0.10(3) 0.06(3) 0.09(2) 0.06(3) 0.05(2) 0.05(2) 0.07(2) 0.10(2) 0.10(5) 0.10(3) 0.08(3) 0.08(5) 0.07(2) 0.06(3) 

MgO  34.9(3) 35.0(4) 35.3(6) 34.9(5) 35.4(3) 35.8(3) 34.5(5) 35.0(5) 34.3(4) 34.3(7) 35(1) 34.8(3) 35.4(4) 34.1(6) 

CaO  1.02(3) 1.21(4) 1.16(6) 1.32(8) 1.31(7) 0.96(3) 0.71(7) 0.89(5) 1.0(3) 1.3(2) 1.4(5) 1.20(8) 1.28(8) 1.5(1) 

Na2O  0.13(2) 0.12(4) 0.20(1) 0.12(2) 0.12(1) 0.07(1) 0.13(2) 0.09(1) 0.35(7) 0.33(1) 0.23(1) 0.20(4) 0.14(1) 0.24(6) 

K2O 0.01(1) 0.009(7) 0.007(9) 0.02(1) 0.008(8) 0.009(6) 0.007(7) 0.008(6) 0.03(4) 0.1(1) 0.1(1) 0.007(9) 0.008(7) 0.011(7) 

Sum 
100.7 99.9 101.3 99.3 100.6 98.8 100.0 100.8 99.5 98.9 99.6 99.2 99.3 99.9 

Mg# 
91.2(2) 92.2(3) 92.3(2) 92.2(4) 93.1(3) 93.7(3) 91.1(3) 91.6(3) 92.4(2) 93.5(3) 93.4(1) 93.4(4) 95.0(3) 93.4(4) 

KD - - - 0.271(1) 0.32(1) 0.29(2) - - - - 0.28(3) 0.33(2) 0.31(2) 0.31(2) 

 
n – Number of replicate analyses from electron microprobe 
Mg# - [molar MgO/(molar MgO+molar FeO)]×100 
KD – (molar FeO/molar MgO)olivine/(molar FeO/molar MgO)melt 

±1σ error reported in parantheses, e.g., 55.9(6) is 55.9 ± 0.6 wt.%; FeO* indicates all Fe reported as FeO 
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Table 5-7. Composition of clinopyroxene, as analyzed using EPMA 
 

Run no. G310 G307 G309 B256 G308  G311  G295 G290 G297 G296 G298 

P (GPa) 2 2 2 2 3 3 3 3 3 3 3 

T (° C) 1100 1150 1175 1200 1050 1100 1150 1200 1225 1250 1300 

n: 29 8 10 6 13 23 10 10 11 9 2 

SiO2  53.6(6) 54.3(3) 54.3(8) 52.0(6) 53.9(7) 53.8(5) 54.4(7) 52.8(6) 53.8(8) 54.0(5) 54.4(5) 

TiO2  0.18(5) 0.15(3) 0.14(3) 0.09(2) 0.16(7) 0.16(3) 0.15(6) 0.08(2) 0.12(3) 0.13(2) 0.13(2) 

Al2O3 4.6(7) 5.3(4) 3.9(3) 3.7(3) 4.6(5) 3.6(3) 6(1) 6.4(3) 5.1(3) 5.3(2) 4.48(5) 

Cr2O3  0.4(1) 0.30(3) 0.29(7) 0.15(1) 0.34(9) 0.26(6) 0.4(2) 0.35(3) 0.31(4) 0.36(5) 0.406(6) 

FeO* 3.3(3) 3.2(3) 2.8(2) 3.4(2) 3.0(4) 2.9(2) 3.2(6) 2.6(1) 2.6(4) 2.4(3) 2.9(2) 

MnO  0.06(3) 0.05(4) 0.06(3) 0.07(3) 0.06(3) 0.06(3) 0.07(2) 0.07(3) 0.07(3) 0.05(2) 0.02(3) 

MgO  18.0(8) 17.7(3) 19.0(4) 19.5(5) 16.7(6) 18.2(4) 18(2) 18(1) 19.1(7) 18.6(4) 24(1) 

CaO  18.3(8) 18.4(3) 19.0(5) 18.9(5) 19.2(7) 20.2(6) 15(2) 15.9(7) 17.5(6) 17.6(5) 14(2) 

Na2O  1.6(1) 1.71(8) 1.2(1) 0.95(7) 1.8(2) 1.0(1) 2.9(4) 2.4(2) 1.7(1) 1.7(1) 1.07(3) 

K2O  0.017(9) 0.03(2) 0.03(2) 0.02(2) 0.02(1) 0.06(3) 0.05(2) 0.06(4) 0.03(3) 0.02(2) 0.05(4) 

Sum 100.08 101.11 100.73 98.81 99.74 100.26 100.14 98.85 100.32 100.18 101.19 

Mg# 90.6(6) 92.3(6) 90.8(8) 91.1(4) 91.8(5) 90.9(8) 90.9(7) 92.5(3) 92.9(1) 93.3(8) 93.59(8) 
 
n – Number of replicate analyses from electron microprobe 
Mg# - [molar MgO/(molar MgO+molar FeO)]×100 
±1σ error reported in parantheses are based on replicate microprobe analyses; e.g., 53.6(6) is 53.6 ± 0.6 wt.% 
FeO* indicates all Fe reported as FeO 
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Table 5-8. Composition of garnet, as analyzed using EPMA 
 

Run no. G308 G295 G296 G298 

P (GPa) 3 3 3 3 

T (° C) 1050 1150 1250 1300 

n: 5 6 1 1 

SiO2  42.2(6) 42.1(8) 44.4 40.1 

TiO2  0.11(3) 0.21(7) 0.3 0.2 

Al2O3  24.0(3) 24.0(8) 25.0 24.2 

Cr2O3  0.5(1) 0.4(2) 0.4 0.3 

FeO*  8.0(1) 7.7(4) 4.5 4.5 

MnO  0.24(2) 0.18(1) 0.1 0.1 

MgO  19.9(5) 20.7(7) 23.0 24.0 

CaO  5.3(4) 4.7(5) 3.7 4.7 

Na2O  b.d.l b.d.l b.d.l b.d.l 

K2O  b.d.l b.d.l b.d.l b.d.l 

Sum 100.2 100.2 101.4 98.0 

Mg# 81.6(5) 83(1) 90.0 90.5 
 
n – Number of replicate analyses from electron microprobe 
Mg# - [molar MgO/(molar MgO+molar FeO)]×100 
±1σ error reported in parantheses are based on replicate microprobe analyses; e.g., 42.2(6) is 42.2 ± 0.6 wt.% 
FeO* indicates all Fe reported as FeO 
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Table 5-9. Composition of phlogopite, as analyzed using EPMA 
 

Run no. G310 G307 G309 B256 G308 G311 G295 G290 G297 G296 G298 

P (GPa) 2 2 2 2 3 3 3 3 3 3 3 

T (° C) 1100 1150 1175 1200 1050 1100 1150 1200 1225 1250 1300 

n: 6 16 13 9 16 27 10 12 12 10 9 

SiO2  42(1) 42(1) 41.6(7) 40.1(6) 41.9(6) 42.1(5) 42(1) 41(1) 41.1(5) 41.6(6) 41(1) 

TiO2  0.8(1) 1.0(2) 0.78(1) 1.1(1) 0.9(2) 0.7(1) 1.1(2) 1.7(2) 1.3(1) 1.2(1) 1.3(1) 

Al2O3 17.3(1) 18.2(1) 17.7(3) 17.9(3) 17.5(3) 17.7(1) 17(1) 17.9(1) 17.9(2) 17.9(2) 18.3(5) 

Cr2O3  0.47(9) 0.4(1) 0.5(2) 0.4(1) 0.31(8) 0.31(7) 0.49(1) 0.7(2) 0.51(7) 0.51(5) 0.69(8) 

FeO* 3.8(2) 3.6(2) 3.0(1) 3.8(1) 3.5(1) 3.4(1) 3.2(1) 3.2(1) 2.5(1) 2.57(6) 2.27(1) 

MnO  0.02(3) 0.01(2) 0.02(2) 0.02(3) 0.04(4) 0.02(2) 0.02(3) 0.02(2) 0.02(2) 0.02(2) 0.02(2) 

MgO  25.1(8) 25.0(7) 25.5(5) 25.7(4) 25.2(4) 25.4(5) 24.6(8) 24.9(6) 25.6(5) 25.1(5) 25.5(4) 

CaO  0.06(7) 0.05(8) 0.02(1) 0.03(2) 0.02(3) 0.04(4) 1(1) 0.1(2) 0.03(4) 0.013(9) 0.04(8) 

Na2O  1.24(6) 0.9(1) 0.7(2) 0.46(6) 0.88(7) 1.03(6) 0.6(2) 0.34(7) 0.38(5) 0.26(4) 0.24(4) 

K2O  9.1(5) 9.6(8) 10.3(2) 10.5(1) 9.7(2) 9.4(1) 10.0(8) 10.5(6) 10.6(2) 10.8(2) 11.1(2) 

H2O 4.23 4.33 4.29 4.22 4.26 4.31 4.32 4.27 4.31 4.30 4.24 

Sum 100 100 100 100 100 100 100 100 100 100 100 

Mg# 92.2(3) 93.8(2) 92.5(3) 92.4(3) 93.0(3) 92.7(3) 93.2(2) 93.3(3) 94.8(4) 94.6(2) 95.3(2) 
 
n – Number of replicate analyses from electron microprobe 
Mg# - [molar MgO/(molar MgO+molar FeO)]×100 
±1σ error reported in parantheses are based on replicate microprobe analyses; e.g., 42(1) is 42 ± 1 wt.% 
FeO* indicates all Fe reported as FeO 
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Table 5-10. Composition of amphibole, as analyzed using EPMA 
 

Run no. G310  G308  G311  

P (GPa) 2 3 3 

T (° C) 1100 1050 1100 

n: 21 8 17 

SiO2  45.5(5) 46.2(7) 45.2(4) 

TiO2  0.64(5) 0.57(6) 0.59(5) 

Al2O3  13.6(5) 13.2(3) 13.3(2) 

Cr2O3  0.53(7) 0.4(1) 0.47(9) 

FeO*  3.7(1) 3.6(1) 3.4(2) 

MnO  0.03(2) 0.02(2) 0.03(2) 

MgO  19.8(2) 19.9(6) 19.9(3) 

CaO  9.9(1) 10.0(3) 10.6(1) 

Na2O  3.42(8) 3.4(1) 3.0(1) 

K2O  1.25(9) 1.3(2) 1.4(1) 

H2O 2.12(1) 2.15(4) 2.12(1) 

Sum 100.5 100.7 100.0 

Mg# 90.6(2) 90.8(3) 91.3(4) 
 
n – Number of replicate analyses from electron microprobe 
Mg# - [molar MgO/(molar MgO+molar FeO)]×100 
±1σ error reported in parantheses are based on replicate microprobe analyses; e.g., 45.5(5) is 45.5 ± 0.5 
wt.% 
FeO* indicates all Fe reported as FeO 
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Appendix A 

 

Figure A-1. Experimental phase proportions (in weight fraction) as a function of the amount of added 
eclogite-derived melt in weight percent at (a) 2.5 GPa, 1375 °C, (b) 3 GPa, 1375 °C, and (c) 3 GPa, 
1440°C. The phase proportions for the melt-free run in (c) are taken from the 3 GPa, 1430 °C experiment 
of Davis et al. (2011). Errors in phase proportions are smaller than the size of the symbols. Systematic 
increase in opx and reacted melt content and decrease in olivine mode are observed as a function of added 
fraction of basaltic andesite melt. It is observed that olivine disappears only when as much as 50 weight 
percent basaltic andes- ite melt is allowed to react with subsolidus lherzolite. 
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Figure A-2. Compositions of orthopyroxene, in weight percent oxides, as a function of amount of eclogite-
derived melt added. Also shown for comparison are orthopyroxene compositions from melt-free peridotite 
(data plotted at 0% melt added) under similar conditions. Compositions are plotted from Table 2-3. 
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Figure A-3. Compositions of clinopyroxene, in weight percent oxides, as a function of amount of eclogite-
derived melt added. Also shown for comparison are clinopyroxene compositions from melt-free peridotite 
(data plotted at 0% melt added) under similar conditions. Compositions are plotted from Table 2-3. 
Symbols used are the same as in Figure A-2. 
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Figure A-4. Compositions of garnet, in weight percent oxides, as a function of amount of eclogite- derived 
melt added. Also shown for comparison are garnet compositions from melt-free peridotite (data plotted at 
0% melt added) under similar conditions. Compositions are plotted from Table 2-3. Symbols used are the 
same as in Figure A-2. 

 

 

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

6

7

8

9

10

F
eO

*

3.5

4.0

4.5

5.0

5.5

6.0

19

C
aO

20

21

22

0 10 20 30 40 50

Melt added (wt%)
M

g
O

0.0

0.4

0.8

1.2

1.6

0 10 20 30 40 50

Melt added (wt%)

C
r 2O

3
T

iO
2

23



251	
	

	
	

 

Figure A-5. Compositions of olivine, in Mg#, as a function of amount of eclogite-derived melt added. Also 
shown for comparison are olivine compositions from melt-free peridotite (data plotted at 0% melt added) 
under similar conditions. Compositions are plotted from Table 2-3. Symbols used are the same as in Figure 
A-2. 
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Figure A-6. (a) K2O content of reacted melt in layered runs as a function of opx- enrichment (see Section 
2.3.3.2 for further details). Symbols are same as in Figure 2-3. The y-axis error bar for the experiment with 
the highest opx-enrichment is significantly greater than the other experiments. This experiment yielded a 
poor exposure of quench aggregates, resulting in poor estimate of average melt composition. High error for 
this particular experiment is not only observed for K2O but also for the other oxides. (b) K2O content of 
reacted melt in mixed runs as a function of eclogite-derived melt added in weight percent. Also shown for 
comparison are the two original eclogite partial compositions (at 100 wt.% melt added). Symbols are same 
as in Figure 2-4.      
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Appendix B 

 

 

Figure B-1. CO2 concentration estimated by difference of microprobe totals from 100% plotted versus CO2 
estimated from mass balance (using melt proportion and bulk CO2 concentration in the melt-rock mixture 
as well as considering CO2 to be perfectly incompatible in the system of this study). The 1:1 line represents 
the locus of all points having equal concentrations of CO2 measured by difference or by mass balance. 
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Figure B-2. Starting material compositions (ABC, BAC, KLB-1ox) and bulk melt-rock mixture, reacted 
melt and residue compositions for (a) 15 wt.% to 50 wt.% for ABC-added runs and (b) 25 wt.% to 50 wt.% 
for BAC-added runs plotted on a pseudoternary system Ca-Tschermak (CaTs) – forsterite (Fo) – enstatite 
(En) projected from diopside (Di) according to O’Hara (1968). The reacted melt compositions for 40 wt.% 
and 50 wt.% ABC-added experiments are not shown because they plot outside the area of the figure. Tie-
lines for each melt-rock ratio are constructed by joining the reacted melt and the residue compositions via 
composition of bulk melt-rock mixture. The dashed tie-lines for 40 wt.% and 50 wt.% ABC-added runs are 
constructed by joining the corresponding residue and bulk melt-rock mixture compositions and 
extrapolating the tie-lines towards direction of greater alkalinity. The broken arrows indicate direction of 
decreasing melt-rock ratio corresponding to decreasing alkalinity of reacted melt in case of ABC and 
increasing alkalinity in case of BAC. 
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Appendix C 

 

 

Figure C-1. Backscatter electron (BSE) image of sample B209 (25% BAC5-added experiment). a) Image 
shows quenched melt pool towards the top of the graphite-Pt double capsule co-existing with a four-phase 
residue. b) The inset in a) is highlighted here showing the four-phase residue comprised of olivine (ol), 
orthopyroxene (opx), clinopyroxene (cpx) and garnet (gt). 
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Figure C-2. Residual olivine Mg# ([MgO]/([MgO]+[FeO])) plotted versus CO2 concentration in reacting 
melt (wt.%). Error bars represent ±1σ standard deviation. 
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Figure C-3. Residual orthopyroxene composition (wt.%) plotted versus CO2 concentration in reacting melt 
(wt.%). Error bars represent ±1σ standard deviation. 
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Figure C-4. Residual clinopyroxene composition (wt.%) plotted versus CO2 concentration in reacting melt 
(wt.%). Error bars represent ±1σ standard deviation. 



259	
	

 
	

 

Figure C-5. Residual garnet composition (wt.%) plotted versus CO2 concentration in reacting melt (wt.%). 
Error bars represent ±1σ standard deviation. 
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Figure C-6. TiO2 versus SiO2 space showing comparison of natural basalts from Canary Islands, Cape 
Verde, Cook Australs and Hawaii (selected in the MgO range of 10-16 wt.% and corrected to be in 
equilibrium with Fo88 by adding back equilibrium olivine) and partial melts of carbonated peridotite 
[Dasgupta et al., 2007; Dasgupta et al., 2013]; blue diamond: 3 GPa, PERC; blue square: 3 GPa, PERC3; 
red diamond: 4 GPa, PERC; red square: 4 GPa, PERC3; cyan diamond: 5 GPa, PERC; cyan square: 5 GPa, 
PERC3; PERC – peridotite + 2.5 wt.% CO2, PERC3 – peridotite + 1 wt.% CO2)) and reacted melt 
composition isopleths (see main text for details). 
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Figure C-7. Isopleths of reacting melt fraction (solid lines) and source CO2 (broken lines), constructed 
using the empirical model from this study plotted on MgO versus oxide (SiO2, TiO2, Al2O3, FeO* and 
CaO) compositional space. The numbers against isopleths denote reacting melt mass in wt.% (5 to 35) and 
source CO2 concentration in wt.%  (0 to 2). Also plotted for comparison are average basalt compositions 
for islands from Canary Islands, Cape Verde, Cook-Australs and Hawaiian Islands (compositions reported 
in Table C-6) as well as HIMU average composition [Jackson and Dasgupta, 2008], partial melts of 
carbonated peridotite generated at temperatures from 1350 – 1400 °C, pressures from 2 – 4 GPa [Dasgupta 
et al., 2007; 2013] and partial melts of volatile-free peridotite up to 20% melting degree and pressure of 
equilibration of 2.5 – 4 GPa from previous experimental studies [Walter, 1998; Hirose and Kushiro, 1993; 
Takahashi, 1986; Davis et al., 2011]. The average basalt compositions are corrected to be in equilibrium 
with Fo88 by adding back equilibrium olivine using  = 0.3. The average compositions 

from Maui and Hawaii (before olivine fractionation correction) have MgO concentrations lower than 11 
wt.%, hence, plot outside the area of the figure. Maui and Oahu (after olivine fractionation correction) have 
FeO concentration higher than 13 wt.%, hence plot outside the MgO vs. FeO* space.  

KD
Fe*Mg(ol melt)
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Table C-1. Composition of peridotite partial melts used to model source characteristics of ocean island basalts. 

  HK93 DG07 

SiO2  47.97 42.4 

TiO2  0.83 1.86 

Al2O3 14.88 10 

Cr2O3  0.11 0 

FeO*  9.43 10.4 

MnO 0 0.13 

MgO  13.36 15.3 

CaO 10.23 17 

Na2O  2.37 2.73 

K2O 0.82 0.05 

CO2  0 15.8 

HK93 - Volatile-free partial melt of peridotite KLB-1 generated at 2.5 GPa, 1425 °C [Hirose and Kushiro, 1993]. DG07 - Partial melt of peridotite + 1 wt.% CO2 
(PERC) generated at 3 GPa, 1350 °C [Dasgupta et al., 2007]. Oxide concentrations are in weight percent. 
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Table C-2. Average compositions of alkalic basalts from ocean islands. 

Ocean island group Island n SiO2 TiO2 Al2O3 FeO* MnO MgO CaO Na2O K2O 

Canary Islands 

La Palma 33 43.8 3.6 11.7 12.9 0.2 12.1 12.1 2.6 1.0 

Tenerife 38 44.3 3.3 11.7 12.7 0.2 12.4 12.3 2.3 0.9 

Gran Canaria 191 45.0 3.7 10.7 12.6 0.2 13.3 10.7 2.7 1.1 

Fuerteventura 69 44.1 3.0 12.7 12.4 0.2 12.2 11.3 2.9 1.3 

Lanzarote† 104 44.4 2.6 12.6 11.2 0.2 11.9 10.7 3.1 1.1 

El Hierro 31 42.5 3.7 11.2 14.0 0.2 13.0 11.6 2.7 1.1 

Cape Verde 

Santo Antão 36 42.1 4.5 11.3 12.7 0.2 12.3 12.8 3.1 1.1 

São Vicente 28 42.5 3.6 11.7 12.0 0.2 13.2 13.3 2.5 1.1 

São Nicolau 175 43.1 3.5 12.4 11.9 0.2 12.6 12.7 2.6 0.9 

Santiago 19 43.4 3.4 12.2 12.2 0.2 12.3 12.9 2.3 1.1 

Sal 11 40.3 3.4 11.7 11.8 0.2 13.4 14.9 3.0 1.3 

Cook-Australs 
Tubuai 22 44.5 2.6 11.9 13.0 0.2 12.2 12.2 2.6 0.8 

Aitutaki 35 43.0 2.5 12.0 12.1 0.2 12.2 12.3 4.1 1.6 

Hawaiian Islands 

Oahu† 145 40.6 2.4 11.6 12.8 0.2 11.5 11.0 3.4 1.1 

Kauai† 94 42.1 2.6 11.3 12.8 0.2 12.7 12.0 2.6 0.9 

Maui† 48 43.4 3.0 12.8 13.5 0.2 10.4 11.4 2.8 0.9 

Hawaii† 68 45.9 2.8 13.9 12.7 0.2 9.5 9.9 2.9 0.9 

Average HIMU$   10 43.6 2.7 11.7 13.0 0.2 12.0 12.6 3.0 0.8 

All average alkalic basalt compositions are taken from Dasgupta et al. [2010]  except for Lanzarote, Oahu, Kauai, Maui and Hawaii, which were estimated here. 
These average compositions, after correcting to be in equilibrium with Fo88, were used as a reference to estimate the relative contributions of eclogite partial 
melt, source CO2, and peridotite partial melt (Table 4-5). 
† - Average of data plotted in Figures 7,10 and reported in Auxiliary Information. 
$ -  Average composition from Jackson and Dasgupta [2008]. 
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Appendix D 

D.1. CO2 contamination in experimental samples 

Till et al. (2012) and Green et al. (2014) also observed carbon contamination in 

their experiments, and they attribute this to contamination via MgO, Mg(OH)2, 

incomplete decarbonation of alkali carbonates or acetone (the medium under which the 

starting materials were mixed). Ca, Na and K were added to the starting mixture in the 

form of carbonates, however, given that these carbonates were fired in the gas-mixing 

furnace at 1000 °C for 24 hours along with MgO, it is not plausible that the starting 

carbonates and any carbonate present as contamination in MgO did not decompose. We 

also ensured that the ethanol had completely evaporated before the starting mixture was 

fired in a reduced atmosphere in the gas-mixing furnace. Till et al. (2012) also observed 

the presence of similar trace carbonate in their starting mixture and they have attributed 

this to atmospheric CO2 contamination of the mixture with time, especially because the 

mixture was not stored in vacuum. Another potential source of carbon contamination 

could be graphite trapped in the noble metal capsule during welding of capsules using a 

graphite arc welder. To test this hypothesis, we performed an experiment using the same 

starting mixture, at the same condition as G297 (1225 °C, 3 GPa), using a 1.6 mm Au75-

Pd25 capsule where both ends of the capsule were sealed only by coning, i.e., without any 

spot welding by graphite arc welder. This experiment produced a silicate quench pool 

without any carbonate globules present at all. Unfortunately, the composition of the 

quench pool could not be obtained with a defocused beam using an electron probe 

because the quench pool was too narrow (<10 μ in thickness) and dispersed instead of 

being continuous, hence, details from this experiment have not been reported in Table 5-
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2. However, this experiment strengthened the possibility that the graphite arc welder 

could be a potential source of carbon contamination. We think that carbon contamination 

from the graphite arc welder in certain capsules can be exacerbated by slightly longer 

duration of welding, which could explain why the carbonate globules were present in 

quench matter in some experiments, not in others. 
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Appendix E 

Table E-1. First row transition element concentration of reaction experiments between MORB-eclogite-
derived-andesite (+CO2) and peridotite  

Run no. B208 B222 B219 B209 B212 B223 B215 B211 

Melt 
added  
(wt.%) 

25 25 25 25 33 33 33 33 

CO2 in  
melt 
(wt.%) 

1 2.6 4 5 1 2.6 4 5 

Bulk CO2 
(wt.%) 

0.25 0.65 1 1.25 0.33 0.858 1.32 1.65 

Melt/Quench 

n 34 20 14 37 37 20 21 45 

Sc  160(31) 130(36) 110(42) 90(28) 0 100(21) 130(26) 90(26) 

V  390(53) 310(42) 340(54) 370(65) 220(20) 290(26) 320(35) 360(46) 

Cr  2,000(1,874) 580(60) 900(958) 900(506) 500(35) 800(653) 700(276) 600(277) 

Mn  800(189) 700(142) 800(213) 800(115) 660(27) 750(52) 770(72) 760(90) 

Co  150(26) 110(19) 110(28) 80(18) 4(7) 90(17) 150(20) 120(23) 

Zn  400(258) 230(80) 400(224) 200(84) 10(14) 200(133) 300(171) 290(73) 

Ga  300(137) 250(67) 120(85) 190(64) 20(24) 160(57) 210(71) 270(70) 

Cu  200(269) 50(65) 300(410) 20(33) 10(13) 100(242) 60(84) 20(37) 

Ge  400(54) 360(51) 370(54) 330(52) 270(56) 380(44) 380(46) 390(56) 

Ni  1,000(1,269) 40(55) 200(621) 200(333) 20(17) 200(390) 100(168) 100(153) 

Olivine 

n 30 17 10 15 10 6 6 10 

Sc  40(19) 20(16) 40(31) 30(45) 0 20(16) 20(9) 30(11) 

V  40(35) 30(15) 40(66) 50(27) 19(10) 40(26) 40(41) 20(19) 

Cr  300(172) 290(80) 700(828) 500(362) 280(23) 400(249) 400(143) 260(71) 

Mn  580(19) 620(19) 600(17) 590(44) 580(14) 700(21) 580(9) 540(16) 

Co  380(37) 310(19) 220(58) 220(22) 10(11) 250(17) 380(44) 310(14) 

Zn  290(28) 220(35) 180(48) 180(32) 20(19) 190(31) 230(27) 220(23) 

Ga  30(46) 20(28) 30(41) 20(30) 10(24) 20(43) 50(33) 40(17) 

Cu  10(16) 10(19) 4(7) 10(14) 10(13) 2(4) 20(18) 10(17) 

Ge  360(43) 300(53) 340(62) 340(59) 260(38) 330(32) 360(77) 350(56) 

Ni  200(102) 170(62) 150(80) 60(20) 10(11) 120(88) 110(25) 50(16) 

Orthopyroxene 

n 30 13 9 14 12 7 6 10 

Sc  120(20) 90(22) 90(25) 70(20) 0 90(19) 110(18) 70(21) 

V  280(29) 160(24) 170(17) 230(55) 80(19) 190(17) 190(12) 220(18) 

Cr  1,700(306) 1,800(359) 2,300(116) 2,200(435) 1,800(615) 2,110(77) 1,900(84) 1,900(176) 

Mn  560(25) 600(30) 560(21) 560(25) 550(19) 620(14) 550(12) 530(21) 

Co  170(15) 140(23) 100(15) 100(32) 11(9) 100(23) 170(10) 140(21) 

Zn  180(34) 140(30) 120(21) 110(26) 20(17) 120(30) 150(37) 140(15) 

Ga  190(42) 150(31) 70(44) 100(45) 40(22) 90(35) 130(43) 130(42) 

Cu  10(12) 10(14) 20(23) 10(10) 7(8) 7(10) 10(12) 4(7) 
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Table E-1. (Continued) 
 

Run no. B208 B222 B219 B209 B212 B223 B215 B211 
Melt 
added  
(wt.%) 

25 25 25 25 33 33 33 33 

CO2 in  
melt 
(wt.%) 

1 2.6 4 5 1 2.6 4 5 

Bulk CO2 
(wt.%) 

0.25 0.65 1 1.25 0.33 0.858 1.32 1.65 

Orthopyroxene 

Ge  440(45) 410(49) 370(43) 410(74) 270(39) 400(45) 390(46) 440(39) 

Ni  200(102) 140(53) 80(26) 80(50) 20(16) 100(57) 100(40) 70(42) 

Clinopyroxene 

n 26 19 11 10 10 6 6 11 

Sc  190(25) 120(21) 110(63) 70(15) 0 110(10) 130(21) 80(19) 

V  560(41) 310(35) 330(46) 500(46) 170(17) 370(44) 380(19) 430(18) 

Cr  2,000(216) 2,100(204) 2,200(312) 2,600(279) 2,200(463) 2,000(412) 1,600(189) 2,300(409) 

Mn  570(28) 600(20) 600(170) 540(14) 560(28) 640(27) 530(29) 500(23) 

Co  100(16) 80(16) 60(24) 50(12) 10(11) 70(28) 100(15) 90(16) 

Zn  100(34) 90(26) 70(27) 60(37) 20(22) 60(26) 100(35) 90(18) 

Ga  230(45) 160(46) 160(34) 130(54) 20(22) 130(58) 160(18) 160(43) 

Cu  10(18) 6(8) 10(16) 8(9) 10(11) 10(14) 10(16) 10(13) 

Ge  450(66) 380(51) 400(72) 420(55) 310(39) 410(60) 420(74) 420(25) 

Ni  80(32) 100(47) 70(26) 40(20) 20(16) 30(18) 70(23) 40(32) 

Garnet 

n 35 12 10 11 10 6 6 10 

Sc  800(187) 600(141) 500(152) 600(164) 0 460(87) 700(143) 540(97) 

V  340(58) 230(34) 300(100) 370(35) 120(15) 250(58) 270(41) 330(24) 

Cr  3,700(897) 4,000(1,056) 5,000(3,170) 4,600(915) 2,600(379) 3,000(1,610) 3,000(691) 3,000(1,003) 

Mn  1,040(99) 1,140(33) 1,100(178) 1,060(92) 1,130(20) 1,280(94) 1,050(26) 1,050(32) 

Co  130(46) 110(20) 120(44) 80(16) 3(5) 100(25) 130(27) 100(22) 

Zn  110(58) 90(16) 200(265) 60(28) 10(16) 100(151) 100(29) 60(27) 

Ga  200(123) 140(60) 300(370) 110(49) 20(20) 200(233) 150(77) 3,000(9,108) 

Cu  10(14) 10(13) 2(4) 20(16) 20(22) 10(12) 5(8) 10(16) 

Ge  530(64) 440(63) 450(68) 500(70) 300(43) 440(99) 510(54) 570(29) 

Ni  30(38) 20(17) 60(57) 30(15) 10(14) 50(53) 10(13) 30(25) 

All concentrations are in parts per million by weight (ppm). n – Number of replicate analyses from electron 
microprobe. ±1σ error reported in parantheses are based on replicate microprobe analyses; e.g., 440(45) is 
440 ± 45 ppm. 

 The trace element mixture was synthesized by mixing Sc2O3, V2O5, Co3O4, NiO, 

CuO, ZnO, Ga2O3 and GeO2, in proportions such that 10 wt.% of each element (Sc, V, 

Co, Cu, Zn, Ga, Ge) and 30 wt.% of Ni was present in the mixture. Reagent grade oxide 

powders were mixed in the desired proportions and ground in an agate mortar under 

ethanol for 1 hour, after which the mixture was air-dried. The trace element analyses 
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were done using the electron microprobe at Texas A&M University.  The analytical 

conditions used were 20 kV, 300 nA, 1 μ beam for minerals and 20-30 micron beam for 

quench pool (representing melt composition). Counting times used for each element were 

60 seconds on the peak and half that on each background. The standards used were 

ScPO4 for Sc, V metal for V, chromite for Cr, spessartine for Mn, Co metal for Co, ZnS 

for Zn, GaP for Ga, Cu wire for Cu, Ge metal for Ge and Ni metal for Ni. The analytical 

conditions (except beam diameter for the quench pool) and standards are the same as 

used by Le Roux et al. (2011). 

 

 

 


