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ABSTRACT 

 

MAGMA GENESIS BENEATH ACTIVE CONTINENTAL RIFTS 

 

by 

 

Kimberly B. Aviado 

 

University of New Hampshire, May, 2017 

 

The East African Rift System (EARS) and the West Antarctic Rift System (WARS) are 

two of the largest continental rift systems on Earth, but the processes governing rift dynamics 

remain controversial. The large volume and distinct chemistry of Cenozoic rift-related lavas, 

combined with geophysical evidence for low-density mantle underlying both rifts, have 

traditionally been interpreted as evidence for anomalously hot mantle plumes actively rising 

from the deep mantle beneath both regions. However, in light of increasing evidence that these 

mantle structures may also be chemical in nature, alternative explanations highlight the role of 

heterogeneous, easily-fusible mantle components in driving magma genesis in the absence of 

significant thermal anomalies. These heterogeneous mantle domains may be linked to the 

complex tectonic histories of continents, which often involve multiple stages of accretion and 

associated recycling of materials between the crust and the mantle. In this dissertation, detailed 

chemical investigations of rift-related volcanic rocks provide critical new insight into the nature 

of the mantle underlying the two active rifts. In particular, the role of volatiles such as H2O and 

CO2 is highlighted due to the ability of these components to enhance mantle melting during rift-

related decompression.  

In Chapter II, the first geochemical information from submarine lavas in the Ross 

Embayment of West Antarctica are reported alongside subaerial lavas from islands and mainland 
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localities, which together provide evidence that volatilized, recycled mantle domains generated 

during ancient long-lived subduction along the paleo-Pacific margin of Gondwana are key 

components in the temporally evolving source of Cenozoic magmas (Aviado et al., 2015). In 

Chapter III, the first rift-wide study of magmatic volatiles recorded in olivine-hosted melt 

inclusions confirms that the West Antarctic mantle is enriched in H2O and CO2 on a wide scale, 

and links the production of hydrated and carbonated components to subduction-related 

metasomatic processes. These results provide a compelling link between continental assembly, 

the production of easily fusible, heterogeneous chemical domains in the sub-continental 

lithospheric mantle (SCLM) and upper mantle, and rifting plus associated magmatism. These 

links are further explored in Chapter IV, in which the trace element and radiogenic isotope (Sr-

Nd-Hf-Pb) systematics of mantle xenoliths from the East African Rift System (EARS) illustrate 

that the SCLM bears witness to a complex history involving Proterozoic melt depletion events, 

Pan African continental assembly, late-stage metasomatism, and plume impingement. These 

results demonstrate that SCLM serves as an important long-lived host of heterogeneous recycled 

mantle domains that are sampled throughout multiple episodes of convergence and breakup.  

Collectively, these chapters suggest that ongoing rifting and magmatism in the EARS and 

the WARS are in part tied to shallow mantle processes involving the heterogeneous SCLM, 

rather than having exclusively deep plume origins. These shallow processes emerge as a 

consequence of the complex, multistage evolution of continents. 
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CHAPTER I 

INTRODUCTION 

 Voluminous alkaline magmatism that occurs away from active plate boundaries is often 

attributed to ‘hotspot’ or plume magmatism. In the classical model described by Morgan (1971), 

convective upwellings from the lower mantle supply heat and primordial material to the 

asthenosphere, where rapid decompression actively induces melting. Geophysical evidence for 

anomalous low-density mantle, combined with geochemical indications of alkali-rich, silica-

undersaturated lavas and high-µ (µ = 238U/204Pb) isotopic signatures, have suggested the 

existence of “plumes” of hot, chemically distinct materials that have traditionally been 

interpreted as originating from the deep mantle. Although plumes may contribute substantively 

to volcanism in certain areas such as Hawaii, in regions where intraplate magmatism is coupled 

with lithospheric extension, ambiguity may arise as to whether decompression melting arises due 

to active plume upwelling or as a passive response to thinning and extension of the lithosphere 

(e.g., McKenzie and Bickle, 1988). Melting dynamics may be further complicated by increasing 

evidence that many plumes are thermochemical structures, and that anomalous low-density 

mantle observed in many plume settings may in part be tied to compositional heterogeneity in 

the mantle (e.g., Hauri, 1996; Rooney et al., 2014). In particular, Schilling et al. (1980) were 

among the first to propose that “hot spots” were also “wet spots,” highlighting the importance of 

water in inducing melting by lowering the mantle solidus, resulting in the potential for enhanced 

passive decompression melting relative to anhydrous mantle conditions (e.g., Green, 1973; 

Asimow and Langmuir, 2003). In addition to water, the presence of carbon dioxide, pyroxenite, 

and other easily fusible components in the mantle are 
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significant sources of mantle compositional heterogeneity that may contribute to melting 

anomalies observed in intraplate settings.  

It has been proposed that volatiles and other similarly fusible chemistries such as eclogite 

are introduced into the mantle via recycling of subducted lithosphere, a process that has been 

linked to chemical heterogeneity in the mantle and the origins of deep mantle plumes (e.g., 

White and Hofmann, 1982). Present-day continents are the culmination of complex tectonic 

histories involving multiple phases of accretion, during which more shallow recycling of 

similarly volatile-rich, metasomatized and/or eclogitized materials can create heterogeneities in 

the lithospheric and sublithospheric mantle. In particular, the dense, metasomatized and 

eclogitized roots of continents may develop gravitational instabilities that cause the higher-

density materials to founder into the convective mantle through mechanisms such as 

delamination or lithospheric drip (Elkins-Tanton, 2007; Lee et al., 2010), effectively thinning the 

lithosphere and introducing easily fusible, heterogeneous domains into the upper mantle that may 

contribute to the generation of continental intraplate magmas. In continental rifts, these dynamic 

processes raise questions regarding the extent to which recycling and subsequent fertilization 

with volatiles are the result of shallow lithospheric processes or have deep plume origins. 

In the West Antarctic Rift System (WARS; Figure 1-1) and the East African Rift System 

(EARS; Figure 1-2), the processes governing rift dynamics remain controversial. Unusual 

Cenozoic volcanism, notable in terms of the anomalously large volumes and alkaline chemical 

compositions of erupted magmas, coupled with seismic imaging of low-density mantle 

structures, have been explained by the presence of mantle plumes actively welling up from the 

deep mantle as the major driver for tectonic and magmatic activity in the EARS and the WARS 

(Behrendt et al., 1994; Ebinger and Sleep, 1998; Wörner, 1999; Pik, 1999). However, where 
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geophysical (e.g., Hansen et al., 2012; 2014), structural, or geochemical evidence remains 

ambiguous, the mantle plume hypothesis may fail as an encompassing model for rift-wide 

magma genesis, and alternative models highlight the role of melting from volatilized, easily 

fusible components in the mantle underlying both rifts (Bell and Tilton, 2001; Beccaluva et al., 

2011; Rooney et al., 2012; Aviado et al., 2015; Hudgins et al., 2015).  

 

 

Figure 1-1. Sketch map (from Aviado et al., 2015) of Antarctica showing present-day East 

Antarctica, West Antarctica, the Weddell Embayment and the crustal blocks that comprise West 

Antarctica: MBL – Marie Byrd Land; EWM – Ellsworth Mountains; AP – Antarctic Peninsula. 

Thick dashed lines indicate the approximate boundary of the West Antarctic Rift System (after 

Rocchi et al., 2002). The map on the lower left is a tectonic reconstruction of the paleo-Pacific 

margin of Gondwana at ca. 100 Ma (after Mukasa and Dalziel, 2000). AP – Antarctic Peninsula; 

CP – Campbell Plateau; CR – Chatham Rise; EWM – Ellsworth-Whitmore block; LHF – Lord 

Howe Rise; NI – North Island, New Zealand; SI – South Island, New Zealand; TI – Thurston 

Island block. Bold crosshair indicates South Pole position (DiVenere et al., 1994).  
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Figure 1-2. Sketch map (after Sgualdo et al., 2015) of the East African–Arabian domain 

showing Oligocene continental flood basalts (CFBs; Beccaluva et al., 2009) and mantle xenolith 

occurrences related to Neogene–Quaternary alkaline volcanism (Aulbach et al., 2011; Baker et 

al., 1998; Beccaluva et al., 2011; Henjes-Kunst et al., 1990; Kaeser et al., 2006; Shaw et al., 

2007; Teklay et al., 2010). The main tectonic lineaments are after Bosworth et al. (2005) and 

Rogers (2006). 
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Tectonic history 

The West Antarctic Rift System (WARS) 

In the West Antarctic Rift System, active versus passive rifting mechanisms are also 

debated. Lithospheric extension, high heat flow, and voluminous volcanism occur in a setting 

surrounded by mid-ocean ridges, making an identification of a source of extensional plate 

boundary force difficult (Ruppel, 1995). Furthermore, the extensive ice cover and relative 

aseismicity, and therefore limited number of geological and geophysical studies available 

compared to, for example, the East African Rift System, contribute to significant uncertainty 

regarding the exact timing, architecture, and evolution of the WARS (Fitzgerald et al., 1986; 

LeMasurier, 1990; Tessensohn and Worner, 1991).  Passive interpretations of the forces driving 

rift-related tectonomagmatic activity include rift induction via transfer of dextral shear from the 

mid ocean ridge in the Southern Ocean into the Antarctic Plate interior (Storti et al., 2008), or as 

a result of Eocene reorganization of mantle flow patterns at the boundary between the thick East 

Antarctic craton and the Antarctic lithosphere that generated buoyancy forces, reactivated 

Paleozoic crustal weaknesses, and triggered decompression melting (Nardini et al., 2009). 

Alternative models that support an active rift-driving force are bolstered by evidence for tectonic 

doming, interpreted to be related to impingement of a mantle plume, beneath Marie Byrd Land 

(MBL; LeMasurier and Rex, 1989). The existence of a 600 km-diameter plume head has been 

argued to explain voluminous alkaline volcanism in MBL and throughout the WARS (e.g., Hole 

and LeMasurier, 1994). However, geophysical (e.g., Hansen et al., 2014; Emry et al., 2015), 

structural (e.g., Rilling et al., 2009), and geochemical (e.g., Nardini et al., 2009; Aviado et al., 

2015) lines of evidence increasingly support a passive rifting mechanism for Cenozoic extension 

and magmatism. 
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Although rift-related magmatism and lithospheric extension in the WARS proper has 

been active since the Oligocene, this rifting regime must be considered in the larger context of 

Gondwana supercontinent breakup. West Antarctica and its constituent tectonic blocks were 

once amalgamated with the Chatham Rise, Campbell Plateau, New Zealand and several other 

crustal blocks collectively referred to as Zealandia along the paleo-Pacific margin of Gondwana. 

In the Middle Jurassic, the emplacement of voluminous Karoo flood basalt magmatism and the 

initiation of continental breakup has been linked to a plume centered on the South Africa-East 

Antarctica junction (White and McKenzie, 1989; Elliot and Fleming, 2000). The Zealandia block 

was completely rifted away from the present-day Pacific margin of Antarctica in Marie Byrd 

Land (MBL) by ~80 Ma (Bradshaw, 1989; Eagles et al., 2004; Brown et al., 2006).  Following 

this initial Gondwana breakup, the timing of rifting has generally been interpreted to have 

occurred in two major pulses (Schmidt and Rowley, 1986; Stump and Fitzgerald, 1992; Elliot, 

1992; Storey, 1996). During the first pulse in the Cretaceous, major crustal thinning occurred and 

was largely amagmatic (Salvini et al., 1997).  Estimates of the amount of crustal extension that 

occurred during this phase are variable; some authors argue on the basis of crustal thickness 

balancing for a maximum late Cretaceous-present crustal extension of 250 – 350 km in the 

WARS (e.g., Fitzgerald et al., 1986; Behrendt and Cooper, 1991), but others call for as much as 

1000 km of post-Cretaceous extension between East Antarctica and Pacific West Antarctica 

based on paleomagnetic measurements (DiVenere et al., 1994; Luyendyk et al., 1996). This main 

amagmatic rifting phase was followed by lesser Cenozoic rifting localized primarily in the 

western Ross Embayment (Behrendt et al., 1991; Tessensohn and Worner, 1991; Behrendt, 

1999). The timing and distribution of the extension between these two pulses is still debated. 

There is some evidence that much of the extension in fact occurred prior to Zealandia-West 
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Antarctica breakup at ~80 Ma (e.g., Lawver and Gahagan, 1994; Davey and Brancolini, 1995; 

Mukasa and Dalziel, 2000; Luyendyk et al., 2001; Siddoway et al., 2004). Other authors argue 

for as little as 50 km of Cenozoic extension (Lawver and Gahagan, 1994), or ~180 km of 

extension in the Eocene-Oligocene (Cande et al., 2000; Cande and Stock, 2004). 

The major phase of Cretaceous extension was followed by dramatic uplift of the 

Transantarctic Mountains (TAM) at ~60 Ma. The TAM represent a continuous transcontinental 

range varying in elevation from 4500 m where they form the rift shoulder in Northern Victoria 

Land (NVL) to 1-2 km by the Weddell Sea (Fitzgerald et al., 1996; Behrendt and LeMasurier, 

1991). The TAM are characterized a lack of folding in the exposed Precambrian/Cambrian 

metasedimentary and metavolcanic rocks, and exhibit evidence that they have been built in a 

tensional field (Fitzgerald, 1986; Behrendt and LeMasurier, 1991). Additionally, despite their 

high elevation, gravity modeling indicates that the crustal thickness underlying them is only 40 – 

45 km, comparable to thicknesses of topographically depressed areas of the adjacent East 

Antarctic craton (Woollard, 1962; Smithson, 1972; Bentley, 1983). TAM uplift can be accounted 

for by elastic flexure of two cantilevered plates separated by a stress-free edge (Stern and ten 

Brink, 1989), and therefore can be attributed to flexural uplift driven by the thermal gradient 

between thick, cold lithosphere of the East Antarctic craton and thinned (20-30 km thick; 

Fitzgerald et al., 1986), warm lithosphere under extension in West Antarctica. The lack of a 

distinct rift shoulder on opposing Amundsen-Bellingshausen flank of the Ross Embayment 

highlights the asymmetry of WARS rifting. In the Ross embayment, horst and graben 

topography has been inferred from seismic profiling and likely extends throughout the WARS 

(Behrendt et al., 1991; LeMasurier and Thompson, 1990). These features may be attributed to the 

presence of very rigid lithosphere underlying East Antarctica adjacent to the TAM-NVL rift 
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shoulder, in contrast with less rigid oceanic lithosphere offshore of the Amundsen-

Bellinghausen.  The characteristics of horst and graben topography (i.e. accommodation of 

relatively small displacements along widely distributed normal faults), contrasted with large-

scale block faulting at the Transantarctic Mountains, and overall large magnitude of total 

extension support the classification of the WARS as a wide or diffuse rift, although more recent 

Oligocene-Miocene rifting and volcanic activity has been localized into discrete rift basins 

within the Ross Embayment. Wide rift formation is favored in regions with weak, heterogeneous 

lithosphere that has undergone crustal shortening during a previous episode of convergence; this 

is certainly appropriate for WARS, as West Antarctica and Zealandia comprised part of a long-

lived subduction zone along the paleo-Pacific margin of Gondwana (Figure 1-1). Almost 500 

Myr of convergence (Rocchi, 1998; Mukasa and Dalziel, 2000) could lead to the introduction of 

crustal thickness variations, structural defects, and weak, hydrated rheologies in the crust and 

upper mantle beneath West Antarctica. In light of this tectonic inheritance, passive rifting of 

significantly weakened lithosphere may explain WARS extension and associated volcanism 

where geophysical and geochemical (e.g., Aviado et al., 2015) evidence for mantle plume 

activity are lacking. 

The East African Rift System (EARS) 

The East African Rift System is considered the archetypal narrow rift endmember, yet the 

roles of active versus passive rifting processes remains controversial. Roughly 30-40 km of 

estimated extension between the Nubian and Somalian proto-plates over the past 11 Ma (e.g., 

Wolfenden et al., 2004). This extension has largely been accommodated in discrete rift segments 

that exhibit variable ages and stages of rifting (Ebinger, 2005). The presence of the Afar plume 

in northern Ethiopia establishes an active rifting driver in the region, and generally, the amount 
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of lithospheric extension increases to the north along the rift axis, in the direction of the Afar 

Depression (Ebinger et al., 1993). However, although emplacement of voluminous continental 

flood basalts in Afar at ~ 30 Ma is roughly coeval with the onset of continental rifting in the Red 

Sea-Gulf of Aden system (Wolfenden et al., 2004), and is typically considered to mark the 

inception of plume-related activity in the region, this magmatic episode is predated by more 

southern Ethiopian and Kenyan basalt volcanism that began at around 45 Ma (Davidson and 

Rex, 1980; Furman et al., 2006; Ebinger et al., 1993; Ebinger et al., 2000; McDougall et al., 

2009). Tectonic doming and geochemical evidence for a distinct source of Kenya rift volcanism 

have been attributed to a second plume acting beneath the region (Rogers et al., 2000; Pik et al., 

2006), and this Eocene volcanism pre-dates the major episode of Oligocene extension and 

tectonic doming in Kenya and Ethiopia. Alternatively, although geophysical imaging of the 

shallow mantle beneath Afar and Turkana, Kenya supports the existence of separate upwelling 

structures, it is possible that these seemingly distinct plumes may be connected to the African 

superplume at depth (Debayle et al., 2001; Benoit et al., 2006; Nyblade et al., 2000; Weeraratne 

et al., 2003; Furman et al., 2005). The African superplume is a well-documental, large-scale low-

density feature of the deep mantle (Ritsema et al., 1999; Gurnis et al., 2000; Zhao, 2001).  

However, active processes may not explain all rift activity in the EARS, especially where 

geochemical evidence for passive melt generation occurs (e.g., Mega; Beccaluva et al., 2011) 

 Rift morphology also diverges from a 50 km-wide rift in the north to a 200 km-wide rift 

zone consisting of multiple narrow segments further to the south (Figure 1-2). In Kenya and 

Tanzania, the rift segments bifurcate and undergo a change in orientation in faulting as they 

encounter the old, 250 km-thick, 3 Ga Tanzanian craton (Foster et al., 1997; Ritsema et al., 

1998). Deformation is localized to the boundaries between the Tanzania craton and thinner (~35 
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km-thick), weaker lithosphere (Ebinger, 2005). The Eastern branch of the rift system, at an age 

of less than 5 million years old, represents the formation of a young rift system. Here, 

lithospheric extension is mainly in response to plate-driving forces, reactivating zones of 

weakness such as the suture between the Tanzania craton and the young, thin lithosphere 

bordering it to the east (Foster et al., 1997). The rift structure in this young segment is 

characterized by asymmetric flanks and a deep (3.6 km) rift basin overlying a narrow zone of 

thinned mantle lithosphere (Green et al., 1991; Birt et al., 1997). Seismic tomography reveals 

evidence for small-volume melts in the mantle and magmatic intrusions in the crust (Green et al., 

1991; Ibs-von Seht et al., 2001). Collectively, these observations imply that the upper mantle 

beneath the Eastern branch of the EARS is strong, and that the rifting is driven by decompression 

melting of anomalously hot asthenosphere, aided by pre-existing lithospheric weaknesses 

(Ebinger, 2005; and references therein) – in this case, the suture zone created during the 

Neoproterozoic East African Orogen (Corti, 2009, and references therein). 

In the more northern Kenya rift, rift basins are ~15 million years old, and can be 

considered to represent a more mature rifting stage. Between 30 and 35 Ma, faulting, extension, 

and crustal thinning began in the northern portion of the Kenya Rift (Hendrie et al., 1994), and 

up to ~35 – 40 km of crustal stretching has since been accommodated in the ~175 km-wide rift 

segment (Hendrie et al., 1994). In the north, estimates of crustal thickness are ~20 km. By 

contrast, in more southern portions of the Kenya rift, 5 - 10 km of extension has occurred in crust 

~35 km thick through the formation of asymmetrical rift basins similar to those observed in the 

Eastern branch of the EARS (Mechie et al., 1997).  Beneath the uplifted Kenya dome, the crust 

has been additionally thinned to ~30 km, and low seismic velocities and an abrupt shallowing of 

the Moho depth are consistent with focused upwelling of anomalously hot mantle material in this 
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region. These observations are consistent with an increase in lithospheric stretching and 

shallowing of the lithosphere-asthenosphere boundary in a northward direction, leading to an 

increase in the amount of decompression-driven partial melting. The presence of weak thermally 

and magmatically eroded lithosphere toward the north is also supported by a progressive 

decrease in the depth of earthquake hypocenters and faulting from 35 km in Tanzania to 27 km 

in northern Kenya (Ibs-von Seht et al., 2001). 

Although the Main Ethiopian Rift (MER)-Red Sea Rift-Gulf of Aden appears to be an 

archetypal triple junction radiating out from the Afar Depression, Wolfenden et al. (2004) found 

that there is little evidence that the inception of extension in the MER was synchronous with 

Africa-Arabia separation. Instead, Oligocene-Miocene rifting in Kenya propagated northward 

into southern Ethiopia at ~20 Ma (Bonini et al., 2005), resulting in the formation of high-angle 

faults bordering chains of volcanic centers. Over time, progressive narrowing of the zones of 

deformation have localized the most recent (<1.8 Ma) tectonomagmaic activity in 20 km-wide, 

60 km-long “magmatic segments” characterized by aligned eruptive centers, fissures, and short 

faults in the central portion of the rift (Ebinger and Casey, 2001). There is evidence that these 

shorter, narrower magmatic segments are superimposed on the older border faults of the 

previously existing broad extension basin, and this implies that the elastic thickness of the 

lithosphere has decreased since long border faults had formed (Ebinger et al., 1999). 

Tomographic imaging supports the existence of melt volumes beneath the surface expression of 

the rifts along a 150 km-wide zone focused under the MER (Bastow et al., 2008). At its northern 

terminus in the Afar Depression, the Ethiopian plateau, built up by continental flood basalt 

volcanism and tectonic uplift, gives way to a subsided basin. In this region, decreasing 

lithospheric thickness and increasing extension and asthenospheric upwelling results in 
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magmatic intrusion accommodating the majority of the extension, and the rift is essentially a 

slow-spreading mid-ocean ridge (Wolfenden et al., 2004). 

This work 

The complex, multistage tectonic histories of East Africa and West Antarctica lend 

themselves to the creation of heterogeneous mantle domains in the sub-continental lithospheric 

mantle (SCLM) and the asthenosphere that may contribute to ongoing extension and magmatic 

activity. The objectives of this dissertation therefore seek to explore the nature and provenance 

of heterogeneous mantle domains underlying the active rift systems through detailed 

geochemical analyses of mafic rift-related rocks from the WARS and the EARS, particularly 

with respect to volatiles and volatilized lithologies, and to use this information to develop or 

refine regional models for melting and metasomatic histories that reconcile geophysical and 

geochemical observations with the histories of the Antarctic and African continents. 

To accomplish these objectives, this dissertation is divided into chapters that address 

different facets of continental rift petrogenesis. In Chapter II, the first geochemical information 

from submarine lavas in the Ross Embayment of West Antarctica are reported alongside 

subaerial lavas from islands and mainland Northern Victoria Land (NVL), which together 

provide evidence that volatilized, recycled mantle domains generated during ancient long-lived 

subduction along the paleo-Pacific margin of Gondwana have been contributed to Cenozoic 

tectonomagmatic activity. This work was published in Geochemistry, Geophysics, Geosystems in 

December 2015, and is reproduced in this dissertation. In Chapter III, olivine-hosted melt 

inclusions from mafic lavas in West Antarctica confirm that high H2O and CO2 are prevalent in 

the mantle source of rift-related magmas on a wide scale throughout the WARS, and show that 

volatilized mantle domains can persist and continue to facilitate to magma genesis long after 
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subduction cessation. Chapter IV investigates the petrography and geochemistry of peridotite and 

pyroxenite mantle xenoliths from the southern Main Ethiopian Rift in the East African Rift 

System as well as peridotites from the Ethiopian plateau to evaluate the history of 

thermochemical events that have affected the EARS SCLM, and the role of SCLM in rift 

petrogenesis and long-term continental evolution. In this chapter, the geochemical systematics of 

the mantle xenolith suite testify to a history that includes ancient melt extraction during Pan 

African continental assembly, followed by more recent metasomatic processes triggered by both 

low-volume carbonated fluids and alkaline melts as well as subalkaline asthenospheric melts. 

These findings illustrate that relatively small scale chemical heterogeneities in the SCLM may be 

created and/or preserved during large scale geologic processes such as continent formation and 

breakup, and that the SCLM serves as an important long-lived chemical reservoir of components 

produced during continental assembly, recycling, and evolution.  
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CHAPTER II 

 

SUBMARINE AND SUBAERIAL LAVAS IN THE WEST ANTARCTIC RIFT SYSTEM: 

TEMPORAL RECORD OF SHIFTING MAGMA SOURCE COMPONENTS FROM THE 

LITHOSPHERE AND ASTHENOSPHERE1 

Abstract 

The petrogenesis of Cenozoic alkaline magmas in the West Antarctic Rift System 

(WARS) remains controversial, with competing models highlighting the roles of decompression 

melting due to passive rifting, active plume upwelling in the asthenosphere, and flux melting of a 

lithospheric mantle metasomatized by subduction. In this study, seamounts sampled in the Terror 

Rift region of the Ross Sea provide the first geochemical information from submarine lavas in 

the Ross Embayment in order to evaluate melting models. Together with subaerial samples from 

Franklin Island, Beaufort Island, and Mt. Melbourne in North- ern Victoria Land (NVL), these 

Ross Sea lavas exhibit ocean island basalt (OIB)-like trace element signatures and isotopic 

affinities for the C or FOZO mantle endmember. Major-oxide compositions are consistent with 

the presence of multiple recycled lithologies in the mantle source region(s), including pyroxenite 

and volatile-rich lithologies such as amphibole-bearing, metasomatized peridotite. We interpret 

these observations as evidence that ongoing tectonomagmatic activity in the WARS is facilitated 

                                                           
1 A version of this chapter was previously published as Aviado, K. B., S. Rilling-Hall, J. G. 

Bryce, and S. B. Mukasa (2015), Submarine and subaerial lavas in the West Antarctic Rift 

System: Temporal record of shifting magma source components from the lithosphere and 

asthenosphere, Geochemistry, Geophysics, Geosystems, 18, 1541–1576, 

doi:10.1002/2015GC006076. This work has been reprinted here in accordance with the 

policies of AGU. Copyright 2015 American Geophysical Union. 
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by melting of subduction-modified mantle generated during 550–100 Ma subduction along the 

paleo-Pacific margin of Gondwana. Following ingrowth of radiogenic daughter isotopes in high-

µ (U/Pb) domains, Cenozoic extension triggered decompression melting of easily fusible, 

hydrated metasomes. This multistage magma generation model attempts to reconcile 

geochemical observations with increasing geophysical evidence that the broad seismic low-

velocity anomaly imaged beneath West Antarctica and most of the Southern Ocean may be in 

part a compositional structure inherited from previous active margin tectonics 

1. Introduction 

Voluminous volcanism away from active plate boundaries is often attributed to 

‘‘hotspot’’ or plume magmatism. Within rifts, intraplate magmatism coupled with lithospheric 

extension may be explained by active upwelling of buoyant plume material, or arise from passive 

decompression accompanying the thinning and pulling apart of the lithosphere (e.g., McKenzie 

and Bickle, 1988). Geophysical (e.g., seismic tomographic imaging) and geochemical (e.g., 

observations of alkali-rich, silica-undersaturated lavas, and high-m isotopic signatures; µ = 

238U/204Pb) lines of evidence suggest the existence of ‘‘plumes’’ of low-density, chemically 

distinct mantle beneath many intraplate settings that have classically been interpreted as 

originating from the deep mantle. The West Antarctic Rift System (WARS) is one of the largest 

continental rift systems on Earth, with estimates of lithospheric extension in the Ross Sea 

between 250 and 500 km, and as much as 1000 km from the Cretaceous to Recent (Fitzgerald et 

al., 1986; DiVenere et al., 1994; Trey et al., 1999). Lesser Cenozoic extension, on the order of 

50–180 km (Kamp and Fitzgerald, 1987; Lawver and Gahagan, 1994), was accompanied by 

voluminous alkaline volcanism throughout the WARS. Tomographic evidence for low- velocity 

seismic anomalies beneath West Antarctica has been attributed to temperature anomalies 
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associated with deep mantle upwelling (Sieminski et al., 2003; Watson et al., 2006), but 

compelling geophysical evidence for a classical plume (e.g., Morgan, 1971) remains elusive. 

Previous explanations for WARS volcanism have included a single plume beneath Marie 

Byrd Land (Behrendt et al., 1994; Hole and LeMasurier, 1994; Behrendt et al., 1996), an injected 

subduction signature mixed with multiple enriched mantle sources (Hart et al., 1995), and 

decompressional melting of a fossilized plume head or stratified mantle source beneath the entire 

region (Rocholl et al., 1995; Hart et al., 1997; Panter et al., 2000). LeMasurier and Rex (1989) 

argued that crustal doming in Marie Byrd Land (MBL), inferred from radial melt migration 

around a topographically elevated center (exhibiting an estimated ~3 km of structural relief) and 

associated with the inception of alkaline volcanism in the region around 30 Ma can be explained 

by a mantle plume $600 km in diameter beneath MBL. Coeval volcanism in the Erebus Volcanic 

Province in Northern Victoria Land (NVL) has been explained by a separate 40 km diameter 

plume beneath NVL (Kyle et al., 1992; Esser et al., 2004), or by enlargement of the MBL plume 

to encompass roughly 1500 km by 2500 km of geochemically similar volcanism in the Ross Sea 

and NVL (Hole and LeMasurier, 1994). While this may explain coeval young volcanism on both 

flanks for the WARS, no geophysical or structural evidence for plume-related crustal doming has 

been established in NVL. 

Several alternative explanations for WARS volcanism have focused on the concept of a 

fossilized plume head or stratified mantle source beneath the region. The Jurassic Ferrar dolerites 

of the Antarctic Peninsula are believed to be derived from the mantle plume that gave rise to the 

Karoo large igneous province during initial breakup of Gondwana (Elliot and Fleming, 2000; 

Storey et al., 2001; Riley et al., 2001). Underplating of the Antarctic lithosphere with the 

remnants of this plume to produce a compositionally stratified mantle, with deep depleted 
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MORB-type asthenosphere overlain by HIMU- or FOZO-like plume material (with HIMU and 

FOZO defined by Hart et al. (1986, 1992)), could explain isotopically diverse magmas associated 

with thinning of the WARS lithosphere (Hart et al., 1997; Worner, 1999). Rocholl et al. (1995) 

called for at least three mantle end-members (MORB-type or DMM, EM, and HIMU-like) in the 

source components, and suggested that some of the geochemical differences result from varying 

degrees and depths of melting, attributed to the distance of volcanism from the WARS rift 

shoulder. Alternatively, Panter et al. (2000) suggested lavas with HIMU-like isotopic 

compositions were instead results of smaller degree partial melts, with melts demonstrating a 

mixture of isotopic signatures resulting from higher degrees of melting. These arguments 

collectively fit that of the stratified mantle source, with fossil mantle plume material defining a 

layer below the lithospheric mantle, although many of these hypotheses suggest that the mantle 

solidus has been lowered by involvement of hydrous and/or pyroxenitic components (e.g., Hart 

et al., 1997; Panter et al., 2000). 

Recent work highlighting the potential involvement of hydrated mantle in producing the 

observed seismic anomalies beneath the WARS (Hansen et al., 2014; Emry et al., 2015) is 

consistent with the idea that many plumes are thermochemical structures, and that such 

anomalies are in part compositional (e.g., White and Hofmann, 1982; Hofmann and White, 1982; 

Hauri, 1996; Rooney et al., 2012a). Recycled subducted slab materials capable of inciting deep 

melting, including pyroxenite and volatiles (particularly CO2 and H2O) have been implicated as a 

significant source of compositional heterogeneity in the mantle (e.g., among many others, 

Asimow and Langmuir (2003); Kogiso et al. (2003); Dasgupta et al. (2007)). Given the >100 

million year history of active subduction along the paleo-Pacific margin of Gondwana during the 

early Mesozoic (Rocchi et al., 1998; Mukasa and Dalziel, 2000), this process may be integral to 
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reconciling geophysical observations with the geochemistry of voluminous alkaline magmatism 

and associated Cenozoic rifting in West Antarctica. 

Sparse sampling over poorly exposed units within the WARS have complicated 

determinations of magma source region characteristics and even impacted the ability to 

understand overall evolution of the rift. This study provides new chemical information on 

sampled Cenozoic submarine and subaerial lavas from the Ross Sea, as well as additional 

chemical analyses on lava samples in the Mt. Melbourne region of northern Victoria Land, and 

addresses questions about the composition of the mantle source(s) below the WARS. 

2. The West Antarctic Rift System (WARS) 

West Antarctica (Figure 2-1) is comprised of several tectonic blocks that were once 

amalgamated with the Chatham Rise, Campbell Plateau, and New Zealand to form the long-lived 

subduction zone along the paleo-Pacific margin of the supercontinent Gondwanaland (Dalziel 

and Elliot, 1982; Dalziel et al., 1994). The Granite Harbor Intrusive suite provides evidence for 

the inception of subduction-related magmatism by ~530 Ma along the Trans-Antarctic 

Mountains (TAM) region (Rocchi et al., 1998). This subduction continued, perhaps episodically, 

through the Mesozoic and began a progressive west to east cessation between 110 Ma in western 

present day Marie Byrd Land (MBL) and 94 Ma in eastern MBL (Mukasa and Dalziel, 2000). 

This period of convergence along the paleo-Pacific margin of Gondwana was followed 

by break-up and dispersal of several crustal blocks collectively referred to as Zealandia. Recent 

studies estimate the complete separation of the Zealandia crustal blocks (North Island, South 

Island, Campbell Plateau, Chatham Rise, and Lord Howe Rise) from West Antarctica by ~83 Ma 

(Eagles et al., 2004; Brown et al., 2006). Initiation of West Antarctic Rift System (WARS) 

extension and opening of the Ross Sea embayment began in the Cretaceous, initially with 
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primarily amagmatic processes (Salvini et al., 1997). Rift-related magmatism in Northern 

Victoria Land (NVL) began at ~48 Ma (Rocchi et al., 2002) and in MBL at ~30 Ma (Hart et al., 

1997). The volume of Cenozoic eruptive products in the WARS is thought to exceed 106 km3, 

with a sizeable fraction of this material thought to underlie the West Antarctic Ice Sheet 

(Behrendt, 1999). Volcanism of similar age and composition is found in all tectonic blocks that 

were once amalgamated along the paleo-Pacific Gondwanan margin, although they are now 

separated by ocean basins and distances upwards of 2000 km, leading Finn et al. (2005) to term 

this area the Diffuse Alkaline Magmatic Province (or DAMP) 

 

Figure 2-1. A) Sketch map of Antarctica showing present-day East Antarctica, West Antarctica, 

the Weddell Embayment and the crustal blocks that comprise West Antarctica: MBL – Marie 

Byrd Land; EWM – Ellsworth Mountains; AP – Antarctic Peninsula. Thick dashed lines indicate 

the approximate boundary of the West Antarctic Rift System (after Rocchi et al., 2002). The map 

on the lower left is a tectonic reconstruction of the paleo-Pacific margin of Gondwana at ca. 100 

Ma (after Mukasa and Dalziel, 2000). AP – Antarctic Peninsula; CP – Campbell Plateau; CR – 

Chatham Rise; EWM – Ellsworth-Whitmore block; LHF – Lord Howe Rise; NI – North Island, 

New Zealand; SI – South Island, New Zealand; TI – Thurston Island block. Bold crosshair 

indicates South Pole position (DiVenere et al., 1994). B) Map inset of Northern Victoria Land 

subaerial sample locations (red symbols), islands (green symbols), and submarine dredges (blue 

symbols) collected during the NBP-0401 research cruise. Grey polygon outlines the Terror Rift. 
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3. Sampling and Methods 

Lava samples were collected in the field as described in Rilling (2009). Seven seamounts, 

Franklin Island, Beaufort Island, and several mainland locations surrounding Mt. Melbourne 

were sampled (Figure 2-1B). Submarine samples were dredged from seven volcanic edifices 

identified with multibeam bathymetry during the 2004 NBP-0401 research cruise on the research 

icebreaker Nathaniel B. Palmer. Additional details of the dredged features and collected 

materials can be found in Wilson et al. (2004). Subaerial samples from Franklin Island were 

collected by members of the cruise with a zodiac from Nathaniel B. Palmer. Samples from 

Beaufort Island were collected by helicopter during GPS installations for another study by 

members of our party. Wesley LeMasurier collected samples from northern Victoria Land during 

several field seasons. 

Mineral compositions were determined with a Cameca SX 100 electron microprobe at the 

University of Michigan Electron Microbeam Analysis Laboratory (EMAL). Major oxides, Rb, 

Sr, and Zr were analyzed by x-ray fluorescence (XRF), and trace elements were obtained on the 

same glass disks by laser ablation inductively coupled plasma mass spectrometer (LA-ICP-MS) 

at Michigan State University using the techniques described by Deering et al. (2008) and Rooney 

et al. (2012). Reproducibility using these techniques is typically better than 5% for trace 

elements based on standard analyses (Vogel et al., 2006). Samples were sorted by major-oxide 

data, removing those with low totals (less than 96 wt. %, inferred to indicate high LOI) from 

further consideration in the isotopic analyses that followed. For more detailed descriptions of 

mineralogical, major oxide, and trace elemental analyses, see Appendix 1.1. 

Sample chips for Sr, Nd, and Hf isotopic analysis were washed ultrasonically in 

deionized water and soaked in 2.5N HCl prior to pulverization. Sample dissolution and column 
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chemistry techniques for Nd and Sr are described by Reisberg and Zindler (1986). Analysis of Sr 

and Nd isotopic compositions were carried out using the VG Sector thermal ionization mass 

spectrometer (TIMS) at the University of Michigan according to the procedures of Mukasa et al. 

(1991). Total procedural blanks averaged 0.2 ng for Sr and 0.04 ng for Nd. The Sr and Nd 

isotopic ratios were exponentially normalized to correct for instrumental mass fractionation 

using 86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219, respectively. Replicate analyses of NBS-987 

and La Jolla standards gave 87Sr/86Sr = 0.710255 ± 0.000011 (N = 30, 2σ) and 143Nd/144Nd = 

0.511848 ± 0.000019 (N = 30, 2σ). Hf isotopic compositions were measured on the Nu Plasma 

multi-collector inductively coupled plasma mass spectrometer (MC-ICP-MS), also at the 

University of Michigan, following the columns chemistry and analytical methods of Choi et al. 

(2006). A mean 176Hf/177Hf of 0.282166 ± 0.000042 (N = 14, 2σ was determined from measured 

values of standard JMC-475, and total average procedural planks for Hf were 0.02 ng. Sample 

87Sr / 86Sr, 146Nd/144Nd, and 176Hf/177Hf values were corrected for instrumental drift using 

standard-sample bracketing. 

Sample chips for Pb isotopic analysis were leached in hot (120°C) 6N HCl following the 

procedures of Blichert-Toft and Albarède (2009), then purified using column separation 

procedures described in Bryce and DePaolo (2004). High-resolution Pb isotopic measurements 

were obtained with the Nu Plasma II ES at the University of New Hampshire. Instrumental mass 

fractionation was corrected using the Tl normalization method of White et al. (2000), and 

instrumental drift corrected by standard-sample-standard bracketing as described in Albarède et 

al. (2004) using NIST SRM-981 normalizing values from Eisele et al. (2003). Average isotopic 

ratios for SRM-981 were 208Pb/204Pb = 36.726 ± 0.0076 (N = 20, 2σ), 207Pb/204Pb = 15.496 ± 
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0.0031 (N = 20, 2σ), 206Pb/204Pb = 16.941 ± 0.0025 (N = 20, 2σ). Procedural Pb blanks for this 

work were <150 pg, negligible for the size of the samples analyzed. 

4. Results 

4.1. Petrography  

Of the seven dredged seamounts, samples from only five were selected for further study. 

Multiple samples processed from dredge locations are typically chemically and mineralogically 

similar, with the exception of Dredge 4, which has two very different samples. The dredged 

samples, with few exceptions, are highly vesicular and porphyritic with few phenocrysts, 

typically consisting of coarse olivine (Mg# 68 – 88) and zoned clinopyroxene (Figure 2-2B) in a 

groundmass consisting of clinopyroxene, olivine, and oxides ± plagioclase. They exhibit a range 

in extents of chemical alteration (indicated by vesicles lined with secondary carbonate) and 

contain varying amounts of ultramafic xenoliths and resorbed xenocrysts (xenocrystic olivine 

Mg# 85 – 89.7; Figure 2-2B), with a few samples containing rare granitic xenoliths. Full sample 

petrography and mineral compositions are described in Rilling (2009). 

4.2 Major oxides and trace elements 

Major-oxide and trace-element concentrations of all samples analyzed are reported in 

Appendix 1.2. Lava compositions range mostly to basanite and primitive foidite on the total 

alkalis versus silica diagram (Figure 2-2A), with two Beaufort Island samples evolved toward 

phonolite. Sample NV-12A from Edmonton Point (Northern Victoria Land), a trachyandesite, is 

the most evolved of the sample suite. MgO concentrations range from 13.70 wt. % down to 1.28 

wt. % for the most evolved sample. SiO2 versus MgO and Ni versus MgO trends are consistent 

with olivine and clinopyroxene fractionation in the full sample suite (Table 1). TiO2 and Al2O3 
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relationships with MgO also generally exhibit respective decreasing and increasing trends 

expected for crystal fractionation (see Appendix 1.2). 

All samples are enriched in incompatible elements relative to primitive mantle (Figure 2-

3A-C). To focus solely on the differences in magma sources rather than the effect of crystal 

fractionation, only the seventeen samples with SiO2 < 45 wt. % and MgO > 7 wt. % are included 

in the following discussion. Primitive mantle-normalized trace element abundances exhibit 

enriched patterns with large variability in concentrations and a marked negative Pb anomaly 

(Figure 2-3A-C) and negative anomalies for fluid-mobile elements (Rb, Th, and U).  Sample 

elemental distribution patterns can be sorted into three distinctive trends: samples 12-19-01-5 

and DRE4-75 show the most pronounced negative anomalies for Rb and Pb and an overall 

concave-down shape for LILE (Figure 2-3A); in contrast, the remaining samples show either less 

pronounced negative Rb anomaly (Figure 2-3C), or a flat distribution pattern for LILE (Figure 2-

3B).  Each of these three groups represent similar ranges of SiO2, MgO, and Al2O3, suggesting 

that differences in the elemental distribution pattern are not uniquely the result of crystal 

fractionation or other magma chamber processing. Although subaerial weathering is capable of 

removing highly fluid-mobile Rb, the moderate (12 – 86 ppm) Rb concentrations among 

primitive (MgO > 7 wt. %) Ross Sea lavas suggests that these samples preserve magmatic Rb 

signatures. Chondrite-normalized rare earth element distributions display a steep pattern of 

enrichment in LREE (Figure 2-3D), with LaN ranging between 124 and 872 and LaN/LuN 

between 12.6 and 24.4. The strong enrichment in light REE relative to MORB compositions is 

typical for melting of a mantle source containing residual garnet (Harrison and Wood, 1980). 

This observation is in contrast to geodynamical studies in the WARS which suggest melting just 
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below anomalously thin crust (Trey et al., 1999), but agrees with thermobarometry estimates of 

melting at pressures up to 4 - 5 GPa (Perinelli et al., 2006).  

4.3. Pb, Sr, Nd, and Hf isotopes 

Isotopic ratios for all samples analyzed are reported in Table 1, and occupy narrow 

ranges comparable to values observed in other NVL and MBL lavas (Hart et al., 1997; Panter et 

al., 2000; Nardini et al., 2009). 87Sr/86Sr values range from 0.70212 ± 0.00001 to 0.70394 ± 

0.00001, and 143Nd/144Nd values range from 0.51282 ± 0.00001 to 0.51301 ± 0.00001. 

176Hf/177Hf values are remarkably homogenous, ranging between 0.282983 ± 0.000003 and 

0.283065± 0.000005. 206Pb/204Pb, 207Pb/ 204Pb, and 208Pb/204Pb isotopic compositions for the Ross 

Sea samples range from 19.432 ± 0.0011 to 20.228 ± 0.0006, 15.521 ± 0.0011 to 15.659 ± 

0.0006, and 38.920 ± 0.0014 to 39.916 ± 0.0012, respectively, and generally fall on or below the 

Northern Hemisphere Reference Line (NHRL) defined by Hart (1984). Collectively, the isotopic 

signatures of the lavas suggest involvement of a high-µ mantle source with respect to Sr, Nd, and 

Hf isotopic systems, but range to less radiogenic 206Pb/204Pb isotopic values similar to the C 

component (Hanan and Graham, 1996) or FOZO (Hart et al., 1992) mantle end member (Figures 

2-4 and 2-5).  
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Figure 2-2. A) Volcanic Rock classification diagram (Le Bas et al., 1986). For comparison, light 

grey field shows lavas from the Erebus volcanic province (Le Masurier and Thompson, 1990; 

Kyle et al., 1992), and darker grey field shows lavas from the Melbourne and Hallett volcanic 

provinces (Le Masurier and Thompson, 1990; Armienti et al., 1991). B) Example of phenocryst 

resorption texture (upper panel) and common zonation in Ti-augite (lower panel). 
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Figure 2-2. Primitive mantle-normalized elemental distribution diagram for samples with SiO2 < 

45 wt. % and MgO > 7 wt. %. Normalizing values are from Sun and McDonough (1989). Three 

distinct distribution patterns are observed: A) Two samples with pronounced negative Rb and Pb 

anomalies and concave-down patterns for LILE; B) Samples with flatter distribution patterns for 

Rb and LILE; and C) Samples with less pronounced Rb anomalies.  Typical OIB values for 

comparison are indicated by thick black line. D) Rare-earth element (REE) diagram for all 

samples with SiO2 < 45 wt. % and MgO > 7 wt. %. Normalizing values are from McDonough 

and Sun (1995). 
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Figure 2-4. Pb isotopic compositions of Ross Sea lavas. Colored fields indicate mantle 

endmembers defined by Hart et al. (1986): blue fields represent the depleted MORB mantle source 

(DMM); yellow and orange fields represent enriched mantle endmembers EMI and EMII, 

respectively; red fields indicate the extreme high-µ endmember sampled at St. Helena and Mangaia 

(“HIMU”). Data for these fields are from the compilation by Stracke et al. (2002), and references 

therein. Green field indicates the C component (Hanan and Graham, 1996) or the FOZO 

endmember (Hart et al., 1992). Cook-Austral C data are for the islands of Ruturu (young volcanics; 

Chauvel et al., 1997) and Raivavae (Lassiter et al., 2003). Black line indicates the Northern 

Hemisphere reference line (NHRL; Hart, 1984). 
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Figure 2-5. Nd, Hf, and Sr isotopic compositions from a sample subset. MORB-DMM (blue 

fields), EMI (yellow fields), EMII (orange fields), and HIMU (red fields) data for comparison 

are from the compilation of Stracke et al., (2002), and references therein. Cook-Austral C data 

are for the islands of Ruturu (young volcanics; Chauvel et al., 1997) and Raivavae (Lassiter et 

al., 2003).  

 

5. Discussion 

5.1. Source Characteristics 

The overall incompatible element enrichments in the Ross Sea lavas, shown on the multi-

element distribution and REE diagrams (Figure 2-3), are similar to those observed elsewhere in 

the WARS (Kyle and Rankin, 1976; LeMasurier et al., 1994; Hart et al., 1995, 1997; Panter et 

al., 2000; Rocchi et al., 2002), suggesting either a shared source beneath the entire region with 

varying degrees of partial melting or only a slightly heterogeneous source. Several of the 

geochemical characteristics of the Ross Sea lavas, including incompatible element enrichments 
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relative to primitive mantle, positive Nb-Ta anomalies, and a Pb negative anomaly, are also 

common to many OIB and often attributed to the presence of recycled oceanic lithosphere in the 

melt source (Weaver, 1991; Hofmann, 1997; Stracke et al., 2005). Subduction zone processing of 

oceanic lithosphere generates both volatilized peridotite through hydration and metasomatism of 

the overriding mantle wedge by slab fluids, and eclogite/pyroxenite through dehydration and 

metamorphism of the down going slab; both of these lithologies may therefore be relevant to 

magma genesis in the WARS, where over 500 Myr of punctuated subduction occurred along the 

paleo-Pacific margin of Gondwana during the Paleozoic and Mesozoic (Mukasa and Dalziel, 

2000).  

Many recent geochemical filters have been proposed to evaluate the potential melt source 

composition of mantle-derived melts on the basis of mafic volcanic rock major-oxide 

compositions (e.g., Herzberg and Asimow, 2008; Gurenko et al., 2008; Herzberg, 2011). 

Herzberg and Asimow (2008) argue for the discrimination between peridotite and pyroxenite 

sources on the basis of the MgO and CaO compositions of primitive volcanic rocks that have 

fractionated only olivine. Experimental studies by Walter (1998) and Herzberg (2006) have 

shown that accumulated fractional melts of peridotite plot above a line defined by CaO = 13.81 - 

0.274*MgO, whereas many experimental partial melts of pyroxenite plot below this line (e.g., 

Hirschmann et al., 2003). Deviation from the peridotite-pyroxenite divide can be expressed as a 

‘pyroxenite index’ = (13.81 - 0.274*MgO) - CaO. Using this definition, partial melts of 

peridotite that plot above the divide have negative values, whereas partial melts of pyroxenite 

that plot below have positive values. Analogously, a ‘volatilized peridotite index’ ( = CaO - 

(2.318* SiO2 - 93.626)) can be established to quantify deviation from the approximate peridotite-

volatilized peridotite dividing line on the CaO versus SiO2 diagram (Herzberg and Asimow, 
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2008). Again, partial melts of volatilized peridotite that plot above the volatilized peridotite 

divide exhibit positive values for the volatilized peridotite index.  

Ross Sea lavas were filtered for MgO > 8 wt. % for application of these indexes (shown 

alongside the alkalinity index in Figure 2-6). Primitive lavas generally exhibit calcium 

enrichments for a given SiO2, and accordingly exhibit positive values for the volatilized 

peridotite index; for comparison, experimental melting of peridotite containing 1.0 - 2.5 wt. % 

carbonate (Hirose, 1997; Dasgupta et al., 2007) produce silicate partial melts with values 

between 6 and 100 for the volatilized peridotite index. Analyzed lavas throughout all samples 

demonstrate a range in values for the pyroxenite index between -2.5 and 2.3, and generally show 

little correlation across the entire sample suite between the two indexes and major oxide, trace 

element, and most isotopic trends. These poor elemental correlations may reflect that mixing 

between multiple lithologies, as opposed to simple binary mixtures between peridotite and 

pyroxenite and/or peridotite ± volatiles, is responsible for generating the geochemical signature 

of Ross Sea magmas. On a smaller spatial scale, such as in the dredged seamounts from the Ross 

Sea, we find good correlations between the pyroxenite index and 206Pb/204Pb (r2 = 0.80), Ce/Pb 

(r2 = 0.93), and TiO2 (r
2 = 0.89).  

The modeled source lithologies (pyroxenite and peridotite ± volatiles) are consistent with 

multiple source contributions to the Ross Sea lavas, and may also be evaluated in a temporal 

framework where age constraints are available. The dredged seamounts dated by Rilling et al. 

(2009) exhibit age relationships with respect to both the pyroxenite and volatilized peridotite 

indexes that are consistent with a transition from a dominantly pyroxenite source to a dominantly 

volatilized peridotite source over the past 5 Ma (Figure 2-6). Given high-pressure experimental 

work has found that the pyroxenite solidus is up to ~50°C cooler than the peridotite solidus 
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(Kogiso et al., 2003), our findings suggest that in the Terror Rift, readily fusible pyroxenite 

lithologies characterized by high 206Pb/204Pb and elevated Ce/Pb were removed during earlier 

episodes of magmatism, leaving the residual mantle increasingly peridotitic in character over 

time. 

Though we find these source filters useful, it is important to note that the role of 

volatilized pyroxenite does not achieve an unambiguous classification from this treatment. Low-

MgO experimental melts of carbonated eclogite (e.g., Dasgupta et al., 2006; Gerbode and 

Dasgupta, 2010) often generate negative values for the pyroxenite index, but positive values for 

the volatilized peridotite index due to the calcium enrichments associated with carbonation. 

Furthermore, depletion of Ca as an effect of clinopyroxene fractionation, either in shallow 

magma chambers or at mantle conditions, can yield geochemical signatures similar to melts of a 

pyroxenite source (Herzberg and Asimow, 2008). Modeling of fractional crystallization using 

MELTS (Ghiorso and Sack, 1995; Asimow and Ghiorso, 1998; Gualda and Ghiorso, 2015) for 

the most primitive (MgO = 13.70 wt. %) sample composition indicates that clinopyroxene may 

crystallize even in primitive Ross Sea lavas with < 9.5 wt. % MgO, which agrees with 

petrographic observations of phenocrystic clinopyroxene in the dredge samples. Modeled high 

pressure fractionation of approximately 10% clinopyroxene, as melts evolve from 9.5 to 8.5 wt. 

% MgO, can cause values for the pyroxenite index to increase by ~1.3 units. Samples filtered for 

MgO > 9.5 wt. % maintain the good correlations between 206Pb/204Pb, Ce/Pb, and TiO2 and the 

pyroxenite index, as well as age relationships between both the pyroxenite and volatilized 

peridotite indexes observed among the dredged seamounts, suggesting that these trends are not 

dominated by clinopyroxene fractionation.  
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Comparisons with high pressure melting experiments of various source lithologies 

provide further insight into the major element systematics of the Ross Sea lavas (Figure 2-7). In 

these studies, partial melt experiments were conducted at comparable pressures to the melting of 

the mantle below the Ross Sea, 1.5 - 5 GPa, but at higher temperatures (1150 - 1700°C) than the 

Ross Sea geothermal gradient, which has a temperature range of 1100 - 1150°C at the estimated 

pressures (Berg et al., 1989; Perinelli et al., 2006). Estimated Ross Sea primary magma 

compositions, represented by the most primitive of the analyzed lavas (samples 04DRE4-74 and 

05DRE5-85; MgO = 11.27 and 12.43 wt. %, respectively), range to SiO2, Al2O3, and Na2O 

contents that are too low to be derived from anhydrous peridotite, fertile peridotite, and fertile 

peridotite with basaltic veins (Hirose and Kushiro, 1993; Kogiso et al., 1998; Walter, 1998). 

Primitive Ross Sea magmas generally fall between fields for melts of carbonated peridotite 

(Hirose, 1997; Dasgupta et al., 2007), silica-deficient garnet pyroxenite (Hirschmann et al., 2003; 

Kogiso et al., 2003), and carbonated eclogite (Dasgupta et al., 2006; Gerbode and Dasgupta, 

2010; Kiseeva et al., 2012), consistent with a source region composed of mixed lithologies. 

Primary magma compositions overlap with those of garnet pyroxenite melts at pressures between 

2.5 and 5 GPa, corresponding to ~90 - 110 km depth. Considering that lithospheric thickness 

beneath the WARS has been modeled at ~80 km (Huerta and Harry, 2007), this suggests that the 

source region is, at least in part, sublithospheric. A garnet-bearing source is further supported by 

elevated light to heavy REE ratios and steep patterns of LREE enrichment on the multi-element 

diagram. Carbonated peridotite yields another potential match between experimental melts and 

Ross Sea primary magmas, although the primitive Ross Sea compositions plot at lower MgO wt. 

% than the experimental melts of carbonated peridotite at 3 GPa (Hirose 1997; Dasgupta et al. 

2007). This difference can be explained by crystal fractionation, which would simultaneously 
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decrease MgO and Al2O3 and increase SiO2. Both olivine and clinopyroxene phenocrysts are 

present in these lavas, supporting the occurrence of this process.  

Pilet et al. (2008) postulate that involvement of amphibole in the melt region can explain 

trace element distribution patterns observed in OIB that share many characteristics with primitive 

Ross Sea lavas, including positive Ta-Nb and negative Pb and Rb anomalies (Figure 2-3A-C). 

Additionally, the Ba/Rb (9.5 - 44) and Rb/Sr (0.076 - 0.013) of Ross Sea lavas range to values 

suggestive of melting in the presence of metasomatic hydrous phases such as phlogopite and 

amphibole in the lithosphere (Furman and Graham, 1999). Although preferential removal of Rb 

during subaerial weathering can alter Ba/Rb, moderate Rb concentrations (12 – 86 ppm) do not 

indicate that these ratios are primarily a weathering feature. Correlation between Ba/Rb and high 

Na2O/K2O (1.68 – 4.42 for samples with MgO > 7 wt. %) in the Ross Sea lavas lends further 

support for melting in the presence of Na-amphibole. Experimental melts of hornblendite and 

hornblendite veins in peridotite at 1.5 GPa match the SiO2, CaO, and Na2O contents of Ross Sea 

primary magmas, but are too rich in Al2O3 to fully explain the observed lava compositions (Pilet 

et al., 2008). Amphibole has been observed in metasomatic veins crosscutting mantle xenoliths 

from the region (e.g., Perinelli et al., 2006) and would typically suggest a lithospheric, rather 

than sublithospheric source, although thermodynamic modeling indicates that amphibole may be 

stable to pressures of 2.5 GPa in the presence of  >700 ppm H2O (Asimow et al., 2004). 

Generally, the Ross Sea lavas exhibit trace element signatures (e.g., LILE/HFSE, including 

Hf/Rb and Sr/Nb) that suggest both asthenosphere and fluid-modified lithosphere have been 

sampled, although inconclusive correlations between these trace element pairs and isotopic 

signatures indicate that multiple episodes and different types of melting may have modified the 

magma source beneath the region through removal of fluid-mobile LILE. 
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Figure 2-7. Comparisons of estimated Ross Sea primary melt compositions (dark grey squares) 

with high-pressure experimental melt compositions. Light grey shaded region indicates all 

magma compositions from this study. 

 

The overall enrichment of incompatible elements relative to primitive mantle, positive 

Nb-Ta anomalies and Pb negative anomaly, and Sr-Nd-Hf-Pb isotopic ratios of Ross Sea lavas 

suggest the involvement of a high-µ component in the source. The lavas plot near extreme high-

µ lavas from St. Helena and Mangaia (which, going forward, we will simply refer to as “HIMU,” 

using the endmember definition of Hart et al., 1986) and C/FOZO-type lavas from the Cook-

Austral Islands with respect to Sr, Nd, and Hf isotopic ratios (Stracke et al., 2005, and references 

therein), and at very radiogenic values for 206Pb/204Pb that fall between the MORB array and 

HIMU. This decoupling of the Pb isotopic system from Nd and Sr was noted previously by Hart 

et al. (1995), and is consistent with lavas throughout the WARS (Hart and Kyle, 1993; Hart et 

al., 1997; Panter et al., 2000, 2006; Nardini et al., 2009). Although many previous studies have 

interpreted these isotopic signatures in a traditional HIMU context – that is, the extreme 
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radiogenic Pb-isotope endmember sampled by lavas at St. Helena and Mangaia and thought to 

represent deeply recycled ancient subducted ocean lithosphere – the less radiogenic 206Pb/204Pb 

values observed in this study show distinct affinities for the C or FOZO mantle end member. 

Particularly with consideration of 87Sr/86Sr and 208Pb/206Pb relationships (Figure 2-8), moderately 

radiogenic Pb and Sr isotopic signatures in C or FOZO-type lavas can be readily discerned from 

very radiogenic Pb and relatively low 87Sr/86Sr exhibited by endmember HIMU lavas (Stracke et 

al., 2005). Unlike traditional HIMU, for which there is increasing evidence to support an origin 

as a relatively rare mantle component sampled in only a few type localities (Stracke et al., 2005), 

the range of C-like isotopic compositions can be attributed to the global process of continuous 

recycling of ocean lithosphere (crust + mantle), with varying isotopic compositions as the result 

of variable age, marine sediment composition, and U/Pb of the precursor material (Hart et al., 

1992; Hanan and Graham, 1996; Stracke et al., 2005; Castillo, 2014).  

The most radiogenic C signatures, HIMU, and high-µ domains in general are traditionally 

thought to be derived from recycled ocean lithosphere with high 238U/204Pb that has been 

sequestered in the mantle, potentially at the core-mantle boundary, for times scales on the order 

of 109 years until remobilized by ascending mantle plumes (Hofmann and White, 1982; Hart et 

al., 1986). This material may continue to be cycling through the sublithospheric mantle beneath 

the WARS, or may be frozen as melt veins in the lithospheric mantle. Alternative explanations 

suggest that high-µ domains may be generated in the lithosphere (Stein et al., 1997; Halliday et 

al., 1995; Panter et al., 2006; Rooney et al., 2014) by subduction processes that produce 

enrichment of U relative to Pb at shallow depths over time scales on the order of 108 years. In 

models for subduction-generated chromatographic metasomatism, deeply dehydrated slab-

derived fluids (including aqueous fluids, silicate melts, and supercritical silicate-aqueous fluids) 



37 
 

interact with the overlying mantle wedge to form metasomes containing amphibole, phlogopite, 

and Nb-oxide that are highly retentive of (and therefore concentrate) Nb in the lowermost portion 

of the mantle wedge (Navon and Stolper, 1987; Ivanov and Hofmann, 1995; Stein et al., 1997; 

Pilet et al., 2005). Subsequent partial dehydration of this metasomatized region depletes it in 

fluid mobile Rb and Pb relative to Th, U, and Nb. After cessation of subduction, metasomatized 

domains with elevated Nb, U/Pb, and Th/Pb and low Rb/Sr may be preserved as veins in the 

lithosphere over time scales sufficient to generate the most radiogenic C and high-µ isotopic 

signatures. In addition to this lithospheric source, slab remnants may pollute the upper mantle 

and can be preserved if inefficiently homogenized by convection (as opposed to being 

transported to the core-mantle boundary to stagnate prior to ascent as a mantle plume). A high-µ 

source for the Ross Sea lavas located at least partially in the lithosphere and/or foundered in the 

upper mantle and related to the region’s history of subduction during the Paleozoic and Mesozoic 

(Mukasa and Dalziel, 2000) would be consistent with major-oxide and trace-element trends 

suggesting that Ross Sea lavas sample multiple lithologies, including amphibole-bearing 

metasomatic veins, eclogite or pyroxenite (as remnants or crystallized transient melts of altered 

subducted ocean crust), and carbonated pyroxenite or peridotite in the SCLM and upper mantle. 

High-µ type magmas are characterized by elevated Nb/Th and Ce/Pb and low Ba/Nb and 

La/Nb, consistent with the involvement of ancient, subduction-modified ocean lithosphere in 

their source. The Ross Sea lavas exhibit Nb/Th (6.84 - 15.2), Ba/Nb (5.08 - 14), Ce/Pb (34.8 - 

70), and La/Nb (0.624 - 0.856) that overlap with values characteristic of both high-µ and EM 

sources (Figure 2-9). The Ross Sea lavas also plot between the C, EMI, and EMII end members 

on the 177Hf/176Hf versus 87Sr/86Sr diagram, which suggests some contribution of continental 

material in the melt source. Although radiogenic Sr isotopic compositions may reflect crustal 
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assimilation, Ross Sea lavas exhibit relatively low Ba/Nb and La/Nb in sharp contrast with 

higher Ba/Nb (~124) and La/Nb (~2.2) expected for continental crust (Weaver. 1991), as well as 

elevated Nb/U (average of ~48) poorly correlated with 87Sr/86Sr that collectively do not indicate 

extensive crustal assimilation. Radiogenic Sr isotopic signatures characteristic of EM sources are 

believed to be produced through variable enrichment of the upper mantle by lower and upper 

continental crust ± marine sediment (Hofmann and White, 1982; Weaver, 1991; Chauvel et al., 

1992; Willbold et al., 2006; Jackson et al., 2007; Chauvel et al., 2008; Jackson and Dasgupta, 

2008; Willbold et al., 2010). Both addition of continental sediments into the subduction trench 

and mechanical erosion of the continental lithosphere during subduction (e.g., von Huene et al., 

2004) would provide reasonable mechanisms for the delivery of continental material to the upper 

mantle, and again would be consistent with West Antarctica’s history as an active margin. In the 

model described by Willbold et al. (2010), recycling of continental and ocean lithosphere to form 

EM and C components, respectively, occurs simultaneously during subduction processes, such 

that the two reservoirs are genetically linked (Hanan and Graham, 1996; Stracke et al., 2005). 

In summary, we identify a dominantly C-like component, with minor contributions from 

EM components, as the major sources of Ross Sea magmatism. Isotopic and major-oxide 

systematics of the Ross Sea lavas are consistent with a history in which 550 - 110 Ma subduction 

along the paleo-Pacific margin of Gondwana generated hydrated amphibole and/or phlogopite-

bearing metasomes in the lithosphere, dispersed pyroxenite bodies in the form of crystallized 

transient melts or slab remnants, as well as minor amounts of eroded continental lithosphere 

throughout the upper mantle, and broadly infused the upper mantle beneath the region with 

volatiles. A 60 Myr hiatus elapsed before the inception of amagmatic rifting in the Cretaceous 

(Salvini et al., 1997). Within the Terror Rift, positive correlations between the pyroxenite index 
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and both 206Pb/204Pb and Ce/Pb suggest that pyroxenite is the high-µ source lithology. Given the 

similarities between the most primitive dredged samples from the Terror Rift and 2.5 - 5.0 GPa 

experimental melts of silica-deficient garnet pyroxenite (Hirschmann et al., 2003; Kogiso et al., 

2003) and carbonated eclogite (Dasgupta and Hirschmann, 2006; Gerbode and Dasgupta, 2010; 

Kiseeva et al., 2012), the pyroxenite domains may exist as fragments of subduction-modified 

ocean lithosphere dispersed in the upper mantle beneath the rift, or as crystallized melts 

pervading through the lithosphere. Experimental partial melts indicate that the pyroxenite solidus 

is ~50°C cooler than the anhydrous peridotite solidus (Kogiso et al., 2003), and in the presence 

of carbonate may be up to 100°C cooler than the solidus for a volatile-free lithology (Dasgupta 

and Hirschmann, 2006; Gerbode and Dasgupta, 2010). It is therefore a reasonable hypothesis that 

readily fusible pyroxenite would be preferentially melted out during lithospheric stretching and 

associated decompression over the past 50 Myr. As these sources have become exhausted, the 

latest magmas to be produced beneath the WARS increasingly reflect the volatilized peridotite 

character of the background mantle throughout the region.  

 

 
Figure 2-8. 208Pb/206Pb versus 87Sr/86Sr for analyzed Ross Sea lavas. Red field indicates data for 

St. Helena (Chaffey et al., 1989; Newsom et al., 1986; Chauvel, 1992; Salters and White, 1998) 

and Mangaia (Woodhead, 1996) HIMU basalts. Green field indicates data for Austral-Cook 

C/FOZO (Lassiter et al., 2003) basalts. 
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Figure 2-9. Ba/Nb versus La/Nb and Ce/Pb versus La/Th for Ross Sea lavas. Shaded fields for 

St. Helena, Society Islands, Kerguelen, and East Pacific Rise (EPR)-Pacific Antarctic Ridge 

(PAR) basalts are for data compiled from the GeoROC database (http://georoc.mpch-

mainz.gwdg.de/georoc/). References for this compilation are available in the supporting 

information. 

 

5.2. Existing magma source models 

 The mantle plume concept has been proposed in the MBL portion of the WARS due to 

geophysical evidence of crustal doming (LeMasurier and Rex, 1989; Behrendt, 1999; 

LeMasurier et al., 2003). LeMasurier and Landis (1996) calculated a maximum of ~3 km of 

tectonic Neogene uplift associated with the MBL plume, but more recent studies have challenged 

key assumptions regarding pre-plume versus syn-plume topography and plume-related uplift 

(Wilch and McIntosh, 2000; Luyendyk et al., 2001). Recent geophysical studies identify upper 
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mantle thermal anomalies associated with evidence for a partially hydrated transition zone (Emry 

et al., 2015) and a deep-seated (>800 km depth) seismic low-velocity anomaly (Hansen et al., 

2014) as further evidence for a mantle plume beneath Marie Byrd Land, but geophysical 

evidence is not supportive of the plume model for the Cenozoic volcanism in NVL (Berg et al., 

1989; Perinelli et al., 2006), where crustal doming similar to MBL has not been observed. 

Although a low-velocity anomaly has been identified beneath Ross Island (Hansen et al., 2014), 

its relatively shallow depth (~200 - 300 km) and broad lateral extent is inconsistent with the 40 

km diameter plume head proposed by Kyle (1992) and Esser (2004), and it does not appear to be 

connected to the MBL low-velocity anomaly at depth.  

The broad, diffuse geometry of both the Ross Sea seismic anomaly and the DAMP 

seismic anomaly imaged beneath most of the Southern Ocean (Finn et al., 2005), coupled with 

active magmatism that spans thousands of kilometers over the past 30 Myrs, lends doubt over 

these features being generated by a deep-seated mantle plume.  Alternative models (e.g., Rocholl 

et al., 1995; Hart et al., 1997; Wörner , 1999; LeMasurier et al., 2003) suggest that WARS 

magmatism was produced by two-stage melting punctuated by a considerable amount of time, 

but still require an enriched mantle plume source or upwelling during initial Gondwana breakup 

in the Jurassic, followed by second-stage melting due to rift-induced decompression. Because of 

these complications and the fact that the geochemical data presented in this study are best 

explained by other processes, we infer that a mantle plume is not the dominant mechanism 

responsible for Ross Sea magmatism.   

 Anomalous seismic structures observed below the WARS, previously interpreted within a 

mantle plume framework, may also be explained by the history of subduction along the paleo-

Pacific margin of Gondwana. Numerous tomographic studies (Sieminski et al., 2003; Finn et al., 
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2005; Watson et al., 2006) have attributed slow seismic anomalies below the WARS to hotter 

mantle temperatures in this region. More recent seismic studies using P-wave tomography 

(Hansen et al., 2014) and P-wave receiver functions (Emry et al., 2015) have identified the 

presence of potential deeper low velocity zones (~ 800 km) beneath Marie Byrd Land (Hansen et 

al., 2014), and two regions where the mantle transition zone may be hotter due to upwelling from 

below (Emry et al., 2015). An alternative explanation is that these anomalous mantle structures 

are due to chemical variations (e.g., Emry et al., 2015) introduced during ancient subduction. As 

the lithosphere thinned during rifting, the mantle underwent decompression; small amounts of 

either water, carbon, or pyroxenite could account for larger amounts of melting than expected in 

an anhydrous peridotite mantle (Asimow and Langmuir, 2003; Kogiso et al., 2003). Several 

authors (Zipfel and Worner, 1992; Coltorti et al., 2004; Perinelli et al., 2006; Cooper et al., 2007) 

have noted the presence of hydrous phases, including amphiboles and phlogopite, in mantle 

xenoliths from Victoria Land, which in concert with the broad low-velocities anomalies 

identified by extended seismic coverage (e.g., Emry et al., 2015) supports the hydrated mantle 

hypothesis. 

5.3. New magma source model 

 Our proposed model calls for multistage melt generation sampling a multi-lithologic 

source, and is summarized in Figure 2-10. Between 550 and ~110 Ma, subduction took place 

along the paleo-Pacific Gondwanan margin (Mukasa and Dalziel, 2000). Flux melting 

preferentially removed LILE and fluid mobile elements, including Pb, from the overlying mantle 

wedge, continuously creating domains of high (U, Th)/Pb and low Rb/Sr, while interactions 

between slab dehydration fluids and mantle peridotite generated amphibole- and phlogopite-rich 

veins. Pyroxenite was simultaneously generated as crystallized transient melt pervading through 
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the lithospheric mantle, or as fragments of subducted ocean lithosphere shallowly cycling 

through the upper mantle beneath the region. Mechanical erosion of the continental lithosphere 

likely contributed additional heterogeneity to the upper mantle to produce more radiogenic 

87Sr/86Sr in the Ross Sea lavas that trend toward EM. Radiogenic ingrowth of these diverse 

compositional domains continued after the cessation of subduction and during the largely 

amagmatic rifting that followed. WARS rifting began in the late Mesozoic, thinning the 

lithosphere and changing patterns of mantle convection after the end of subduction (Finn et al., 

2005). Magmas were generated from both decompression of hot, volatilized asthenosphere and 

thermal erosion of the metasomatized lithosphere. During the latest stages of Cenozoic rifting, 

melting became more localized as a result of broad extension transitioning to the opening of 

separate basins (Rossetti et al., 2006). Decompression and thermal erosion in the Ross Sea basins 

are not significant enough to melt pure anhydrous peridotite sources, but could initiate melting of 

carbonated peridotite and gt-pyroxenite inferred to exist in the upper mantle. This is especially 

definitive considering that significant amounts of water are also present in olivine-hosted melt 

inclusions (Aviado et al., 2013; Chapter III of this dissertation), as is also supported by 

observations of amphibole and phlogopite in mantle xenoliths from the region.  
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Figure 2-10. Schematic of a new magma source model for Ross Sea magmatism. A) The 550 – 

100 Ma subduction zone along the paleo-Pacific margin of Gondwana (Mukasa and Dalziel, 

2000); percolation of slab dehydration fluids and associated flux melting remove LILE and fluid-

mobile Pb and Rb in the mantle wedge, precipitate amphibole in lithospheric veins, and broadly 

volatilize the upper mantle beneath West Antarctica. Subduction-processed slab remnants, 

including eclogite ± marine sediment, are isolated at the base of the lithosphere or poorly 

convected in the upper mantle after cessation of subduction. These processes generate reservoirs 

with elevated (U, Th)/Pb and Nb and low Rb/Sr that are precursors to high-µ domains, while 

eroded continental material generates the EM component. B) Radiogenic ingrowth of high-µ 

domains produced in the lithosphere and upper mantle since 550 Ma continues until largely 

amagmatic Cretaceous rifting associated with breakup of Gondwana. This extension may have 

been accompanied by production of small-degree melts that crystallized in lithospheric veins 

(e.g., Nardini et al., 2009). C) Lesser Cenozoic extension generates magmas through 

decompression of hot, volatilized asthenosphere and metasomatized lithosphere, sampling high-µ 

and EM domains. 
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6. Conclusion 

Alkaline basaltic samples dredged from seamounts in the Ross Sea, Franklin and 

Beaufort Islands, and the Mt. Melbourne region of northern Victoria Land are chemically similar 

to other volcanic rocks throughout the WARS.  A mantle plume model has been invoked 

previously to explain Cenozoic WARS magmatism, but comparisons to experimental melts of 

fertile peridotite do not match the major-oxide concentrations of the Ross Sea lavas.  The 

analyzed lavas exhibit major-oxide trends indicative of a multi-lithologic source that potentially 

includes carbonated peridotite, carbonated eclogite/pyroxenite, and amphibole-bearing 

metasomes. The pressures associated with experimental melts of these diverse source lithologies 

range from lithospheric (1.5 GPa) to sublithospheric (2.5 - 5.0 GPa), suggesting that Ross Sea 

lavas sample both metasomatized thinning lithosphere and upwelling volatilized asthenosphere. 

These source lithologies are consistent with the region’s long-lived subduction history. The Ross 

Sea lavas possess an overall enrichment in incompatible elements; however, the large negative 

Pb anomaly and the LILE distribution patterns support a model in which fluid-mobile elements 

are removed from the residual mantle lithosphere source during the subduction-related volcanism 

along the paleo-Pacific Gondwanan margin. Heterogeneity in the extent of LILE removal 

suggests that melts are polybaric with varying degrees of asthenospheric and lithospheric 

contributions.  

In the Terror Rift, considered the locus of the most recent rifting and magmatism, age 

relationships between the pyroxenite index and the volatilized peridotite index are consistent 

with a transition from a pyroxenite source to a volatilized peridotite source over the past 5 Ma. 

This would suggest that easily fusible pyroxenite lithologies characterized by elevated 

206Pb/204Pb and Ce/Pb consistent with a high-µ source were removed preferentially during earlier 
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episodes of magmatism, leaving the residual mantle increasingly peridotitic in character over 

time. The Sr-Nd-Hf-Pb systematics of the Ross Sea lavas are similar to those of the C component 

(Hanan and Graham, 1996) or FOZO end member (Hart, 1986). Highly radiogenic (though not 

as extreme as the HIMU end member) 206Pb/204Pb in this source may be ascribed to continuous 

recycling of ocean lithosphere at subduction zones (Hart, 1986; Hanan and Graham, 1996; 

Stracke et al., 2005).  Although C and other high-µ mantle domains are thought to be isolated in 

the deep mantle for long timescales, it is possible for similar isotopic, trace element, and major-

oxide signatures to be generated over shorter timescales in the upper (and lithospheric) mantle, 

given the appropriate chemical processing of the precursor material through subduction zones. In 

the WARS, the history of subduction during the Paleozoic and Mesozoic would have provided a 

likely mechanism for such processing.  
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CHAPTER III 

 

WEST ANTARCTIC RIFT VOLCANISM ENHANCED BY A VOLATILE LEGAGY OF 

ANCIENT SUBDUCTION 

Abstract 

Volatile presence, particularly H2O and CO2, in the mantle source regions of basaltic 

magmas profoundly influences melt generation and productivity. In the West Antarctic Rift 

System (WARS), understanding the role of volatiles is critical to resolving questions regarding 

the production of unusually voluminous Cenozoic alkaline magmas and the geodynamics 

supporting ongoing rifting. Here, we present new major-oxide, trace-element, and volatile data 

from olivine-hosted melt inclusions to evaluate the chemical systematics of undegassed 

magmas. Melt inclusion compositions show that the West Antarctic mantle is broadly enriched 

in volatiles, likely due to modification by hydrous and CO2-bearing fluids. We link these 

findings to recent geophysical studies of the region and ultimately the West Antarctic tectonic 

history, in which Paleozoic - Mesozoic subduction along the paleo-Pacific margin of Gondwana 

generated volatilized components in the mantle. We suggest that consequent fusible lithologies 

importantly contribute to rifting-driven decompression melting in the WARS. 

 

1. Introduction 

Mantle volatiles – particularly H2O – play an important role in the petrogenesis of 

intraplate magmas by lowering the mantle solidus (Green, 1973) and influencing partial melt 

compositions (Grove et al., 2006). Geochemical similarities between intraplate alkaline magmas 

and high-pressure experimental melts of carbonated mantle lithologies have indicated that CO2 
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is also critical to the generation of silica-undersaturated, highly alkalic magmas common to 

many ocean island basalts (OIB; Hirose, 1997; Dasgupta et al., 2007a; Dasgupta et al., 2006; 

Mallik and Dasgupta, 2014). Subduction-zone recycling of oceanic lithosphere and sediments 

serves as a key process for introducing H2O, CO2, and chemically heterogeneous domains into 

the mantle. However, many aspects of the nature, transport, and fate of these volatile-bearing 

components in the mantle remain enigmatic. 

The West Antarctic Rift System (WARS), one of the largest continental extensional 

provinces in the world, is characterized by widespread Cenozoic volcanism dominated by 

alkaline products (LeMasurier and Thompson, 1990). In addition to its large size and unusually 

voluminous volcanism, the WARS mantle is associated with a low-velocity seismic anomaly 

that has been attributed to a plume acting beneath the region (e.g., Sieminski et al., 2003). 

Numerous mantle sources for rift lavas have been proposed, including a plume beneath Marie 

Byrd Land (MBL; LeMasurier and Landis, 1996; Hart et al., 1997; Wörner, 1999) and a source 

stratified with the remnants of a plume head related to the Karoo large igneous province (Riley, 

2001). However, the shallow, diffuse geometry of the pervasive low-velocity anomaly 

underlying West Antarctica and extending between rifted margins that were once conjugate 

along the paleo-Pacific margin of Gondwana is inconsistent with classical models for a 

thermally buoyant plume (Ritzwoller et al., 2001; Finn et al., 2005). Observations of only 

modest heat flow beneath the rift (Ramirez et al., 2016) are similarly incongruous with magma 

genesis from a large thermal structure beneath the WARS. Alternative melting models highlight 

the possibility for decompression melting of volatilized and/or pyroxenitic components 

associated with lowered solidus temperatures even well after subduction cessation (Hart et al., 

1\997; Panter et al., 2000; Perinelli et al., 2006; Aviado et al., 2015). 
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Recent geophysical studies have suggested that a volatile-rich mantle could produce the 

seismic anomalies beneath the WARS (Hansen et al., 2014; Emry et al., 2015; Graw et al., 

2016), lending support to the idea that the low-density mantle structures are at least in part 

compositional (Hofmann and White, 1982). The paleo-Pacific margin of Gondwana underwent 

nearly 500 million years of episodic subduction prior to Cretaceous continental breakup (Rocchi 

et al., 1998; Mukasa and Dalziel, 2000), providing a reasonable mechanism for emplacement of 

volatilized, easily fusible lithologies capable of facilitating mantle melting. Subduction-zone 

processing of oceanic lithosphere is also consistent with the observed geochemistry of WARS 

lavas, particularly with respect to trace element systematics and observations of high- µ (µ = 

238U/204Pb) isotopic signatures (Hart et al., 1997; Wörner, 1999; Panter et al., 2000; Perinelli et 

al., 2006; Aviado et al., 2015) that suggest the involvement of slab-derived fluids in the 

production of amphibole-bearing metasomatic domains. While these observations collectively 

imply that volatile-rich subduction components in the upper mantle and lithosphere are 

contributing to WARS magmatism, a more comprehensive understanding of the volatile budget 

of the underlying mantle is critical if we are to reconcile geochemical, geophysical, and 

geodynamic observations within the rift. In this study, we present new major oxide, trace 

element, and volatile species (CO2, H2O, F, S, Cl) concentrations in olivine-hosted melt 

inclusions (MIs) to evaluate the nature and provenance of volatilization in the WARS mantle.  
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Figure 3-1. Map of Antarctica (inset, bottom left) showing sample locations in Northern 

Victoria Land (NVL) and Marie Byrd Land (MBL) on both flanks of the West Antarctic Rift 

System (WARS). 

  



55 
 

2. Samples and Methods 

 Olivine phenocrysts were selected from host lava flows in Northern Victoria Land 

(NVL) and Marie Byrd Land (MBL) to encompass both flanks of the WARS (Figure 3-1). The 

host lavas are comprised of relatively fresh, phyric basanites; more detailed sample descriptions 

and their geochemistry can be found in LeMasurier and Thompson (1990) and Aviado et al. 

(2015). It is significant to note that in MBL, inferences of crustal doming (LeMasurier and 

Landis, 1996), together with observations of Pb-isotopic signatures approaching the HIMU 

mantle endmember in Cenozoic lavas, have been interpreted as evidence for a ~600 km-

diameter plume beneath the region (LeMasurier and Landis, 1996; Hart et al., 1997; Wörner, 

1999; Panter et al., 2000). In NVL, however, a lack of similar compelling structural and 

geophysical (e.g., Graw et al., 2016) evidence do not support the occurrence of similar plume 

activity. 

Because naturally homogeneous, glassy melt inclusions are rare in this suite of subaerial 

samples, we employed a rehomogenization procedure as described in Cabato et al. (2015). 

Because volatile solubility in silicate melts increases with increasing pressure (e.g., Moore et al., 

1998), the rehomogenization was performed at elevated pressure (6 kbar) to minimize exsolution 

and bubble formation. The rehomogenization experiments were performed at the Piston Cylinder 

Laboratory at Rensselaer Polytechnic Institute using experimental cell and capsule designs 

modified from Trail et al. (2012). Olivine grains were packed in graphite powder inside graphite 

capsules and equilibrated in a NaCl pressure medium to a temperature of 1300°C and a pressure 

of 6 kbar for 10 minutes, then rapidly quenched. Inclusions were first analyzed for CO2, H2O, F, 

S, and Cl with the Cameca 1280 IMS secondary ion mass spectrometer (SIMS) at Woods Hole 

Oceanographic Institution using a 133Cs+ primary beam and a 500 nA current rastered to a 20 
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µm-diameter spot. Secondary ions of 12C, 16O1H, 19F, 30Si, 32S, and 35Cl were monitored for a 

uniform ion image with the highest intensity signal centered on the field aperture. Individual 

measurements were collected after 240 seconds of pre-sputter, and then counted for a minimum 

of 10 cycles. Calibration curves were produced by repeat measurements of nine standard glasses 

of known volatile species abundances. Replicate measurements of standard glass Alvin 519-4-1 

were conducted to monitor instrument performance and yielded relative error of 8.2% or better 

for C, F, S, and Cl, and 12.6% for H2O.  

Olivine major-oxide compositions were measured on the JEOL-JXA-8200 Superprobe at 

the Massachusetts Institute of Technology (MIT) Electron Microprobe Facility using a 15 kV 

accelerating voltage, 4 nA beam current, and a ~1µm focused beam. Melt-inclusion major-oxide 

compositions were measured at MIT using the same analytical conditions as host olivine grains, 

but with a 10 µm unfocused beam. Counting times were 5s for Na and 40s for all other elements. 

Replicate analyses of the glass standard Alvin 1690-20 yielded relative error of 1.72% for CaO, 

0.19% for SiO2, 0.11% for Al2O3, 1.50% for FeO, 0.89% for MgO, and 7.47% for K2O (Grove et 

al., 1992). Li-U trace element abundances for MIs were determined using a Photon Machines 193 

nm Excimer laser ablation platform and a NuAttoM HR single-collector ICP-MS at the 

University of New Hampshire. Analyses were conducted with a 25µm spot size, 5.40 J/cm2 

fluence, and a 4 Hz rep rate. Raw data were processed in Iolite (Paton et al., 2011) using as an 

internal standard 43Ca (as determined from electron microprobe CaO measurements). 

Instrumental drift was corrected by bracketing unknowns with the KL2-G glass standard using 

reference values from Jochum et al. (2005). Replicate measurements (n = 15) of glass standard 

ML3-BG performed throughout analytical runs indicate that trace elements are accurate to ±11% 

for U, to ±8% or better for Li, V, Ni, Rb, and Sm, and to ±5% or better for all other elements 



57 
 

(Jochum et al., 2005). Full analytical details and standard reproducibility information are shown 

in Appendix 2.2. 

3. Geochemistry of olivine hosted melt inclusions 

3.1 Volatiles (CO2, H2O, F, S, and Cl) 

Melt inclusion (MI) volatile compositions exhibit markedly variable enrichments relative 

to typical MORB values. Sources of MI compositional heterogeneity, particularly with respect to 

H2O and CO2, can arise from multiple processes, including post-entrapment modification, 

diffusive re-equilibration, inclusion of supersaturated heterogeneous melts, and polybaric 

conditions of entrapment. In particular, it has been well-documented that melt inclusion 

chemistry can be altered by post-entrapment modification during natural cooling or during 

laboratory rehomogenization (e.g., Danyushevsky et al., 2002; Jennings et al., 2017, among 

others). To evaluate the effects of post-entrapment crystallization (PEC) of olivine onto 

inclusions rims, which may concentrate incompatible species, including volatiles, in the 

remaining glassy melt, we performed incremental addition of olivine until inclusions were in 

equilibrium with the host using the Petrolog3 software package (Danyushevsky and Plechov, 

2011). This was achieved by performing a reverse crystallization, which models the addition of 

crystallized minerals back into the melt, thus moving it along a cotectic towards a more primitive 

composition. We excluded melt inclusions with measured MgO contents less 7 wt. % (n = 24) 

for our PEC corrections and the discussion that follows, as the melts have likely fractionated 

additional phases, and can bear accordingly elevated CO2 contents (Maclennan, 2017). The 

calculations were carried out at 1 kBar and KD
ol-liq (Fe2+/Mg) = 0.28, a value appropriate for 

these highly alkaline, silica-undersaturated melts considering that KD
ol-liq decreases with 

increasing melt alkalinity and decreasing silica content (Gee and Sack, 1988). The resultant 
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amount of post-entrapment olivine required to achieve equilibrium with the host olivine forsterite 

content is then used to correct trace element and volatile species concentrations. The amount of 

olivine required to correct our MI compositions ranged from 0 to +23.8, although approximately 

one third of the MIs required no olivine addition. It is important to note that none of our MI 

compositions yielded negative values for olivine addition that would suggest Fe-gain by 

assimilation of host olivine into the melt during laboratory overheating (Danyushevsky et al., 

2000).  Melt inclusions exhibiting greater than 20% PEC (n = 11) were removed from the figures 

and discussion that follow, and excluding these highly-corrected samples, our sample suite 

required an average of 4.6% addition of olivine. Both the measured and corrected values are 

reported in Table 1, and comparisons of measured versus PEC-corrected H2O and CO2 are 

shown in Appendix 2.3. 

Volatile species abundances (corrected for PEC) range up to 5755 ± 355 ppm for CO2, 

2.55 ± 0.18 wt. % for H2O, 964 ± 25 ppm for F, 2353 ± 70 ppm for S, and 1222 ± 37 ppm for Cl 

in NVL MIs. High CO2 and H2O in these melts are consistent with reported maxima of 7300 

ppm CO2 and 1.75 wt. % H2O measured in olivine-hosted MIs from basanitic lavas at currently 

active Mt. Erebus (Oppenheimer et al., 2011), but our results highlight the ubiquitous nature of 

volatiles in the region. MBL MIs exhibit systematically lower volatile abundances ranging up to 

2620 ± 277 ppm CO2, 1.11 ± 0.03 wt. % H2O, 937 ± 33 ppm F, 1779 ± 56 ppm S, and 903 ± 28 

ppm Cl. Melt inclusion water content generally increase and exhibit a greater range of values 

with increased melt MgO content and host-olivine Mg#. Ratios of volatile species to 

incompatible elements with similar partitioning behavior – such as H2O/Ce, CO2/(Ba, Nb), and 

S/Dy – are, with the exception of S, lower than suggested ratios for undegassed mantle melts 

(Michael, 1995; Saal et al., 2002; Cartigny et al., 2008, Le Voyer et al., 2017), suggesting MI 
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compositions have lost H2O and CO2 relative to their primary compositions (Figure 3-2). Ratios 

of CO2 to Nb and Ba show consistent patterns (Figure 3-2b and d), and are scattered to 

relatively low values indicating that they have lost CO2 relative these refractory trace elements. 

This suggests that even the most CO2-rich inclusions do not capture the initial composition of 

the original undegassed melts (e.g., Rosenthal et al., 2015, and references therein). Using 

CO2/Nb = 239 of undegassed Siquieros olivine-hosted melt inclusions (Saal et al., 2002), 

reconstructed CO2 concentrations in the initial WARS undegassed melts may be as high as ~1 

wt. %, which is consistent with high-pressure experimental melts of peridotite + 1 wt. % CO2 

(Dasgupta et al., 2007a). However, these predictions are based on the lower end of the observed 

range in CO2/Nb among the global dataset of undegassed mantle melts, and if the undegassed 

CO2/Nb is closer to the value of 557 suggested by Le Voyer et al. (2017), the WARS initial 

melts may be considerably more enriched. Recent work by Rosenthal et al. (2015) and Michael 

and Graham (2015) suggest that CO2/Ba is instead a more reliable tool for reconstructing initial 

melt CO2, as its incompatibility is more similar to CO2 than is that of Nb. CO2/Ba ratios predict 

even higher CO2 in the initial melts that may have ranged up to ~3 wt. %. 

Melt inclusion water contents generally increase and exhibit a greater range of values 

with increased melt MgO content and host-olivine Mg#. This attenuation of variability with 

decreasing host Mg# is mirrored in the La/Yb of the melt inclusions, which is consistent with 

the idea that the melts trapped closest to the mantle source record an enriched and 

heterogeneous source, whereas more evolved melts entrapped subsequently record increasing 

magma homogenization and degassing (e.g., Jennings et al., 2017). This suggests that the melt 

source beneath the WARS is likely poorly mixed, which may be attributed to fast magma ascent 
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rates through thinned rifted lithosphere, or may suggest that the source of these melts is not as 

hot as would be expected for a buoyant thermal plume. 

Although it is possible that such enriched volatile contents may be attributed to or 

enhanced by a very small degree of partial melting, it is unlikely that the observed MI 

compositions are solely a manifestation of the extreme low-degree melts required to explain the 

observed volatile enrichment. The main lines of evidence arguing against degree of melting as 

the primarily control on volatile content are demonstrated by positively correlated H2O and 

(high) MgO MI contents, as well as poorly correlated La/Yb and H2O (Figure 3-3, both 

measured and predicted based on H2O/Ce = 180, Michael, 1995; Hartley et al., 2015). 

Furthermore, relationships between elevated volatile content and enriched trace element 

signatures support the interpretation that the high volatile abundances are a feature related to the 

melt source rather than uniquely tied to the dynamics of the melting process itself (Figure 3-4).  

Several recent studies have demonstrated that after trapping, olivine-hosted melt 

inclusion water contents may undergo rapid re-equilibration during natural cooling or laboratory 

rehomogenization that can contribute additional complexity to interpretations that link melt 

inclusion H2O contents to melt source volatile enrichment. Significant flux of H+ through the 

host olivine can occur on timescales of hours to days (Danyushevsky et al., 2002; Portnyagin et 

al., 2008; Gaetani et al., 2012), and can cause loss or gain of several wt. % H2O without affecting 

incompatible trace elements. This may explain suites of melt inclusions that exhibit decoupling 

of H2O and similarly incompatible melt components such as Ce and K2O, as well as samples that 

exhibit low H2O contents and enriched trace element signatures, or vice versa. In order to 

account for the effects of proton diffusion our melt inclusion suite, we therefore evaluate our 

observed H2O contents within the context of their major oxide and trace elemental systematics 
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(e.g., Hartley et al., 2015). Generally, the most H2O-rich melt inclusions are associated with 

enriched trace element compositions (Figure 3-4), with the exception of extensively dehydrated 

MIs with H2O/Ce < 8, which often comprise the most enriched trace-element compositions. 

These inclusions, enriched in non-volatile incompatible elements yet depleted in volatiles, 

predict high H2O contents (1.5 - 2 wt. %, based on H2O/Ce = 180; Michael, 1995; Hartley et al., 

2015) that possibly underwent dehydration through diffusive equilibration with less hydrous 

carrier melts (Hartley et al., 2015). 

 

Figure 3-2. Volatile abundances of olivine-hosted melt inclusions plotted versus measured (a) 

H2O/Ce, (b) CO2/Nb, (c) S/Dy, and (d) CO2/Ba. Black and grey solid and yellow dashed lines 

represent constant volatile/trace element values determined by Saal et al. (2002), Cartigny et al. 

(2008), and Le Voyer et al. (2017), respectively, for undegassed mantle melts (indicated by blue 

fields). The majority of samples plot below the values for undegassed mantle melts, which 

suggests that they have lost volatiles relative to the initial melts. Error bars are 2σ, and many are 

within symbols. 
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Figure 3-3. Ratios of La to Yb versus measured (small symbols) and predicted (large symbols, 

based on H2O/Ce = 180, Michael, 1995; Hartley et al., 2015) H2O for melt inclusions, illustrating 

the poor correlations that argue against degree of melting as the primary control on H2O 

abundance. 

 

 

Figure 3-4. Primitive mantle-normalized (Sun and McDonough, 1989) elemental distribution 

diagram for high, medium, and low measured H2O samples with SiO2 < 45 wt. % and MgO > 7 

wt. %. Likely degassed MIs (determined by very low H2O/Ce) are shown by dashed lines, and 

often have the most enriched trace element compositions that suggest they have undergone the 

greatest degassing. Abundances for Ross Sea lavas (Aviado et al., 2015) and Antarctic 

Peninsula arc lavas (Hole, 1988; Riley, 2001) are shown for comparison. One exotic melt 

inclusion from MBL exhibiting erratic enrichments has extremely high measured P2O5, which is 

interpreted to represent an apatitic composition.  
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It is also possible that the melt inclusions exhibiting evidence for dehydration were 

altered during laboratory rehomogenization. Dehydration experiments performed by Gaetani et 

al. (2012) and Bucholz et al. (2013) found that diffusive H2O-loss through the host olivine 

reduced the volatile content of melt inclusions by several wt. % H2O and hundreds of ppm CO2. 

Because it is the most H2O-rich melt inclusions that are especially prone to diffusive 

dehydration, these authors suggest that high-H2O inclusions preserved in a sample suite likely 

represent minimum estimates of the H2O and CO2 budget of the melt at the time of entrapment. 

Conversely, very few MIs exhibit evidence for diffusive hydration based on their incompatible 

trace element systematics. For example, only one sample exhibits, above analytical uncertainty 

for H2O and Ce, a measured H2O abundance that exceeds our estimates for the original H2O 

content of the inclusion, reconstructed using H2O/Ce = 180 (Michael, 1995) of undegassed 

mantle melts (e.g. Hartley et al., 2015). Additionally, given that more recent estimates for 

undegassed mantle H2O/Ce may be as high as 245 (Le Voyer et al., 2017), our predicted H2O 

may be only a conservative estimate, and all MIs in our sample suite are likely dehydrated. The 

vast majority of the MIs for which trace element data are available indicate that H2O has been 

lost relative to Ce after original entrapment. This is not surprising considering that the hydration 

experiments carried out by Portnyagin et al. (2008) and Gaetani et al. (2012), in which melt 

inclusions gained as much as 2.5-3.5 wt. % H2O, were performed by pressurizing olivines in 

pure liquid water. In the natural system, the activity gradient between the melt inclusion and 

carrier melt required to promote proton diffusion amounting to a gain of several wt. % H2O is 

much less likely. We accordingly interpret our high (>1.5 wt. %) H2O melt inclusions to be 

representative of an enriched source, rather than an artifact of diffusive re-equilibration.  
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3.2. Source Characteristics 

Our findings of a volatile-rich mantle beneath the WARS support existing lines of 

evidence that include observations of hydrous metasomatic phases such as amphibole and 

phlogopite in mantle xenoliths, mantle xenolith thermobarometric estimates that place the NVL 

geothermal gradient close to or intersecting the hydrous mantle solidus (e.g., Coltorti et al., 

2004; Perinelli et al., 2006), and inferences of a deep source for high CO2 and H2O in basanitic 

melt inclusions from Mt. Erebus (Oppenheimer et al., 2011).  The new MI data presented in this 

study, however, are the first to confirm that volatile enrichment is prevalent in both MBL and 

NVL on a wide scale, and, combined with new major-oxide and trace-element data, provide 

further insight into the source of WARS mantle volatiles.                                                                                                                                                               

The MBL and NVL PEC-corrected melts are distinctly silica-undersaturated (Figure 3-

5) and exhibit enriched incompatible trace-element compositions, prominent Rb, K and Pb 

negative anomalies, and positive Nb, Ta, and Sr anomalies, similar to alkalic OIB that are 

inconsistent with melting of anhydrous mantle peridotite. Melt-inclusion compositions overlap 

with, and also extend to more primitive, undersaturated compositions than previously analyzed 

subaerial and submarine rift-related lavas from the Ross Sea and NVL (Aviado et al., 2015) and 

from MBL (Hart et al., 1997; Wörner, 1999; Panter et al., 2000; LeMasurier et al., 2016). MBL 

and NVL melts are generally compositionally similar with respect to major oxides, although 

MBL melts are systematically lower in TiO2 than those from NVL (Figure 3-6). These MBL 

compositions may reflect partial melting of a dominantly carbonated peridotite lithology 

(Hirose, 1997; Dasgupta et al., 2007a), whereas higher TiO2 (> 3 wt. %) observed in NVL melts 

implies a mafic, pyroxene-rich source such as eclogite. Although melt inclusion compositions 

are similar to 2 -5 GPa anhydrous partial melts of silica-deficient pyroxenite (Figure 3-6; 
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Hirschmann et al., 2003; Kogiso et al., 2003), derivation of these melts from a volatile-free 

source is not likely considering the high observed CO2. Deep, low-degree melting of carbonated 

eclogite (Gerbode and Dasgupta, 2010; Kiseeva et al., 2012) has been shown to produce partial 

melts with high SiO2 and low MgO that do not overlap with the more primitive and 

undersaturated MIs. However, if these eclogite partial melts infiltrate the surrounding mantle 

peridotite, reaction in the presence of CO2 and subsequent melting produce basanitic and 

nephelinitic melts, with silica undersaturation increasing with CO2 content (Mallik and 

Dasgupta, 2014). This process may explain elevated TiO2 in NVL melts, but it is likely that a 

hybridized source of carbonated peridotite and pyroxenite, as well as peridotite metasomatized 

by CO2-rich eclogite partial melts, contribute to the volatilized, multi-lithologic source with 

solidus temperatures as much as 100°C cooler than those of volatile-free lithologies (Dasgupta 

et al., 2006; Gerbode and Dasgupta, 2010; Aviado et al., 2015). 

 

Figure 3-5. PEC-corrected melt inclusion compositions plotted according to the melt alkalinity 

classification by Le Bas (1989). Melt inclusion compositions range to highly alkaline, silica-

undersaturated basanites and nephelinites. 
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Melt inclusions record increased compositional variability with increasing host olivine 

Mg#. The observed attenuation of variability in H2O content with decreasing host Mg# is also 

mirrored in the trace element systematics of the MIs (quantified by La/Yb normalized to the 

sample mean), a phenomenon identified in MIs from Iceland and many continental flood basalt 

(CFB) provinces (Maclennan et al., 2008; Jennings et al., 2017). These trends are consistent 

with the idea that the primitive melts trapped closest to the mantle source by the earliest-formed 

olivine record an enriched and heterogeneous source, whereas more evolved melts entrapped 

subsequently record increasing magma homogenization and degassing. In settings where the 

earliest-formed heterogeneous melts encounter conditions amenable to mixing (i.e. hotter 

mantle temperatures and/or thicker lithosphere), even the most primitive melt inclusions will 

undergo almost complete homogenization prior to entrapment, and will not preserve this trend 

(Jennings et al., 2017). The NVL and MBL MIs hosted in high-Mg# olivines capture a range of 

(La/Yb)N between 3.3 and 0.3, which suggests that the melt source beneath the WARS is highly 

heterogeneous and capable of producing distinctive melt compositions that are not well mixed 

prior to trapping. These results may be an artifact of thinned, rifted lithosphere or may attest to a 

lack of a thermal anomaly beneath the WARS, as has been suggested by recent heat flow 

models (Ramirez et al., 2016). 
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Figure 3-6. Comparisons of PEC-corrected melt inclusion compositions to high-pressure 

experimental partial melts of carbonated and/or pyroxenitic source lithologies. 
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4. Discussion 

4.1 Evidence for a subduction-modified source 

Melt generation from recycled subduction-zone-processed ocean lithosphere is 

consistent with several aspects of the geochemistry of WARS volcanism (e.g., Aviado et al., 

2015), and has been invoked to explain similar Cenozoic Si-poor magmatism in New Zealand 

also once part of the paleo-Pacific active margin (e.g., Hoernle et al., 2006). For example, 

highly radiogenic Pb isotopic signatures observed in WARS lavas (Hart et al., 1997; Wörner, 

1999; Panter et al., 2000; Perinelli et al., 2006; Aviado et al., 2015) may be explained by 

depletion of fluid-mobile large ion lithophile elements (LILE) by slab-derived fluids to produce 

high-µ domains. Fluid modification related to subduction may also explain Ba enrichment in 

MBL (LeMasurier et al., 2016). In the new NVL and MBL melt inclusion data, broadly 

correlated Ba/Rb and Cl, and the observation that the highest Ba/Rb sample shows evidence for 

the most extreme Cl enrichment (Cl = 971 ppm and Cl/Nb = 50) additionally support the role of 

slab fluids in metasomatic modification of the source (e.g., Rowe and Lassiter, 2009).  

Elevated Na2O/K2O (> 7) and Ba/Rb (> 61) in NVL and MBL melt inclusions are 

consistent with ratios observed in Ross Sea lavas that were argued to be derived in part by 

melting of amphibole-bearing, metasomatized peridotite (Figure 3-7A; Furman and Graham, 

1999; Aviado et al., 2015). Experimental partial melts of peridotite containing amphibole-

bearing veins resemble the observed MI major-oxide compositions and have been argued as a 

possible origin for high-µ, alkalic ocean island and intracontinental basalts (Pilet et al., 2008; 

Rooney et al., 2014). Further, partial melting experiments relate to continental active margins 

by having fluids released in dehydration reactions in the subducting slab ascend to 

metasomatize deeper sectors of the overlying mantle wedge to produce amphibole-bearing veins 

enriched in Ta and Nb (Stein et al., 1997). Subsequent destabilization of amphibole and partial 
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dehydration of these deep metasomatic domains by buoyancy-driven or small-scale (e.g., the 

Rio Grande Rift; Van Wijk et al., 2008) convective flow deplete them in fluid-mobile Rb and 

Pb to produce elevated Nb, U/Pb, and Th/Pb materials that, if isolated in the lithosphere or at 

the base of the sub-continental lithospheric mantle or stagnated in the upper mantle, can 

generate the time-integrated, high-µ isotopic signatures observed in NVL and MBL lavas (Hart 

et al., 1997; Panter et al., 2000; Aviado et al., 2015; LeMasurier et al., 2016).  

Although amphibole and phlogopite may be important hydrous metasomatic phases in 

the WARS mantle, evidence in favor of their presence remains inconclusive in certain areas of 

the rift (e.g., eastern MBL; LeMasurier et al., 2016), and more compelling relationships exist 

between H2O and tracers for modification by carbonated fluid during subduction (Figure 3-7B). 

For example, correlated P2O5/TiO2 and Nb/Hf in MIs and lavas suggest that apatite, rutile, or 

Ti-augite are present in a melt source modified by carbonatitic metasomatism (Trua et al., 

1998), and high H2O is associated with more extreme values for these diagnostic ratios. One 

exotic MI from MBL with measured P2O5 of ~11 wt. % has been interpreted as an apatite-rich 

inclusion, lending further support to the presence of these metasomatic phases in the melt 

source (Figure 3-4).  

4.2 Implications of volatile-rich fusible lithologies for interpreting melting perturbations 

The presence of CO2 and H2O in the mantle source region serves to lower the mantle 

solidus temperature and effectively expands the polybaric melting interval, facilitating both 

deeper melting and increased melt productivity (Dasgupta et al., 2007b). Deep melting initiated 

primarily by CO2 will segregate H2O into the carbonated silicate melts, and the combined effect 

of depolymerization and increased entropy is to further enhance melting (Dasgupta et al., 

2007b). These carbonated silicate melts may be triggered by as little as 100 ppm CO2 at 
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sublithospheric depths. The occurrence of a zone of hydrated partial melt in the mantle beneath 

the WARS is supported by several major lines of geophysical evidence. Regional-scale 

tomographic models (e.g., Ritzwoller et al., 2001; Sieminski et al., 2003; Watson et al., 2006; 

Hansen et al., 2014; Graw et al., 2016) have identified broad, seismically slow regions in the 

mantle beneath much of West Antarctica, with prominent low-velocity zones focused in the 

shallow mantle beneath Marie Byrd Land, the Ross Sea, and Victoria Land. Additionally, recent 

findings from P-wave receiver function studies indicate apparent depression of the 410-km 

transition zone beneath much of West Antarctica (Emry et al., 2015), which has been linked to 

hydrated remnants of Cretaceous paleo-Pacific subduction. Although some aspects of these 

features may alternatively be explained by thermal upwelling from the lower mantle now 

ponded below the transition zone, recent low-to-moderate values of heat flow across the WARS 

do not support rift-wide mantle plume activity (Ramirez et al., 2016).  

The deeper-seated Marie Byrd Land slow anomaly may extend into the transition zone, 

but the Ross Island and Victoria Land anomalies appear to be restricted to the upper 200 - 300 

km of the mantle (Hansen et al., 2014; Graw et al., 2016). These apparent differences in the 

MBL and Ross Sea physical mantle structures may help reconcile certain aspects of their 

differing geochemistry and tectonic features. In MBL, where the distinctive history of regional 

crustal doming (LeMasurier and Landis, 1996) and observations of low-density mantle 

anomalies extending to ~1000 km depth (Hansen et al., 2014) have been interpreted as a mantle 

plume, it is possible that increased thermal perturbation in this region has preferentially melted 

out easily fusible pyroxenitic lithologies emplaced during 550 – 110 Ma subduction and 

generated larger contributions of ambient mantle with a volatilized peridotite lithology. In NVL, 

where crustal doming has not been observed and slow mantle anomalies are restricted to the 
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upper mantle, melt compositions are more characteristic of decompression melting of easily 

fusible, volatilized pyroxenite, potentially hybridized with peridotite (Aviado et al., 2015). 

The occurrence of volatilized, easily fusible mantle components in the WARS mantle 

may also factor into regional response to deglaciation considering the evidence for temporal and 

chemical links between increased volcanic activity and deglaciation in other regions of the 

world (Jull and McKenzie, 1996; Sims et al., 2013). For example, coupled geodynamic and 

thermodynamic modeling of rapid (1 ka) deglaciation of a 2-km ice sheet in Iceland predicts as 

much as a 30-fold increase in melt production rates during unloading due to enhanced isentropic 

decompression of anhydrous peridotite (Jull and McKenzie, 1996). A homogeneous, anhydrous 

depleted source beneath Iceland is not likely, however, and the occurrence of fusible lithologies 

in the Icelandic source region (Sims et al., 2013), as in West Antarctica, may further contribute 

to enhanced melt productivity at the onset of deglaciation. In the case of extreme volatile 

enrichment observed in West Antarctica, if we are to invoke the partial melting experiments 

with 1 wt. % CO2 in mantle peridotite, we may predict an additional ~4-fold increase in melt 

fraction during partial melting relative to volatile-free peridotite at 3 GPa and 1500°C that is 

further magnified in combination with H2O (Dasgupta et al., 2007b). In addition to depressing 

the mantle solidus and facilitating deeper melting, volatiles contribute to reactive melt 

channeling that enhances melt production and flux (Keller and Katz, 2016). Accordingly, the 

role of H2O and CO2 in increasing the fertility of the sublithospheric mantle beneath West 

Antarctica must therefore be considered in quantitative dynamic models to evaluate the 

potential for enhanced volcanism as a regional response to rapid deglaciation. 
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Figure 3-7. (a) Rb/Sr versus Ba/Rb for WARS melt inclusions, indicated by blue symbols 

colored by predicted H2O content (e.g., Hartley et al., 2015) based on H2O/Ce = 180 of 

undegassed mantle (Saal et al., 2002). Ross Sea lavas (Aviado et al., 2015) are shown in grey 

symbols for comparison. Experimental melts of hornblendite veins in peridotite (Pilet et al., 

2008) are shown in red symbols that overlap with melt inclusion compositions in (a), which 

plots tracers for the presence of amphibole in the melt source (Furman and Graham, 1999). 

Panel (b) illustrates relationships between H2O content and tracers for carbonatitic 

metasomatism, P2O5/TiO2 versus Nb/Hf. Error bars are 2σ. 
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5. Conclusion 

New olivine-hosted, melt-inclusion data support widespread volatilization of the mantle 

beneath the WARS. Systematically lower volatile abundances and TiO2 in MBL melts relative 

to those from NVL suggest some variation in mantle source lithologies on a regional scale. In 

MBL, regional crustal doming (LeMasurier and Landis, 1996) coupled with a deep-seated low-

density mantle anomaly (Hansen et al., 2014) have been interpreted as a mantle plume, which 

could be responsible for increased thermal perturbation in this region that has generated larger 

contributions of ambient mantle with a volatilized peridotite lithology. In NVL, where crustal 

doming or deep mantle anomalies have not been observed, melt compositions are more 

characteristic of extension-related decompression melting of a volatilized, hybridized 

pyroxenite-peridotite source generated during Cretaceous subduction (Aviado et al., 2015). 

Hydrous and carbonatitic metasomatism – both intricately linked with subduction zone 

processes – are thought to have modified the mantle beneath the WARS, which would explain 

the observed mantle density anomalies, the radiogenic isotopic compositions of the lavas, and 

the new MI volatile species and chemical systematics presented in this study. These findings 

suggest that the enriched volatile budget of the mantle underlying the WARS may significantly 

impact melt productivity in response to decompression associated with lithospheric extension, 

adiabatic plume rise, and rapid regional deglaciation. This potential for enhanced volcanism 

should accordingly be evaluated in models seeking to predict the consequences of the Western 

Antarctic Ice Sheet destabilization. 
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CHAPTER IV 

 

GEOCHEMICAL PERSPECTIVES ON THE AFRICAN LITHOSPHERE DYNAMICS: 

INSIGHTS FROM MANTLE XENOLITHS 

Abstract 

 Mantle xenoliths from contrasting geodynamic environments in the East African Rift 

System (EARS) provide new perspectives on mantle dynamics from plume to rift settings. This 

study presents new major oxide, trace element, and Sr-Nd-Hf-Pb isotopic data for mantle 

xenoliths from the southern Main Ethiopian Rift (Dillo and Megado), located at a key juncture 

between the MER, the Turkana Depression, and the Kenya Rift. Also reported are new Nd-Hf-Pb 

isotopic data for mantle xenolith clinopyroxene from Neogene-Quaternary alkaline lavas 

overlying the continental flood basalts of the Ethiopian Plateau (Injibara and Dedessa). Together, 

the xenolith suite testifies to complex, multistage development of the sub-continental lithospheric 

mantle (SCLM) beneath both environments. Lu-Hf isotopic systematics attest to ancient melt 

depletion events during continental assembly that have been variably overprinted by diverse 

metasomatic enrichment processes. In the southern MER, these metasomatic agents were likely 

subalkaline asthenospheric melts in Dillo and low-volume alkaline silicate and carbonatitic melts 

in Megado, and provide evidence for a new model of the development of high-µ (µ = U/Pb) Pb 

isotopic signatures in the southern MER and northern Kenya by carbonatitic metasomatism of 

SCLM during ancient subduction. In the Ethiopian Plateau, metasomatic agents were likely 

subalkaline melts related to CFB magmas of the Afar Plume. The preservation of heterogeneous 
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domains on both large and small (km) spatial scales strongly supports the view that the SCLM is 

an important long-lived reservoir of recycled components that contribute to rift development. 

1. Introduction 

Mantle xenoliths entrained in rising mafic magmas serve as a powerful tool for 

investigating the composition and evolution of the lithospheric mantle. Episodes of melt 

extraction, thermal perturbation, and metasomatic modification may be recorded in the mantle 

xenolith chemical, textural, and mineralogical suite, and numerous studies have established that 

ultramafic xenoliths from continental settings in particular testify to the complex tectonic and 

chemical histories of the uppermost mantle during continental evolution (e.g., among others, 

Pearson et al., 2003; Reisberg et al., 2004; Lee et al., 2010; Bodinier and Godard, 2013; Choi and 

Mukasa, 2014). Of various processes that may influence the upper mantle beneath continents, 

metasomatic modification has been identified as a key agent for fertilization of the mantle with 

volatiles and generation of chemically heterogeneous mantle domains characterized by lower 

solidus temperatures (Bailey, 1982; Hofmann, 1997; Pearson et al., 2003). In regions where 

continental magmatism is accompanied by lithospheric extension, understanding the xenolith 

record of the nature and provenance of easily fusible components is especially critical due to 

their unique perspective on volatile recycling within the solid Earth as a whole, as well as the 

ability of volatilized, metasomatized lithologies to enhance mantle melting (e.g., Hirschmann et 

al., 2003; Dasgupta et al., 2007; Pilet et al., 2008). Elucidating whether metasomatic silicate, 

carbonatitic, or aqueous fluids originate during ancient subduction or orogenic events, or are 

imposed from melts generated in the sublithospheric mantle, is therefore key to unraveling both 

the history and role of the sub-continental lithospheric mantle (SCLM) in the geodynamics of 

ongoing volcanic and tectonic activity in continental rifts. 
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The East African Rift System (EARS), one of the largest continental rift systems on 

Earth, is characterized by both depressed, narrow rift basins related to extensional tectonics and 

topographically high domes in Kenya and the Afar region of Ethiopia (Figure 4-1). In light of 

evidence for elevated mantle temperatures (Rooney et al., 2012a), flood basalt volcanism 

(Thorpe and Smith, 1974; Baker et al., 1996; Hofmann et al., 1997; Pik et al., 1999; Beccaluva et 

al., 2009; Natali et al., 2011; 2016), and anomalous low-density mantle structures that potentially 

extend beyond depths of 1100 km (Gurnis et al., 2000), one or more ascending mantle plumes 

have been implicated beneath East Africa as a major driving force behind ongoing tectonic and 

magmatic activity (Ebinger and Sleep, 1998; Rogers et al., 2006; Corti, 2009). Plume-linked 

magmatism has been better constrained in the northern parts of the rift system, where pre-rift 

eruption of continental flood basalts during the Oligocene are chronologically and isotopically 

consistent with active upwelling of geochemically distinct deep mantle material (Ebinger and 

Sleep, 1998; Pik et al., 1999; Corti, 2009). Plume-related magmas may mix with input from 

continental lithosphere and are subject to increasing interactions with normal mantle 

asthenosphere with distance from the plume head centered in the Afar region of Ethiopia 

(Ebinger and Sleep, 1998; Rooney et al., 2012a), and ambiguous geophysical links between deep 

plume structures and the lateral extent and depth of low-velocity mantle beneath more distal 

portions of the rift (e.g., Hansen et al., 2012) raise questions regarding the extent of deep plume 

influence in more southern reaches of the rift system. This study reports new geochemical data 

on mantle xenoliths from the southern portion of the Main Ethiopian Rift (MER), where a 

transition from dominantly deep mantle plume contributions to shallower mantle upwelling and 

alkaline metasomatic processes is believed to occur (Furman et al., 2004, 2006a; Beccaluva et 

al., 2011; Furman et al., 2016). Additionally, new Nd, Hf, and Pb isotopic data for xenoliths from 
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Injibara and Dedessa on the Ethiopian plateau are reported, and together provide new 

geochemical constraints on the processes affecting the SCLM in plume versus rift settings of the 

Afro-Arabian region. 

 

Figure 4-1. Regional sketch map of the East African Rift System (modified from Sgualdo et al., 

2015) showing xenolith occurrences throughout the Afro-Arabian domain. Sample locations of 

rift (Dillo and Megado) and plateau (Injibara and Dedessa) xenoliths in this study are labeled in 

red outlined boxes. Other xenolith localities discussed in this study are shown for reference. 
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Figure 4-2. (a) Digital elevation model of the topography of the eastern Southern Main 

Ethiopian Rift (MER) and Turkana depression of the East African Rift System (modified from 

Orlando et al., 2006). Bottom left inset shows the Turkana depression in the larger context of the 

EARS, with the Ethiopian (northern) and Kenyan (southern) plume-related domes delineated by 

dashed lines. MER = Main Ethiopian Rift. (b) Schematic of the major structural features shown 

on the map and the locations of Dillo and Megado, marked by red stars.  
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Mantle xenoliths erupted in mafic lavas from two localities in the southern portion of the MER, 

Megado and Dillo, represent a key area at the junction between the southern Ethiopian Rift and 

the northern Kenya Rift (Figure 4-2). In this area, Pleistocene-Holocene volcanic products 

overlie ~1 Ma basaltic lava flows related to the Huri Hills volcanism in northern Kenya (Figure 

4-2; Class et al., 1994; Orlando et al., 2006). The collected mantle xenoliths span the 

compositional range including spinel lherzolites, harzburgites, dunites, and olivine-websterites. 

A significant number samples contain amphibole – an important hydrous metasomatic phase – 

either disseminated in the peridotite matrix, interstitial to olivine and clinopyroxene, or 

associated with reaction rims. Previous geochemical investigations of peridotites from Megado 

and the neighboring volcanic province of Mega (e.g., Orlando et al., 2006; Beccaluva et al., 

2011; Bianchini et al., 2014) found that, in contrast to more northern Ethiopian plateau xenoliths 

that have been pervasively metasomatized by subalkaline melts derived from the Afar plume, the 

trace elemental and isotopic affinities of the mantle beneath the southern MER indicate 

metasomatism by alkaline agents during passive mantle upwelling unrelated to the Afar plume. 

Orlando et al. (2006) argue that pyroxenite mantle xenoliths observed in Dillo likely represent 

crystal cumulates segregated from these metasomatizing alkaline melts on the basis of their 

major oxide and trace elemental compositions, but an alternative explanation invokes recycled 

subducted ocean lithosphere in the generation of pyroxenite in the Afro-Arabian domain (e.g., 

Sgualdo et al., 2015). Notably, heterogeneous Re-Os and Lu-Hf isotopic signatures have been 

observed in Mega peridotites (respectively Reisberg et al., 2004; Bianchini et al., 2014), and are 

interpreted to indicate that thermochemically unaltered sections of ancient (~2 Ga) lithospheric 

mantle persist beneath the southern MER, a key finding for the development of geodynamic 
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models of the East African mantle structure and evolution. Expanding the available isotopic 

information for Megado and Dillo, as well as plateau xenoliths from Injibara and Dedessa 

(previously studied by Beccaluva et al., 2011), is crucial to developing a time-integrated 

perspective on the thermochemical perturbations that have occurred during the long-term 

evolution of the mantle beneath the East Africa. 

1.1 Geologic setting 

 Xenoliths hosted by Neogene-Quaternary alkaline lavas from distinct Ethiopian volcanic 

regions provide a diverse perspective of the nature of the sub-continental lithospheric mantle 

(SCLM) across ~1000 km of distance (Figure 4-2). Samples from the Northern Ethiopian Plateau 

(Gojam) or close to its southwestern border (Dedessa River) sample the boundary of a region 

dominated by voluminous continental flood basalts (CFB) extruded mainly during the Oligocene 

impingement of the Afar Plume to build up a topographically high plateau (Hofmann et al., 

1997) extending into Yemen prior to dissection by the opening of the Red Sea and Gulf of Aden. 

Farther to the south, the Main Ethiopian Rift (MER) is a key tectonomagmatic province in the 

East African Rift System that connects the Afar Depression and the Red Sea - Gulf of Aden rifts 

to the north with the Turkana depression and the Kenya Rift to the south (Figures 4-1, 4-2). The 

MER region is characterized by a series of NE to SW-trending active rift segments 

accommodating E-W and ESE-WNW extension between the Nubian plate and Somalian 

protoplate (Chu and Gordon, 1999). Sample localities of Dillo and Megado are located in the 

Southern MER, where a broad, ~300-km-wide diffusely rifted zone characterized by basin and 

range topography occurs due to interactions between faults of the MER and the N-S trending 

faults of the Kenya Rift (Bonini et al., 2005). In this region, earlier Cretaceous – Paleogene NW-

SE trending faults related to extension in the Anza graben (Vetel and LeGall, 2006) are 



97 

 

juxtaposed with Cenozoic N-S- faults of the EARS (Davidson and Rex, 1980; Ebinger et al., 

2000), lending considerable structural complexity to the diffusely rifted zone.  

The Southern MER hosts some of the oldest volcanic rocks recorded in the MER, and 

date back to an early phase of basaltic volcanic activity initiating at 45 Ma that was followed by 

a second basaltic phase beginning in the early Miocene (Ebinger et al., 1993). Volcanic activity 

occurs along NNE to NE-trending volcanic fields and edifices including maar craters and cinder 

cones. The volcanic products are dominantly alkaline basic basalts, and occurrences of entrained 

mantle xenolith are well-documented (e.g., Bedini et al., 1997; Orlando et al., 2006; Beccaluva et 

al., 2011). Both mantle xenoliths from Dillo and Megado were collected from pyroclastic 

deposits. 

2. Samples and methods 

To provide a new geochemical perspective on the contrasting processes that have affected 

the lithospheric mantle beneath the Ethiopian Plateau and the southern MER, this study presents 

new Nd-Hf-Pb isotopic data for Injibara and Dedessa plateau peridotites that have been 

previously investigated by Beccaluva et al. (2011), as well as whole rock and clinopyroxene 

geochemistry for new southern MER peridotite and pyroxenite localities in Dillo and Megado. A 

total of 64 mantle xenoliths from Dillo and 76 from Megado were processed for this study. 

Fresh, unaltered portions of each sample were crushed and powdered in an agate mill, then 

measured for major oxides and select trace elements (Ba, Co, Cr, Cu, Ga, Hf, La, Nb, Ni, Pb, Sc, 

Sr, V, Y, Zn, and Zr) using the ARL Advant’X X-ray fluorescence (XRF) spectrometer at the 

Department of Physics and Earth Sciences at the University of Ferrara using the procedures 

described in Sgualdo et al. (2015). Accuracy and precision are generally better than 10% for all 

elements above 10 ppm. Mineral compositions were obtained for thin sections at the CNR-IGG 
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Institute of Padova using a Cameca SX-50 electron microprobe fitted with three wavelength 

dispersive spectrometers, and following the techniques described in Sgualdo et al. (2015) and 

Natali et al. (2016). Analyses were carried out using a 15 kV accelerating voltage and a 20 nA 

current.  

Of the total sample suite, 24 samples were selected for more detailed geochemical 

analysis of mantle xenolith clinopyroxene. Hand-picked clinopyroxene were mounted in epoxy 

and polished in preparation for Li-U trace element analyses, which were performed using a 

Photon Machines 193 nm Excimer laser ablation platform and a NuAttoM HR single-collector 

ICP-MS at the University of New Hampshire. Analyses were conducted with a 40µm spot size, 

6.75 J/cm2 fluence, and a 4 Hz rep rate. Raw data were processed in Iolite (Paton et al., 2011) 

using 43Ca (as determined from electron microprobe CaO measurements) as an internal standard. 

Instrumental drift was corrected by bracketing unknowns with the ML3B-G glass standard using 

reference values from Jochum et al. (2005). Replicate measurements of glass standards KL2-G 

and StHs6/80g performed throughout analytical runs indicate that trace elements are accurate to 

10% or better (Jochum et al., 2005). For Hf-Nd-Pb-Sr isotopic analyses, aliquots of 200 – 400 

mg of picked clinopyroxene were leached in hot (120°C) 6N HCl to remove surface 

contamination (e.g., Wittig et al., 2006) following techniques described in Blichert-Toft and 

Albarede (2009). Subsequent leached residues were purified for Nd, Hf, and Pb using the 

procedures described in Sgualdo et al. (2015) and for Sr as described in Bryce et al. (2005). Sr, 

Nd, Hf, and Pb isotopic measurements for Dillo and Megado samples, as well as Sr for Injibara 

and Dedessa samples, were performed on the NuPlasma II multicollector inductively-coupled 

plasma mass spectrometer (MC-ICP-MS) at the University of New Hampshire. Standard 

reference materials JNdi, JMC-475, and NIST SRM 987 were performed throughout the Nd, Hf, 
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and Sr analytical runs to both monitor instrument performance and correct for instrumental drift 

(using the standard bracketing techniques described in Albarède et al., 2004), and yielded 

average values of 143Nd/144Nd = 0.512115 ± 0.000008 (2σ, n = 28), 176Hf/177Hf = 0.282163 ± 

0.000003 (2σ, n = 12), and 87Sr/86Sr = 0.710249 ± 0.000022 (2σ, n = 18). Additional corrections 

for Rb and Kr interferences during the Sr isotope analyses were performed following the 

procedure adapted from Konter and Storm (2014). Procedural blanks were ~30 pg for Hf and Nd 

and ~400 pg for Sr, abundances irrelevant to the amount of material processes for analyses. 

Isotope standards for analyses conducted at UNH are reported in Appendix 3. 

Injibara and Dedessa xenoliths received the same chemical treatment described above, 

but were measured for Pb, Nd, and Hf isotopes on the Nu Plasma 500 HR multiple-collector 

inductively coupled plasma mass spectrometer (MC-ICP-MS) at the École Normale Supérieure 

in Lyon. Instrumental mass fractionation was corrected relative to 179Hf/177Hf = 0.7325 and 

146Nd/144Nd = 0.7219 using an exponential law, and instrument performance was assessed by 

analysis of the JMC-475 Hf and Rennes in-house Nd standards for Hf and Nd, respectively. The 

JMC-475 Hf standard, run throughout the analytical session (n= 16), yielded 176Hf/177Hf = 

0.282166 ± 0.000012 (2σ), identical within error to the accepted value of 0.282163 ± 0.000009 

(Blichert-Toft et al., 1997). Accordingly no corrections were applied to the Hf isotopic data. 

Total procedural Hf blanks were less than 30 pg. BCR-1 processed with the same chemical 

procedure gave 0.512646 ± 0.000011 (2σ), similar to the recommended value from the 

GEOREM database (Jochum et al., 2005). The Rennes in- house Nd standard run throughout the 

analytical session (n =16) gave 143Nd/144Nd=0.511968±0.000013 (2σ), well within analytical 

uncertainty of previously reported means of 0.511961 ± 0.000013 (Chauvel and Blichert-Toft, 
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2001), thus requiring no further corrections to the Nd isotopic data. Total procedural Nd blanks 

were less than 30 pg. 

Pb isotopic measurements also were carried out on the Nu Plasma 500 HR MC-ICP-MS 

at the Ecole Normale Supérieure in Lyon for Injibara and Dedessa xenolith clinopyroxene and on 

the NuPlasma II at UNH for the Dillo and Megado xenolith clinopyroxene. Instrumental mass 

fractionation was corrected via Tl normalization as described in White et al. (2000), and ratios 

were additionally adjusted for instrumental drift and accuracy using the sample-standard 

bracketing technique described in Albarède et al. (2004) and the NIST SRM values reported in 

Eisele et al. (2003). For the Lyon analytical runs, eight replicates of NIST SRM 981 run 

alongside samples yielded averages (with 2σ external precision) of 208Pb/204Pb = 36.728 ± 0.024, 

207Pb/204Pb = 15.498 ± 0.011 and 206Pb/204Pb = 16.941 ± 0.012. Total procedural Pb blanks were 

less than 100 pg for the plateau samples. For the Dillo and Megado rift samples analyzed at 

UNH, 12 replicate measurements of NIST SRM-981 yielded average values of 208Pb/204Pb = 

36.726 ± 0.002, 207Pb/204Pb = 15.498 ± 0.001 and 206Pb/204Pb = 16.941 ± 0.001, and procedural 

blanks were less than 50 pg. 

3. Results 

3.1 Petrographic features and mineral chemistry of mantle xenoliths 

 Xenoliths from plateau localities of Injibara and Dedessa are represented by mainly 

protogranular peridotites (sp-lherzolites and sp-harzburgites) and spinel-olivine websterites. Full 

details on their textural and mineralogical features are provided in Beccaluva et al. (2011). Rift 

xenoliths from Dillo and Megado are represented by spinel (sp)-lherzolites, sp-harzburgites, sp- 

and garnet pyroxenites (Figure 4-3). Using the nomenclature of Harte (1977), the Dillo 

peridotites generally exhibit medium- to coarse-grained, protogranular to equigranular textures, 
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with variable extents of recrystallization indicated by 120° triple junctions at grain boundaries 

(Figure 4-4). Olivines are typically coarse, with Fo between 89.4 and 89.9 in lherzolites, and do 

not show evidence for extensive deformation. Coarse orthopyroxenes (up to 2 mm in size) often 

have exsolution lamellae with clinopyroxene. Medium- to fine-grained clinopyroxene sometimes 

display orthopyroxene exsolution lamellae and have Mg# between 90.0 and 91.3 and Cr# 

between 5.4 and 7.9. Dark amphiboles are pargasitic in composition. Reaction rims with frothy 

textures consisting of secondary olivine and pyroxene microcrystals are present in some samples 

(Figure 4-4b). Brown, lobate spinels are often interstitial, and rare, medium- to fine-grained 

pleochroic amphiboles are observed.  In contrast, Megado peridotites exhibit protogranular to 

porphyroclastic textures characterized by coarse, deformed olivines and undeformed smaller 

neoblasts. The large, lobate olivines have Fo contents between 88.9 and 89.6, and exhibit kink-

banding in the most deformed samples (Figure 4-4c). Orthopyroxenes are coarse (up to 1 mm) 

and occasionally contain clinopyroxene exsolution lamellae. Clinopyroxene Mg# varies from 

91.2 to 91.6 and Cr# from 6.5 to 7.0. Eroded, lobate spinels are often found concurrently with 

secondary olivine and pyroxene microcrystals. Among the Megado harzburgites, textures are 

typically protogranular and medium- to fine-grained, with rare interstitial clinopyroxene with 

Mg# ranging from 93.3 to 94.4 and Cr# between 12.5 and 17.9.   

Pyroxenites from both rift sample localities are classified as olivine-websterites and 

websterites (Figure 4-3) and are largely coarse-grained and protogranular, and characterized by 

the paucity of olivine.  Very large pyroxenes (up to 5 mm in diameter) often contain mutual 

exsolution lamellae between clinopyroxene and orthopyroxene, although these features are less 

common in the Megado pyroxenites. Among the Megado olivine-websterites, clinopyroxene 

exhibit a Mg# of 90.7, and Cr# ranges from 4.5 to 4.8, whereas orthopyroxenes range from 89.7 
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to 90.4 and 3.1, respectively. One unusual sample from Megado, MG3-15, is classified as an 

amphibole-gabbro and is characterized by the presence of plagioclase, clinopyroxene, 

hornblende, and rare phlogopite. 

Thermobarometric estimates of existing studies of peridotite and pyroxenite mantle 

xenoliths from the same sample localities in the southern MER (Orlando et al., 2006; Meshesha 

et al., 2011; Alemayehu et al., 2016) indicate equilibration temperatures of 950 – 1020°C and 

pressures of 13 – 14 kbar and for Dillo peridotites and 10 – 13 kbar for Megado peridotites. 

Alemayehu et al. (2016) did not find evidence for a systematic pressure-temperature difference 

between harzburgite and lherzolite units, which argues against lithological stratification in this 

region. For xenoliths from the Ethiopian Plateau, pressures of 9 – 12.5 kbar and 930 – 1050°C 

have been calculated for large equilibrated phenocrysts (Beccaluva et al., 2011). 

 

Figure 4-3. Modal classification diagram showing the composition of Dillo and Megado mantle 

xenoliths based on olivine-orthopyroxene-clinopyroxene modal abundances. Mineral modal 

abundances were obtained by least squares mass balance calculations between whole rock and 

mineral major oxide compositions given in Table 4-1. Grey fields indicate the compositions 

Injibara and Dedessa xenoliths (from Beccaluva et al., 2011). 
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Figure 4-4. Photomicrographs of Dillo and Megado xenoliths (courtesy of Gianluca Bianchini) 

showing common petrographic textures. (a) Dillo lherzolite demonstrating partial metasomatic 

transformation of pyroxene into pargasitic amphibole. (b) Reaction patch in a Dillo lherzolite 

containing microcrystalline secondary olivine, spinel, and pyroxene. (c) Megado dunite with 

kink-banding in olivines that are altered to iddingsite at their borders. 

 

3.2 Whole rock chemistry of xenoliths 

 The major oxide compositions of Dillo and Megado xenoliths exhibits marked 

compositional continuity, and are shown alongside the compositions of plateau xenoliths from 

Injibara and Dedessa studied by Beccaluva et al. (2011) in Figure 4-5. Peridotites from both 

southern MER sample localities define continuous trends of decreasing SiO2, CaO, Al2O3, Na2O, 

and TiO2 with increasing MgO, Ni, and proportion of olivine, indicative of increasingly 



104 

 

refractory compositions. These overall trends correspond well with those expected for melt 

extraction (Niu, 1997) or, alternatively, re-fertilization by upwelling mantle melts (e.g., Le Roux 

et al., 2007; Bodinier and Godard, 2013). Superimposed on these relatively continuous trends are 

systematic compositional differences apparent between xenoliths from each locality. For 

example, Dillo peridotites generally occupy ranges lower in MgO and SiO2, but higher in TiO2, 

compared to those from Megado and the nearby Mega, as well as higher Al2O3 and CaO in 

comparison to the plateau xenoliths (Beccaluva et al., 2011). Additionally, pyroxenites from both 

southern MER localities are distinct from the peridotites, exhibiting higher Al2O3, SiO2, CaO, 

TiO2, and lower Ni. Their compositions generally agree with those of plateau pyroxenites 

(Beccaluva et al., 2011). For the limited whole rock trace element information available, 

distinctive trends in rare-earth element (REE) distribution patterns are apparent. Using La/Y to 

parameterize LREE/HREE enrichment, Megado peridotites exhibit a large range in values (La/Y 

= 2 – 40) that generally increase and exhibit greater La/Y variability with decreasing modal 

clinopyroxene, suggesting the degree of LREE enrichment increases as samples become 

increasingly refractory and progressively depleted in clinopyroxene. These observations are 

consistent with similar trends observed in Mega (Beccaluva et al., 2011) that have been 

attributed to enhanced permeability of refractory mantle domains to enriched metasomatizing 

agents (Toramaru and Fujii, 1986; Beccaluva et al., 2011). In contrast, Dillo peridotites and 

pyroxenites exhibit a more restricted and less enriched range of La/Y values (0.2 – 6) that do not 

appear to correlate with modal clinopyroxene.  
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Figure 4-5. Whole rock variation diagrams of SiO2, Al2O3, TiO2, CaO, and Ni versus MgO for 

Dillo and Megado rift mantle xenoliths (this study) and Injibara and Dedessa plateau xenoliths 

(from Beccaluva et al., 2011). Shown for comparison are compositional fields for peridotites 

from Mega (purple; Beccaluva et al., 2011), and Yemen peridotites (green) and pyroxenites 

(yellow; Sgualdo et al., 2015). Black diamond indicates the composition of primitive mantle 

(PM), and black lines define batch (dashed) and fractional (solid) melting trends from Niu 

(1997). 
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3.3 Trace element systematics of xenolith clinopyroxene 

 Chondrite-normalized REE distribution patterns are shown in Figure 4-6. Among the 

Dillo and Megado xenoliths, two main types of peridotites can be identified on the basis of the 

clinopyroxene REE systematics. LREE-depleted clinopyroxene have (La/Yb)N < 1 (0.02 – 0.47) 

and flat M- and HREE distribution patterns that are consistent with variable partial melting of 

mantle lherzolite (e.g., Shaw et al., 2007). LREE-enriched clinopyroxene exhibit higher 

(La/Yb)N between 1.2 and 12.6. Pyroxenites from both sample localities range to both LREE-

enriched and -depleted, with (La/Yb)N between 0.3 and 5.9, but are distinct from peridotites in 

that several pyroxenites display concave-down patterns of M- and HREE that peak at Eu. 

On the multi-element trace element diagrams (Figure 4-6), both LREE-enriched and 

LREE-depleted samples exhibit common features including negative Ba, Nb, and Ti anomalies. 

However, they differ in terms of the overall shapes of their distribution patterns, particularly with 

respect to the systematics of Th, U, Pb, Zr, and Ti. LREE-depleted clinopyroxene tend to be 

depleted in the most incompatible elements (Rb-Sm), with the exception of U and Pb, which 

exhibit variable positive excursions and have a pronounced negative Nb anomaly but mild Ti and 

Zr anomalies. The strong negative Nb signature is more prominent in Megado samples and is 

often accompanied by positive Pb anomalies. In contrast, LREE-enriched clinopyroxene display 

greater enrichments in Th-Sm and exhibit much stronger Th and U positive anomalies and 

negative Pb and Ti anomalies, and a much less pronounced Nb anomaly. One lherzolite from 

Dillo (DL2-5) exhibits instead a strong positive Ti anomaly. 
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Figure 4-6. Clinopyroxene chondrite-normalized trace element (REE + Hf) distribution patterns 

for Dillo and Megado (a) lherzolites, (b) harzburgite and dunite, and (c) pyroxenite xenoliths, 

showing light rare-earth element (LREE) depletion in the majority of samples. Also shown are 

peridotite and pyroxenite xenoliths from Injibara and Dedessa (grey symbols; Beccaluva et al., 

2011). Normalizing values are from Sun and McDonough (1989). 
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Figure 4-7. Clinopyroxene primitive mantle normalized trace element abundances for (a) LREE-

enriched and (b) LREE-depleted (based on Chondrite-normalized La/Yb) Dillo and Megado 

xenoliths. Also shown are the clinopyroxene compositions of the Ethiopian Plateau xenoliths 

from Injibara and Dedessa (grey symbols; Beccaluva et al., 2011). Normalizing values from Sun 

and McDonough (1989). 
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3.4 Sr-Nd-Hf-Pb isotopic compositions of southern MER and Ethiopian Plateau xenoliths 

 Sr-Nd-Hf-Pb isotopic compositions of Dillo and Megado xenoliths clinopyroxene are 

given in Table 4-4. Also presented in this study are new Pb, Hf, and Nd isotopic data for Injibara 

and Dedessa xenolith clinopyroxene, complementing previously measured Sr isotopes on 

separate clinopyroxene separates by Beccaluva et al. (2011). Existing Nd isotopic data for the 

Injibara and Dedessa xenolith clinopyroxene agree well and overlap with the new data presented 

in this study (Beccaluva et al., 2011), in spite of the distinctive leaching protocols employed for 

the currently reported samples. For Southern MER xenoliths from Dillo and Megado, both 

LREE-depleted and LREE-enriched clinopyroxenes from peridotites encompass similar 

overlapping ranges of 0.70218 – 0.70337 for 87Sr/86Sr, 0.512547 – 0.513624 for 143Nd/144Nd, and 

0.28290 - 0.28545 for 176Hf/177Hf. The samples are characterized by relatively unradiogenic Sr 

isotopic compositions in comparison to plume-related basalts of the Ethiopian and Yemen 

plateaus (Natali et al., 2016). Varied Nd-Hf isotopic signatures in these samples complement 

findings in existing studies from Dillo, Megado, and nearby regions (Beccaluva et al., 2011; 

Bianchini et al., 2014; Alemayehu et al., 2016). Notably, two samples – a Megado harzburgite 

(MG1-14) and Dillo lherzolite (DL2-14) – record strongly elevated Hf isotopic compositions (εHf 

=+94.7 and +53.5, respectively) that approach the suprachondritic values observed in Mega by 

Bianchini et al. (2014). The high degree of Hf and Nd isotopic variability exhibited in these 

samples is consistent with xenolith occurrences throughout the Afro-Arabian domain, including 

those studied in Yemen (Sgualdo et al., 2015) and Jordan (Shaw et al., 2007). With the exception 

of these very radiogenic values, significantly higher than commonly observed in continental and 

oceanic igneous rocks and falling above the εHf-εNd “mantle array” defined for oceanic basalts 

(Vervoort et al., 1999), Nd and Hf isotopes for the Dillo and Megado xenoliths are correlated and 
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fall close to, but generally below, the expected range for mantle values (Figure 4-9a). Plateau 

xenolith clinopyroxene from Injibara and Dedessa uniformly plot below the εHf-εNd mantle array 

and exhibit comparatively more restricted ranges for Hf (176Hf/177Hf = 0.28283 - 0.28352) and Sr 

(87Sr/86Sr = 0.702414 – 0.703536) isotopic signatures, but maintain a similar range in Nd 

(143Nd/144Nd = 0.512967 - 0.513620) isotopic compositions as the southern MER xenoliths. 

Lead isotopic variations are shown in Figure 4-8, and for Dillo and Megado xenoliths 

range to 17.56 - 20.05 for 206Pb/204Pb, 15.49 - 15.70 for 207Pb/204Pb, 37.37 - 40.15 for 208Pb/204Pb. 

Using the nomenclature of Hart (1986) to define mantle endmembers, the xenoliths span the 

compositional array between DMM and high-µ (high 238U/204Pb, HIMU) domains such as the C 

component (Hanan and Graham, 1996) or the extreme radiogenic HIMU endmember (Hart et 

al.,1992; 1986). Megado peridotites generally overlap with the Pb isotopic compositions of Mega 

peridotites (Bianchini et al., 2014) and are clustered at moderately high 206Pb/204Pb values that 

resemble C, which has been argued to be the composition of the Afar Plume (e.g., Rooney et al., 

2012b), but range to even more radiogenic values for 206Pb/204Pb that overlap with HIMU-

trending basalts from the Turkana Depression (Furman et al., 2006b). Additionally, the more 

radiogenic Megado peridotites and one pyroxenite sample fall below the Northern Hemisphere 

reference line (NHRL, defined Hart, 1984) in 208Pb/204Pb-206Pb/204Pb space, with negative 

vertical deviation from the NHRL (parameterized by -Δ8/4) increasing with increasing 

206Pb/204Pb. This trend indicates less thorogenic Pb (lower 208Pb/204Pb) for a given uranogenic Pb 

(206Pb/204Pb) enrichment, and is accompanied by universally enriched 207Pb/204Pb (+Δ7/4) 

throughout both rift and plateau samples. In contrast, Megado pyroxenites and Dillo pyroxenites 

and peridotites fall near or above the NHRL (i.e., exhibit +Δ8/4) in 208Pb/204Pb-206Pb/204Pb space 

and encompass a larger range in 206Pb/204Pb that approaches the depleted mantle endmember at 
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the unradiogenic extreme of the sample distribution. Plateau xenoliths from Gojam (Injibara) 

also exhibit elevated 208Pb/204Pb at a given 206Pb/204Pb, which is consistent with elevated Δ8/4 

observed in northwest Ethiopian continental flood basalts (CFB) associated with activity of the 

Afar Plume (Pik, 1999; Natali et al., 2016). Whereas high Δ8/4 values in CFB lavas have been 

interpreted to indicate the involvement of an enriched mantle component such as continental 

crust or Pan-African lithosphere (Figure 4-8), in the mantle xenoliths it is possible that the high 

Δ8/4 is due to overprinting of 206Pb/204Pb by young uranogenic Pb. 

3.5 Relationships between trace elements and radiogenic isotopes 

Useful trace element ratios for indications of metasomatic interaction include high La/Yb, 

imparted by metasomatic agents and fluids enriched in highly incompatible LREE, and high 

Zr/Hf coupled with low Ti/Eu associated with carbonatitic metasomatism. These diagnostic 

ratios display some systematic relationships with the Pb isotopic compositions of the Dillo, 

Megado, and Gojam xenolith clinopyroxene, and, to a lesser extent, Hf isotopic compositions 

(Figure 4-11). Generally, LREE-depleted clinopyroxene follow relatively well-defined linear 

trends that show negative relationships for (La/Yb)N and Zr/Hf versus 206Pb/204Pb, and flat trends 

for Zr/Hf and Ti/Eu versus 176Hf/177Hf. In contrast, LREE-enriched clinopyroxene exhibit 

considerably more variable trace element ratios at a given range for 206Pb/204Pb, as well as for a 

larger range in 176Hf/177Hf. The observation that low Ti/Eu is associated with Megado 

harzburgites that range to high 176Hf/177Hf and (La/Yb)N agrees well with trends expected for 

carbonatitic metasomatism (e.g., Dupuy et al., 1991, 1992; Rudnick et al., 1993). However, 

Zr/Hf values do not show concomitant increasing trends with 176Hf/177Hf expected for 

carbonatitic metasomatism, which may indicate that relatively recent metasomatism (< 100 Myr 

ago) has affected the Zr/Hf signature without allowing enough elapsed time to evolve a 
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characteristic Hf isotopic signature. Interestingly, Pb isotopes exhibit diverging trends with 

respect to (La/Yb)N, in which LREE-depleted samples show a negative correlation with 

206Pb/204Pb, whereas enriched samples range to higher and more variable (La/Yb)N with 

increasing 206Pb/204Pb.  

Less robust correlations between Hf and Nd isotopes and these diagnostic trace element 

ratios (not shown) suggest that the Hf and Nd isotopic systems have not been as affected by 

metasomatic interaction and, especially with consideration of significant Hf isotopic variation 

(Figure 4-9) preserved in the sample suite, may reflect pre-metasomatic mantle signatures. These 

observations suggest that the metasomatic agents were poor in Hf, and in some cases also Nd, are 

consistent with the general observation that these two isotopic systems are more resistant to 

metasomatic overprinting than the Pb isotopic system (Vervoort and Blichert-Toft, 1999; Wittig 

et al., 2006; Bianchini et al., 2014; Choi and Mukasa, 2014). 
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Figure 4-8. Pb isotopic diagram showing the compositions of Dillo and Megado rift and Injibara 

and Dedessa plateau xenolith clinopyroxene. Also shown are compositions of plume-related 

continental flood basalts (CFB) from NW Ethiopia (Pik, 1999; Nelson et al., 2012; Natali et al., 

2016) and lavas from the Main Ethiopian Rift (MER; Furman et al., 2006a), the Kenya Rift 

(Class et al., 1994), and Quaternary and Tertiary lavas from Turkana (Furman et al., 2004; 

2006b). Colored fields indicate mantle end-member populations defined by Hart (1986) for 

DMM (blue), EMI (yellow), EMII (green) and HIMU (red), using the compilation by Stracke et 

al. (2005). Orange field indicates the C component (Hanan and Graham, 1996) using data from 

the Cook-Austral islands of Ruturu (Chauvel et al., 1992) and Raivavae (Lassiter et al., 2003). 

Grey line is the Northern Hemisphere reference line (NHRL; Hart, 1984). Grey and white stars 

indicate end-member compositions for the Afar plume (white) and the Pan African Lithosphere 

(dark grey) given in Rooney et al. (2012b). 
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Figure 4-9. The compositions of Dillo and Megado rift and Gojam plateau xenolith 

clinopyroxene in (a) εHf-εNd space and (b) εHf-
206Pb/204Pb space. Shown for comparison are 

mantle clinopyroxene compositions from Yemen (green field and square symbols; Sgualdo et al., 

2015), Mega (purple field and crosses; Bianchini et al., 2014), and the Afar Depression (yellow 

field; Teklay et al., 2010). The Afar Plume and C end-member compositions are the same as in 

Figure 4-8. Black line indicates the ‘mantle array’ (given by εHf = 1.33*εNd + 3.19) from 

Vervoort et al. (1999). (c) Diagram showing ΔεHf (vertical displacement from the mantle array in 

εHf-εNd space) versus Δ8/4 (vertical displacement from the NHRL in 208Pb/204Pb-206Pb/204Pb 

space). 
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Figure 4-10. Nd-Sr (a) and Pb-Sr (b) isotopic compositions of Dillo and Megado rift and Gojam 

plateau xenolith clinopyroxene. Shown for comparison are mantle xenolith clinopyroxene 

compositions from the same sample localities by Alemayehu et al. (2016), from Mega 

(Beccaluva et al., 2011), and from the Afar Depression (Teklay et al., 2010). Also shown are the 

compositions of carbonatitic lavas studied throughout the EARS (Bell and Tilton, 2001), CFB 

lavas from Ethiopia and Yemen (Natali et al., 2016), and HIMU Tertiary mafic lavas from 

Turkana (Furman et al., 2006b). The Afar Plume, Depleted Mantle, Pan-African Lithosphere, 

and C end-member compositions are the same as in Figure 4-8. 
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Figure 4-11. (La/Yb)N, Zr/Hf, and Ti/Eu versus 206Pb/204Pb and 176Hf/177Hf for LREE-depleted 

and LREE-enriched clinopyroxene from Dillo and Megado rift xenoliths and Injibara and 

Dedessa plateau xenoliths. Normalizing values from Sun and McDonough (1989). Symbols as 

described in Figures 4-5 to 4-10.  
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4. Discussion 

4.1 Partial melting and metasomatic enrichment of the Dillo and Megado mantle 

The chemical systematics of Dillo and Megado rift xenoliths suggest that a complex, 

multistage history involving both melt depletion and metasomatic enrichment events has affected 

the southern Ethiopian sub-continental lithospheric mantle (SCLM), and that the events have 

likely impacted the region heterogeneously on a remarkably small scale, such that locations 

separated by only tens of kilometers (and even xenoliths within the same region) sample mantle 

domains that record diverse histories. The Dillo and Megado xenoliths exhibit variable mineral 

modes ranging from websterites to fertile lherzolites and refractory harzburgites, which are 

accompanied by covariations in bulk rock and clinopyroxene compositions. The continuous 

linear trends in bulk rock MgO, Al2O3, and CaO shown in Figure 4-5 are consistent with the 

extraction of basaltic melts from primitive upper mantle (e.g., Pearson et al., 2003; Canil, 2004), 

and the simple, flat chondrite-normalized M- and HREE distribution patterns of clinopyroxene 

(Figure 4-6) are easily explained by melt extraction and preferential removal of the most 

incompatible LREE. In contrast, the fractionated M- and HREE observed in some pyroxenite 

xenolith clinopyroxene, as evidenced by concave-down distribution patterns for Sm-Lu that peak 

at Eu, likely reflect stabilization in the garnet facies (Pearson et al., 2003; and references 

therein). 

Although the bulk rock major oxide trends and certain aspects of the clinopyroxene REE 

distribution patterns can be attributed to melt depletion processes, the many of the petrographic 

features and clinopyroxene incompatible element systematics exhibited by Dillo and Megado 

xenoliths suggest that they do not simply constitute partial melting residues, and require that 

significant metasomatic re-enrichment has occurred after the original melt depletion. Variable 

deformation and recrystallization textures, prevalent reaction patches and rims containing 



118 

 

secondary minerals such as microcrystalline olivine, pyroxene, and spinel, and the occurrence of 

amphibole in both reaction patches and disseminated in the peridotite matrix all attest to 

widespread metasomatic processes, the evidence for which has also been observed by other 

studies in the MER. Among several authors who report the presence of metasomatic ilmenite, 

amphibole, apatite, and phlogopite (e.g., Dawson, 2002; Orlando et al., 2006; Beccaluva et al., 

2011; Bianchini et al., 2014), Bedini et al. (1997) observe that modal metasomatism – in this 

case apatite-bearing – is more prevalent in less recrystallized, deformed clinopyroxene-poor 

lherzolites and harzburgites from Mega that exhibit LILE enrichment and HFSE (Nb, Ta, Zr, Hf, 

and Ti) depletion, but absent in the most recrystallized granular peridotites lacking these LILE 

and HFSE features. The authors further argue for variable enrichment by a spatially and 

compositionally evolving melt volume, in which both small-volume, low-degree melts impart 

their enriched LILE signatures on deformed peridotite domains without causing significant 

recrystallization, and large-volume, high-degree melts with depleted incompatible element 

budgets trigger extensive recrystallization. Both of these processes may have been related to the 

impingement of the Afar plume, during which the initial small-degree melts may have been 

triggered by reactive porous flow at the base of the lithosphere in response to thermo-mechanical 

erosion by the rising plume head, and later high-degree melts may be linked to extensive 

subalkaline basaltic magmatism that emplaced the Ethiopian Plateau flood basalts. Alternatively, 

it has also been argued that the metasomatic agents were low-volume alkaline silicate melts, 

possibly containing a carbonatitic component, generated during the Cenozoic development of the 

MER, and that fractionation of trace element signatures occurred by reactive porous flow of 

alkaline melts triggered by lithospheric extension (e.g., Le Roux et al., 2007; Beccaluva et al., 

2011; Bianchini et al., 2014). 
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In order to better constrain the metasomatic processes affecting the Dillo and Megado 

mantle, calculations of the melt compositions in equilibrium with peridotite clinopyroxene were 

performed to elucidate the possible metasomatic agents involved in the mantle enrichment 

processes. Two clinopyroxene-melt partition coefficients were utilized, Dcpx-silicate melt and Dcpx-

carbonatite in an attempt to assess the different possible metasomatic agents. The results of this 

modeling are shown in Figure 4-12a-b, and illustrate several key features. Rather than 

representing the product of a unique metasomatic agent, it is more likely that both carbonatitic 

and mafic silicate metasomatism have occurred to impart positive Th and U and slight HFSE 

enrichment exhibited by the modeled equilibrium melts for the most enriched modeled melts 

(Downes, 2001). Existing investigations of Dillo and Megado xenoliths (Orlando et al., 2006; 

Alemayehu et al., 2016) have argued in support of the role of both silicate and carbonatitic 

metasomatism, and that multiple episode of both types of metasomatism have occurred on a 

small (km) scale via progressive solidification and melt infiltration into the lithospheric mantle 

during successive melt-rock interactions (e.g., Bedini et al., 1997). The melt infiltration process, 

during which liquids evolve down the chemical gradient from basalts to volatile-rich, low-T, 

small volume carbonatite melts, is supported in the Dillo and Megado xenoliths by the presence 

of spongy microcrystalline reaction patches and borders associated with clinopyroxene.  

Excluding Dillo and Megado equilibrium melts with the greatest overall enrichments, the 

majority of the calculated melts are characterized by more modest enrichments in in the most 

incompatible elements. Dillo equilibrium melts lack strong Nb anomalies and are a reasonably 

good match with silicate melts shown in Figure 4-12b. Considering that, with the exception of 

two Dillo lherzolites (DL2-5 and DL2-14), the majority of Dillo clinopyroxenes exhibit flat or 

depleted REE patterns, it is likely that the causative metasomatic agents were subalkaline silicate 
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melts. Megado equilibrium melts are characterized by stronger negative Nb anomalies and 

variable negative Ti anomalies. The Nb anomaly can be explained by stabilization in the 

presence of rutile or Ti-oxides (e.g., Bedini et al., 1999). In general, the Megado xenoliths trace 

element compositions resemble those of xenoliths from Mega, which have been argued have 

undergone re-fertilization by low-volume alkaline melts with a carbonatitic component 

(Bianchini et al., 2014). This may explain equilibrium melts calculated for LREE-enriched Dillo 

and Megado xenoliths, which have positive Th, U, La, and Ce anomalies. In contrast, similar 

trace element modeling performed by Beccaluva et al. (2011) for the Injibara and Dedessa 

xenoliths has found that plateau equilibrium melts are only moderately enriched in incompatible 

elements, have negative Th anomalies, and lack HFSE depletions. On this basis, the authors 

argue convincingly that a subalkaline metasomatic agent highly resembling Ethiopian plateau 

CFB can be identified, which supports interpretations that the Pb isotopic signatures of the 

plateau xenoliths have been largely overprinted (see discussion in section 4.2) by plume-related 

melts. 

Clinopyroxene (La/Yb)N and Ti/Eu additionally serve as useful discriminators for the 

different types of metasomatic agents because silicate metasomatism is associated with elevated 

HFSE and moderate to low enrichment in LREE, whereas carbonatitic metasomatism is 

characterized by extreme LILE enrichment and HFSE (particularly Ti) depletion. Lherzolites and 

pyroxenites from both the southern MER and Ethiopian plateau largely exhibit low (La/Yb)N and 

high Ti/Eu that plot in the field indicating silicate metasomatism, with the exception of two 

LREE-enriched Dillo lherzolites (DL2-5 and DL2-14), which have more transitional 

compositions (Figure 4-12c). The low Ti/Eu and high (La/Yb)N exhibited by LREE-enriched 

Megado harzburgites is consistent with carbonatitic metasomatism, and is also observed in Mega 
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peridotites and, more rarely, in one plateau peridotite from Dedessa (WOL2, Beccaluva et al., 

2011), in line with observations from xenoliths throughout the Afro-Arabian domain (e.g., Shaw 

et al., 2007) that suggest that carbonated metasomatic agents have impacted the African SCLM 

on a wide regional scale. 

 

Figure 4-12. Primitive mantle-normalized trace element compositions of Dillo and Megado 

potential (a) carbonatitic and (b) silicate metasomatizing melts in equilibrium with xenolith 

clinopyroxene. Calculations were performed using cpx-carbonatite and cpx-silicate melt partition 

coefficients from Blundy and Dalton (2000) for Rb, Ba, Nb, La, Pb, Sr, Nd, Sm, Zr, Ti, Yb, and 

Y, from Hauri et al. (1994) for Th and U, and from Zack and Brumm (1998) for Ce and Hf. 

Shown for comparison are the compositions of EARS carbonatitic lavas (grey lines; Bizimis et 

al., 2003), Huri Hills alkaline basalts (orange field; Class et al., 1994), Turkana HIMU basalts 

(teal field; Furman et al., 2006b), and Ethiopia-Yemen CFB lavas (purple field; Natali et al., 

2016). Normalizing values from Sun and McDonough (1989). In (b), grey outlined symbols and 

lines indicate unusual samples that exhibit carbonatitic melt affinities. (c) Chondrite-normalized 

La/Yb versus Ti/Eu discrimination diagram for carbonatitic and silicate metasomatism of 

xenolith clinopyroxene. Shown for comparison are Southern MER xenoliths from Dillo and 

Megado (Alemayehu et al., 2016) and Mega (Beccaluva et al., 2011). Carbonatite metasomatism 

and silicate metasomatism fields are after Yaxley et al. (1991) and Coltorti et al. (1999). 
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4.2 Sr-Nd-Hf-Pb isotopic variability of the SCLM beneath Ethiopian plateau and rift 

environments 

The ranges of radiogenic isotopic ratios exhibited by the Dillo and Megado rift xenoliths 

reflect time-integrated ingrowth of parent-daughter ratios (i.e., U,Th/Pb, Sm/Nd, Lu/Hf, and 

Rb/Sr) that have been fractionated by melt depletion and/or re-equilibration with isotopically 

distinct metasomatic agents. Generally, the Megado and Dillo rift xenoliths have correlated Hf 

and Nd isotopic signatures that plot within ±15 εHf units of the mantle array, consistent with the 

signatures of rocks formed in the convecting mantle (Figure 4-9a). The Gojam plateau xenoliths 

also plot close to the mantle array, but typically fall below it. Positive correlations between 

143Nd/144Nd and 176Hf/177Hf in mantle-derived oceanic basalts (MORB and OIB) are well-

documented, and defines the mantle array on the Nd-Hf isotope diagram shown in Figure 4-9a. 

(Patchett and Tatsumoto, 1980; Salters and Hart, 1991; Vervoort and Blichert-Toft, 1999; 

Vervoort et al., 1999; Bouvier et al., 2008). The coherency of the two isotopic systems is due to 

similar fractionation of more compatible parent (Lu and Sm) and less compatible daughter (Hf 

and Nd) species during partial melting (Patchett and Tatsumoto, 1980; Johnson and Beard, 1993; 

Patchett, 1983). The notable exceptions are two samples (DL2-14 and MG1-14) that exhibit 

extremely radiogenic Hf, with εHf of +53 and +95, respectively. High εHf that deviates 

significantly from the mantle array has been widely observed in peridotites from the SCLM 

throughout the Afro-Arabian domain (e.g., Shaw et al., 2007; Bianchini et al., 2014; Sgualdo et 

al., 2015), and has commonly been attributed to fractionation of the two isotopic systems during 

melt depletion followed by long-term isolation from the convecting mantle (Lapen et al., 2005; 

Wittig et al., 2006; Bizimis et al., 2007).  
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Figure 4-13. (a) 176Lu/177Hf-176Hf/177Hf and (b) 147Sm/144Nd-143Nd/144Nd relationships in Dillo 

and Megado rift peridotite and Gojam plateau peridotite clinopyroxene. Xenolith symbols as 

defined in figure 4-9, with the addition of Assab xenoliths as orange crosses. Black line indicates 

the pseudo-isochron for the plateau xenoliths calculated from measured Lu/Hf and 176Hf/177Hf, 

which gives an apparent age of 1.84 Ga. Also shown are apparent isochrons for 1.9 Ga 

peridotites from Mega (Bianchini et al., 2014) and 30 Ma peridotites from Assab, in the Afar 

Depression (Teklay et al., 2010). Grey lines are CHUR reference isochrons for 500 and 900 Ma, 

calculated using parameters from Vervoort (2014). 

 

The studied xenolith clinopyroxene with extremely radiogenic Hf isotopic signatures do 

not also bear extremely radiogenic Nd isotopic compositions, the latter of which exhibit only 

mildly to moderately suprachondritic values. Such strong decoupling of the Hf-Nd isotopic 

systems can be generated during late stage metasomatism due to the greater resistance of the Lu-

Hf isotopic system to metasomatic overprinting compared to the Sm-Nd isotopic (e.g., Bedini et 

al., 2004; Stracke et al., 2011). This multi-stage process of ancient melt depletion, long-term 

isolation, and subsequent metasomatism has been invoked to explain highly radiogenic Hf that is 

decoupled from Nd in both the Afro-Arabian domain (e.g., Shaw et al., 2007; Bianchini et al., 

2014; Sgualdo et al., 2015) and in xenoliths sampling SCLM globally (e.g., among others, Wittig 

et al., 2006; Bizimis et al., 2007; Choi and Mukasa, 2014). The significant Hf isotopic variability 
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observed in the Dillo and Megado rift xenoliths is in stark contrast to the relatively homogeneous 

Hf isotopic signatures of the Gojam plateau xenoliths (cf. Figure 4-9b) and the even more 

restricted range in Hf-Nd isotopic signatures of Afar Depression xenoliths (Teklay et al., 2010), 

where it is likely that increased thermochemical perturbation provided by the Afar plume has led 

to enhanced resetting of both isotopic systems (e.g., Bedini et al., 2004). 

The preservation of highly radiogenic Hf in one Megado harzburgite (MG1-14; εHf = 

+95) and one Dillo lherzolite (DL2-14; εHf = +53) is concurrent with significant enrichment in 

LREE (chondrite-normalized La/Yb ~ 12) and LILE, but depletion in HFSE (Ti/Eu < 3900), 

chemical signatures that testify for metasomatism by carbonatitic agents (e.g., Wittig et al., 

2007). These metasomatic fluids would have insufficiently abundant Hf to accomplish 

significant isotopic overprinting of Hf. The remaining peridotites in the sample suite, however, 

are too enriched in Hf (up to 1.5 ppm) and other HFSE for carbonatite liquids to be the dominant 

metasomatic mechanism. Xenoliths that are characterized by only moderate, rather than extreme 

LREE and LILE enrichment suggest that alkaline silicate melts also serve as important 

metasomatic agents beneath the MER. These alkaline silicate metasomatic liquids may also be 

capable of similarly fractionating the Sm-Nd and Lu-Hf isotopic systems via porous flow though 

the peridotite matrix due to their differing incompatibilities (Le Roux et al., 2009; Bianchini et 

al., 2014). 

The Pb isotopic signatures of xenoliths are variable and also record multiple episodes and 

types of chemical overprinting. The most radiogenic 206Pb/204Pb signatures (> 19.5) are 

associated with simultaneously the least and most LREE-enriched samples. In contrast, the 

remaining samples (mostly Dillo lherzolites) have Pb isotopic signatures that trend toward DM 

(Figure 4-8), supporting the interpretation that they have been re-fertilized by subalkaline melts 
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with a MORB-like affinity. Because previous (ancient) melt depletions are expected to result in 

substantively less radiogenic Pb ingrowth over time, the highly radiogenic Pb isotopic ratios are 

at odds with the ancient depleted mantle components established by the Hf-Nd isotopic 

systematics, especially considering that the xenoliths with the highest εHf also have very 

radiogenic Pb. These Pb signatures are the result of radiogenic ingrowth of precursor material 

with elevated U/Pb (= µ), and similar high-µ isotopic compositions are observed also in Mega 

peridotites (Bianchini et al., 2014). As shown in Figures 4-8 and 4-11, high-µ-type Megado 

lherzolites and harzburgites (including sample MG1-14 with εHf = +95) are LREE-depleted and 

enriched, respectively, exhibit Pb anomalies that vary from slightly negative to significantly 

positive on the incompatible element abundance diagram that do not correlate with (La/Yb)N 

(Figure 4-11), and plot very near or below the 208Pb NHRL. In contrast, the high-µ Dillo 

lherzolite with εHf = +53 is LREE-enriched and plots well above the NHRL. The observation that 

the high-µ signature is associated with distinct trace element compositions suggests that it may 

be characteristic of more than one sublithospheric metasomatic component affecting the MER 

mantle (Aulbach et al., 2011; Beccaluva et al., 2011; Bianchini et al., 2014), possibly linked to 

signatures generated during pre-Paleozoic subduction cycles (Stern et al., 2012; Thomas et al., 

2013).  

Separate pathways of enrichment to explain the Pb isotopic signatures is reasonable 

considering that subduction zone processing can generate in the mantle both carbonatitic 

components associated with the devolatilization of the entire lithosphere + sediment package is 

devolatilized as well as mafic silicate components derived from the eclogite (Weaver et al., 

1991). Additionally, the fact that the LREE-enriched high-µ Megado harzburgites and Dillo 

lherzolite have 87Sr/86Sr isotopic compositions that trend toward the composition of C and the 
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Afar plume (Figure 4-10) suggests that the plume is associated with at least one of the high-µ 

components, but this not necessarily in conflict with a subduction origin for the trace element 

and isotopic features of the xenoliths given the increasing evidence that high-µ domains in 

general require subduction zone processing of precursor materials (e.g., Stracke et al., 2005; 

Castillo et al., 2015). In fact, recent work has argued that high-µ domains may be generated by 

delamination and recycling of SCLM that has been pervasively metasomatized by subduction-

related carbonatitic fluids (Weiss et al., 2016), fortifying the links between metasomatized 

SCLM, high- µ, and the recycling of ancient continental roots into the convecting mantle. These 

events could have occurred during Pan African or older geodynamic cycles. The remaining Dillo 

lherzolites, as well as pyroxenites from both localities, plot near or above the 208Pb NHRL, with 

compositions exhibiting MORB-like affinities signifying overprinting by subalkaline 

asthenospheric melts. Plateau peridotites plot further above the NHRL, suggesting the role of 

enriched mantle (EM) components that have been recognized throughout the EARS as 

representative of a pre-Cenozoic metasomatic signature residing in the lithosphere (Beccaluva et 

al., 2011; Bianchini et al., 2014). 

Geochemical and isotope signatures in Megado lherzolites and harzburgites illustrate that 

refractory domains in the SCLM have been altered by high-µ silicate and/or carbonatitic fluids 

that have re-set the Pb isotopic signatures (Figure 4-9c), while leaving suprachondritic Hf 

isotopic signatures intact. The observation that these samples plot near or below the NHRL (i.e., 

have Δ8/4 < 10) and extend to subchondritic Hf isotopic ratios (ΔεHf as low as -7) is consistent 

with metasomatism of ancient upper mantle residua by a high-µ component similar to C, the 

proposed composition of the Afar Plume (Hanan et al., 2004; Rooney et al., 2012b). This high- µ 

component is arguably comprised of ancient SCLM metasomatized by carbonatitic fluids related 
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to Proterozoic Pan-African or older continental assembly that, after isolation at the base of the of 

the continental crust, is foundered and entrained in the convecting mantle before upwelling as a 

mantle plume (e.g., Furman et al., 2016). Although several of the Dillo lherzolites fall in the SW 

(low ΔεHf and Δ8/4) quadrant of the Figure 4-9c, the majority exhibit a wide range in ΔεHf but 

are displaced toward significantly higher Δ8/4 (> 20), implying the Dillo xenoliths record 

variable contamination of the upper mantle by continental lithospheric mantle material through 

plume-related thermochemical erosion and/or detachment and foundering of continental material 

into the asthenosphere (e.g., Rooney et al., 2012b; Furman et al., 2016), or that the Pb isotopic 

signature has been partially re-set by metasomatizing agents characterized by young uranogenic 

206Ph/204Pb. Mantle xenoliths from Gojam, on the Ethiopian Plateau, range to similarly high Δ8/4 

but are restricted to relatively low ΔεHf (< 0), suggesting that the plume environment may have 

caused some degree of thermochemical reset with respect to even robust isotopic systems such as 

Lu-Hf. The latest metasomatic overprinting, therefore, may be linked to the percolation of melts 

related to Oligocene CFB that carry significant EM-type contributions. 

4.3 The timing of thermochemical events in the East African SCLM 

Because the Lu-Hf and Sm-Nd systematics of the southern MER and Ethiopian Plateau 

xenoliths have clearly been obscured by late-stage metasomatism (see discussion in sections 4.1 

and 4.2), calculations of meaningful pseudo-isochrons or model ages render a spectrum of 

approximate ages of the ancient melt depletion events. Lu-Hf pseudo-isochrons (Figure 4-13a) 

demonstrate that, consistent with the findings of Alemayehu et al. (2016), the majority of 

Megado and Dillo peridotites plot between 500 – 900 Ma CHUR reference isochrons. As 

illustrated in Figure 4-13b, Sm-Nd isotopic data are scattered to apparent ages younger than 500 

Ma, indicating that they have been affected by late-stage metasomatism. The 900-500 Ma 
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apparent ages on the Lu-Hf diagram are meaningful because they coincide with the timing of Pan 

African continental assembly. During this protracted orogenic cycle accompanied by multiple 

phases of tectonic and magmatic activity, significant melt extraction is likely to have occurred 

(e.g., Kröner and Stern, 2004, and references therein). The negative slope of the apparent 

isochron for Megado peridotites (both with and without the very radiogenic sample MG1-14) 

yields a negative age, which likely demonstrates recent isotopic exchange with a metasomatic 

agent low in 176Hf/177Hf (Choi and Mukasa, 2014). In contrast to the somewhat poorly defined 

Dillo and Megado isochrons, plateau peridotites from Gojam define a tight linear correlation that 

yields an apparent age of 1.84 Ga, similar to the 1.9 Ga Lu-Hf apparent age defined for Mega 

peridotites (Bianchini et al., 2014) that was found to be in reasonable agreement with Re-Os ages 

for the same locality (Reisberg et al., 2004). This indicates that the ancient melt depletion history 

that extends possibly into the Neoarchean-Paleoproterozoic argued for the southern MER 

lithospheric mantle is shared by the plateau mantle. The oldest recorded events pre-date the 

earliest continental collisions related to Gondwana assembly during the Pan African orogenic 

cycle, and illustrate that lithospheric sections preserve a record of Grenvillian (or Kibaran in 

Africa; Kröner and Stern, 2004) orogenic events that has remained intact throughout East Africa 

(Rino et al., 2008). 

4.4 Xenolith perspective on the dynamic development of East African SCLM 

 The Ethiopian Plateau and Southern MER clinopyroxene radiogenic isotope systematics 

presented in this work, particularly with respect to Pb and Hf isotopes, provide an important 

perspective on the dynamic evolution of the East African SCLM that is involved with ongoing 

rift tectonomagmatic activity. In the history summarized in Figure 4-14, subduction and 

continental accretion during Kibaran and Pan African supercontinent assembly and subsequent 
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breakup released volatiles that triggered both flux melting and the extraction of lavas to produce 

depleted mantle residua, as well as generated metasomatized, recycled components in the upper 

mantle and SCLM (top panel). Subduction-related carbonatitic metasomatism SCLM, in 

particular, generated domains with elevated (U, Th)/Pb and serve as long-lived precursors 

necessary for the development of high-µ Pb isotopic signatures observed in mantle xenoliths and 

mafic lavas in the southern MER and northern Kenya (e.g., Furman et al., 2006b; Beccaluva et 

al., 2011; Bianchini et al., 2014). Subsequent detachment and foundering of the dense, 

metasomatized SCLM recycled material into the convecting mantle, generating additional melts 

(e.g., Furman et al., 2016), many of which served as later-stage metasomatic agents percolating 

through the thinned SCLM (middle panel). At 30 Ma, the developing Afar Plume at the base of 

the northern Ethiopia SCLM supplied heat to facilitate thermal erosion of the continental root, 

and generated voluminous melts to build the Ethiopian Plateau (Baker et al. 1996; Hofmann et 

al., 1997; Pik et al., 1999). Most recently (bottom panel), ongoing rifting and decompression 

melting sample heterogeneous recycled domains in the SCLM and upper mantle. The small 

spatial scale of these heterogeneities is evidenced by the record of diverse metasomatic processes 

(e.g., subalkaline silicate, alkaline silicate, and carbonatitic) in southern MER sample localities 

including Dillo, Megado, and Mega (Bianchini et al., 2014). 

5. Conclusions 

New radiogenic isotope and trace element information on mantle xenolith clinopyroxene 

sampled from the Ethiopian plateau and the southern Main Ethiopian Rift provide constraints on 

the contrasting nature and histories of the SCLM beneath distinct provinces of the EARS. On a 

wide scale, the EARS SCLM, as represented by southern MER and Ethiopian Plateau xenoliths, 

preserves a Hf isotopic record of ancient Pan-African melt depletion that has been variably 
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overprinted by multiple isotopically distinct events or episodes of metasomatism. Late-stage 

metasomatism involved alkaline silicate and carbonatitic agents, as well as depleted 

asthenospheric inputs in the Southern MER, but was characterized by distinctly subalkaline 

affinities in the Ethiopian Plateau mantle, where pervasive percolation of CFB magmas related to 

the Afar Plume is recorded in the trace element and isotopic systematics of Injibara and Dedessa 

peridotites (e.g., Beccaluva et al., 2011). Recent perspectives on the formation of high-µ mantle 

domains from ancient, subduction-related carbonatitic metasomatism of the SCLM are in 

agreement with the tectonic history of East Africa and the isotopic signatures observed in mantle 

xenoliths and mafic lavas from the southern MER and northern Kenya. These findings strongly 

support the view that the rifted, metasomatized SCLM serves as an extremely heterogeneous, 

long-lived reservoir for recycled continental materials that contribute to petrogenesis through 

multiple stages of continental evolution.  
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Figure 4-14. Summary schematic of the multiple stages of melt depletion and metasomatic 

processes contributing to the Ethiopian Plateau and southern MER SCLM. Subduction during 

Pan African continental assembly released volatiles that triggered both flux melting and the 

extraction of arc lavas, as well as generated metasomatized, recycled components in the SCLM 

and upper mantle (top panel). Subsequent detachment and foundering of the dense, 

metasomatized SCLM recycled material into the convecting mantle, generating additional melts, 

many of which serve as later-stage metasomatic agents percolating through the thinned SCLM 

(middle panel). The developing Afar Plume at the base of the northern Ethiopia SCLM supplied 

heat to facilitate thermal erosion of the continental root, and generated voluminous melts that 

build the Ethiopian Plateau. Most recently (bottom panel), ongoing rifting and decompression 

melting sample heterogeneous recycled domains in the SCLM and asthenosphere. 
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CHAPTER V 

CONCLUSIONS 

The work reported in this dissertation addresses three facets of rift petrogenesis in two of 

Earth’s major active continental rift systems, the West Antarctic Rift System (WARS) and the 

East African Rift System (EARS). The primary aims of this work were to investigate, in regions 

where the mantle plume hypothesis may fail as an encompassing model for rift-wide 

petrogenesis, the validity of alternative models that highlight the role of passive decompression 

melting of volatilized, easily fusible components in the underlying upper mantle beneath both 

rifts. In Chapter II, submarine and subaerial lavas from the Ross Embayment of the West 

Antarctic Rift System exhibit major oxide, trace element, and Sr-Nd-Pb-Hf isotopic affinities for 

subduction-recycled domains hosted in the sub-continental lithospheric mantle (SCLM) and 

upper mantle. The occurrence of key easily-fusible components including volatilized peridotite 

and pyroxenite can be linked to long-lived subduction during the Paleozoic and Mesozoic, when 

West Antarctica and its constituent tectonic blocks were part of the paleo-Pacific active margin 

of Gondwana. The hydrated and carbonated source lithologies are confirmed in Chapter III, in 

which olivine-hosted melt inclusions record high H2O and CO2 linked to pervasive 

metasomatism by hydrous and carbonatitic fluids during subduction. These results suggest that 

volatile-rich metasomatic domains in the SCLM and upper mantle can be long-lived, and 

continue to contribute to tectonomagmatic activity well after subduction cessation. A new model 

for WARS rift petrogenesis that reconciles these findings with evolving regional geophysical 

frameworks is presented in Chapter II. 
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In Chapter IV, mantle xenoliths from contrasting environments (both plume-dominated 

and passive rift-dominated) in the East African SCLM document the complex, multistage history 

of the continental lithosphere involving ancient melt depletion events during Pan African 

continental assembly or older. These ancient melt depletions, signified by large Hf isotopic 

variations, are accompanied by high-µ Pb isotopic compositions, which may be reconciled by a 

new model for the production of high-µ domains by ancient metasomatism of the residual SCLM 

by subduction-related carbonatitic fluids. Late stage metasomatism by percolating alkaline and 

carbonatitic fluids in the southern portions of the rift contrast with the subalkaline plume-related 

magmas serving as metasomatizing agents on plateau xenoliths, supporting the interpretation that 

the dynamics of rift environments more distal to the plume head are more strongly linked with 

passive decompression melting. In these passive rift environments, kilometer-scale (or less) 

chemical heterogeneities are observed in the xenolith suite. 

  Collectively, these chapters fortify links between tectonic history, the production of 

chemically heterogeneous domains in the SCLM and sublithospheric convecting mantle, and 

continental rift evolution. They have important implications not only for understanding rift 

petrogenesis in East Africa and West Antarctica, but also for understanding other areas of 

intraplate magmatism that occur in the absence of significant thermal anomalies. The presented 

studies also illustrate that the sub-continental lithospheric mantle serves as an important long-

lived host of heterogeneous recycled chemical components that continue to contribute to 

dynamic evolution of the continents over many cycles of accretion and breakup. 
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APPENDIX 1  

SUPPORTING INFORMATION FOR CHAPTER II 

A1.1. Analytical Methods 

A1.1.1. Electron microprobe analyses 

Mineral compositions were determined on diamond-polished thin sections analyzed with 

a Cameca SX 100 electron microprobe at the University of Michigan Electron Microbeam 

Analysis Laboratory (EMAL) using a beam power of 15 kV and a current of 60 µA. Typical 

counting times were 20 seconds for major oxides and 30 seconds for minor elements. Diopside 

was used as a standard to generate a calibration for Ca and Si, enstatite for Mg, almandine for Fe 

and Al, albite for Na, rhodonite for Mn, uvaroite for Cr, and geikite for Ti. Ferrous and ferric 

iron concentrations in pyroxene were approximated by charge balancing to six oxygen atoms. 

Two separate analyses were performed for each sample to assess reproducibility of the 

calculations. 

A1.1.2. Major oxide and trace element analyses 

Sample chips for detailed chemical analyses were washed ultrasonically in deionized 

water and soaked in dilute (2.5N) HCl before crushing to < 150 μm grain size and pulverization. 

Major oxides, Rb, Sr, and Zr were analyzed by x-ray fluorescence (XRF), and trace elements 

were obtained on the same glass disks by laser ablation inductively coupled plasma mass 

spectrometer (LA-ICP-MS) at Michigan State University using the techniques described by 

Deering et al. (2008) and Rooney et al. (2012). Reproducibility using these techniques is 

typically better than 5% for trace elements based on standard analyses (Vogel et al., 2006). Three 

sample replicates were measured at the Washington State University Geoanalytical Laboratory 
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following the methods of Knaack at al. (1994) and Johnson et al. (2004) to assess reproducibility. 

Major elements and most trace elements agreed within 10%, and Rb, Ho, V, Cr, and Nb varied 

within 15%. Lead concentrations were also determined by isotope dilution during isotopic 

analyses for six samples for comparison with ICP-MS and XRF analyses. Major oxides and most 

trace elements agreed within 10%, Rb, Ho, V, Cr, and Nb varied within 15%, and Pb showed up 

to 23% variation. Samples were sorted by major-oxide data, removing those with low totals (less 

than 96 wt. %, inferred to indicate high LOI) from further consideration in the isotopic analyses 

that followed. 

A1.2. Major Oxide Variations of West Antarctic Lavas 

 

Figure A1.2.1. Variation diagrams versus MgO (wt. %) for WARS lavas, showing well-defined 

trends for fractional crystallization.
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APPENDIX 2 

SUPPORTING INFORMATION FOR CHAPTER III 

A2.1. Sample selection and re-homogenization 

Olivine crystals larger than 0.5 mm were picked from crushed and sieved host basanite lavas. 

Each crystal was examined under binocular microscope while submerged in isopropyl alcohol to 

verify the presence of amber-colored melt inclusions. At this stage, inclusions that contained 

abundant oxides or those that appeared to be associated with internal fractures within the olivine 

host were excluded from further study. Melt inclusions were rehomogenized at the Piston 

Cylinder Laboratory at Rensselaer Polytechnic Institute following the procedures described in 

Stefano et al. (2012) and Cabato et al. (2015), using experimental cell and capsule designs 

modified from Trail et al. (2012) and Ayers et al. (1992). Olivine phenocrysts were packed in 

graphite powder inside graphite capsules and equilibrated in a NaCl pressure medium to a 

temperature of 1300°C and a pressure of 6 kBar for 10 minutes, then rapidly quenched. Olivine 

phenocrysts recovered from the experimental capsules were again checked for inclusions free 

from cracks, then mounted in epoxy and polished to a 0.1 µm optical finish.  

A2.2. Analytical techniques 

Olivine phenocrysts with inclusions exposed on the surface were transferred to an indium 

mount in preparation for volatile analyses. Prior to loading in the sample chamber, the indium 

mounts were dried in a vacuum oven at 110°C for at least 12 hours, then coated in gold. 

Measurements of H2O, CO2, S, F, and Cl were performed at Woods Hole Oceanographic 

Institution on a Cameca 1280 IMS secondary ion mass spectrometer (SIMS) using the methods 

described in Helo et al. (2011). Measurements were conducted using a 133Cs+ primary beam and 
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a 500 nA current rastered to a 20 µm-diameter spot. Secondary ions of 12C, 16O1H, 19F, 30Si, 32S, 

and 35Cl were monitored for a uniform ion image with the highest intensity signal centered on the 

field aperture. Individual measurements were collected after 240 seconds of pre-sputter, and then 

counted for a minimum of 10 cycles. Calibration curves were produced by repeat measurements 

of nine standard glasses (Alvin 519-4-1, D51-3, D52-5, 6001, 1654-3, JD17H, D20-3, NS-1, and 

46D) of known volatile species abundances. Replicate measurements of standard glass Alvin 

519-4-1 were conducted to monitor instrument performance and yielded relative error of 8.2% or 

better for C, F, S, and Cl, and 12.6% for H2O. Data quality for unknowns was assessed during 

the analysis by monitoring the signal stability for each analytical run, and inclusions that 

exhibited instability were flagged and removed from the figures and discussion in the main text, 

but are reported in Table 1 of Chapter II. The CO2 measurements were particularly affected due 

to their generally low abundances.  

Olivine major-oxide compositions were measured on the JEOL-JXA-8200 Superprobe at 

the Massachusetts Institute of Technology (MIT) Electron Microprobe Facility using a 15 kV 

accelerating voltage, 4 nA beam current, and a ~1µm focused beam. Melt-inclusion major-oxide 

compositions were measured at MIT using the same analytical conditions as host olivine grains, 

but with a 10 µm unfocused beam. Counting times were 5s for Na and 40s for all other elements. 

Replicate analyses (n=10) of the standard Alvin 1690-20 yielded relative error of 1.72% for CaO, 

0.19% for SiO2, 0.11% for Al2O3, 1.50% for FeO, 0.89% for MgO, and 7.47% for K2O (Grove et 

al., 1992), and are available in Table A2.2.1. 

Abundances of Li-U trace elements in MIs were determined on a laser ablation 

inductively coupled plasma mass spectrometer (ICP-MS) employing a Photon Machines 193 nm 

Excimer laser ablation platform plumbed into a NuAttoM high resolution single-collector ICP-
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MS at the University of New Hampshire. Analyses were conducted with a 25µm spot size, 5.40 

J/cm2 fluence, and a 4 Hz rep rate. Raw data were processed in Iolite (Paton et al., 2011) using 

43Ca (obtained from electron microprobe CaO measurements) as the internal standard. 

Instrumental drift was corrected by bracketing unknowns with the KL2-G glass standard using 

reference values from Jochum et al. (2005). Replicate measurements (n = 15) of glass standard 

ML3-BG run as an unknown standard throughout analytical runs indicate that trace elements are 

accurate to ±11% for U, to ± 8% or better for Li, V, Ni, Rb, and Sm, and to ±5% or better for all 

other elements (Jochum et al., 2005), and are available in Table S1. Owing to the very small size 

of some melt inclusions, analytical uncertainties for some measurements are high due to ablation 

of host olivine or limited availability of material during the measurement, particularly for very 

shallow inclusions. 
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Table A2.2.1. Average values for replicate measurements of standard reference glasses during 

ICP-MS and electron microprobe analyses. Analytical parameters are described in section A2.2. 

 

 

 

 

 

Table A2. Standard reference materials for LA-ICP-MS 

and electron microprobe analyses

ML3-BG Average (n = 15) SD
Li (ppm) 4.8 1
Ti 12719 398
V 290 16
Cr 175 10
Ni 114 5
Rb 6.2 0.3
Sr 314 10
Y 24.4 1.2
Zr 126 4.7
Nb 8.8 0.4
Ba 81 3.5
La 8.9 0.37
Ce 23.2 1.07
Pr 3.5 0.18
Nd 17 1.04
Sm 4.4 0.54
Eu 1.7 0.09
Gd 5.3 0.55
Tb 0.9 0.1
Dy 4.7 0.38
Ho 0.9 0.09
Er 2.4 0.35
Tm 0.3 0.05
Yb 2 0.39
Lu 0.3 0.06
Hf 3.1 0.37
Ta 0.5 0.06
Pb 1.4 0.12
Th 0.5 0.04
U 0.4 0.03

1690-20 Average (n = 10) SD
   CaO   10.63 0.12
   Al2O3 15.49 0.21
   P2O5  0.19 0.02

   MnO   0.18 0.01
   Na2O  3.2 0.11
   TiO2  1.67 0.03
   SiO2  49.99 0.35
   SO3  0.23 0.02

   FeO   9.77 0.08
   MgO   7.61 0.06
   Cr2O3 0.06 0.02
   K2O  0.13 0.01

   NiO   0.001 0.002



156 

 

A2.3. Comparison of measured versus PEC-corrected H2O and CO2 concentrations of olivine-

hosted melt inclusions. 

 

 

Figure A.2.3.1. Plots of measured (a) H2O and (b) CO2 versus PEC-corrected abundances for 

each volatile species. PEC corrections were carried out using Petrolog3 (Danyushevsky and 

Plechov, 2011), using model parameters described in Chapter III of the main text. Data points are 

colored by the amount of correction applied, with darker colors indicating more correction. Solid 

line represents the zero-correction line, at which measured and PEC-corrected volatile 

abundances are equivalent. Error bars are 2σ from the SIMS volatile analyses.  



157 

 

APPENDIX 3 

SUPPORTING INFORMATION FOR CHAPTER IV 

Table A3.1. Average values for replicate measurements of standard reference glasses during LA-

ICP-MS analyses of mantle xenolith clinopyroxene. Measurements were conducted using a 

40µm spot size, 6.75 J/cm2 fluence, and a 4 Hz rep rate. See main text in Chapter IV for 

complete analytical details. 

 

 

KL2G Average (n = 23) SD StHs6/80g Average (n = 29) SD

Li (ppm) 5.42 0.46 19.3 6.6

V 296 7 76.6 15.1

Cr 302 11 13.3 21.2

Ni 111 3 12.1 8.2

Cu 94 3 20.6 13.2

Zn 112 8 37.4 9.9

Rb 9.14 0.34 63.2 5.6

Sr 354 12 29.3 4.5

Y 26 1.5 468 3

Zr 154 7 11.3 0.9

Nb 15.2 0.6 115 2

Cs 0.14 0.04 6.56 5.55

Ba 121 3 295 1

La 13.1 0.4 11.5 4.4

Ce 32 1 25.3 3.1

Pr 4.60 0.16 3.06 4.24

Nd 21.9 0.9 12.3 5

Sm 5.68 0.5 2.61 6.13

Eu 1.94 0.14 0.91 4.99

Gd 6.19 0.41 2.57 0.93

Tb 0.89 0.07 0.38 1.82

Dy 5.40 0.38 2.15 3.17

Ho 0.98 0.1 0.41 1.74

Er 2.65 0.24 1.17 0.55

Tm 0.35 0.03 0.17 3.19

Yb 2.17 0.23 1.17 3.59

Lu 0.29 0.03 0.17 1.16

Hf 3.99 0.29 2.96 3.71

Ta 0.99 0.06 0.42 0.92

W 0.50 0.12 0.51 7.87

Pb 2.22 0.19 10.9 5.5

Th 1.04 0.05 2.23 2.24

U 1.02 0.98
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Table A3.2. Average values for replicate measurements the NIST SRM987 500 ppb Sr isotopic 

standard during MC-ICP-MS analyses of mantle xenolith clinopyroxene. See main text in 

Chapter IV for complete analytical details. 
 

 

  

87
Sr/

86
Sr (Measured)

87
Sr/

86
Sr (Bracket 

corrected)

1 0.710226 0.710259

2 0.710206 0.710231

3 0.710220 0.710245

4 0.710238 0.710262

5 0.710229 0.710242

6 0.710231 0.710246

7 0.710238 0.710257

8 0.710226 0.710240

9 0.710230 0.710246

10 0.710240 0.710261

11 0.710223 0.710236

12 0.710230 0.710252

13 0.710227 0.710247

14 0.710263 0.710260

15 0.710253 0.710229

16 0.710281 0.710273

17 0.710258 0.710241

18 0.710251 0.710245

Average 0.710237 0.710249

2SE 0.000035 0.000022
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Table A3.2. Average values for replicate measurements the JNdi 50 ppb Nd isotopic standard 

during MC-ICP-MS analyses of mantle xenolith clinopyroxene. See main text in Chapter IV for 

complete analytical details. 

 

 

 

 

 

  

143
Nd/

144
Nd (Measured)

143
Nd/

144
Nd (Bracket 

corrected)

1 0.512089 0.512117

2 0.512080 0.512109

3 0.512082 0.512120

4 0.512075 0.512113

5 0.512071 0.512109

6 0.512079 0.512118

7 0.512082 0.512118

8 0.512080 0.512117

9 0.512073 0.512108

10 0.512079 0.512125

11 0.512066 0.512107

12 0.512068 0.512113

13 0.512074 0.512119

14 0.512073 0.512116

15 0.512069 0.512111

16 0.512073 0.512118

17 0.512073 0.512117

18 0.512069 0.512111

19 0.512073 0.512119

20 0.512079 0.512111

21 0.512081 0.512118

22 0.512078 0.512115

23 0.512075 0.512115

24 0.512073 0.512115

25 0.512083 0.512111

26 0.512086 0.512117

27 0.512086 0.512115

28 0.512084 0.512115

Average 0.512077 0.512115

2SE 0.000012 0.000008
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Table A3.3. Average values for replicate measurements the JMC475 50 ppb and 3.5 ppb Hf 

isotopic standard during MC-ICP-MS analyses of mantle xenolith clinopyroxene. See main text 

in Chapter IV for complete analytical details. 

 

  

50 ppb Hf 176
Hf/

177
Hf (Measured)

176
Hf/

177
Hf (Bracket 

corrected)

1 0.282135 0.282165

2 0.282134 0.282161

3 0.282136 0.282163

4 0.282138 0.282164

5 0.282139 0.282164

6 0.282138 0.282164

7 0.282135 0.282159

8 0.282139 0.282165

9 0.282139 0.282162

10 0.282140 0.282164

11 0.282140 0.282165

12 0.282136 0.282164

Average 0.282137 0.282163

2SE 0.000004 0.000003

3.5 ppb Hf 176
Hf/

177
Hf (Measured)

176
Hf/

177
Hf (Bracket 

corrected)

1 0.282124 0.282161

2 0.282123 0.282165

3 0.282118 0.282168

4 0.282104 0.282150

5 0.282115 0.282170

6 0.282113 0.282164

7 0.282109 0.282155

8 0.282120 0.282160

9 0.282138 0.282203

10 0.282076 0.282100

Average 0.282114 0.282160

2SE 0.000031 0.000048
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Table A3.3. Average values for replicate measurements the NIST SRM981 20 ppb Pb isotopic 

standard during MC-ICP-MS analyses of mantle xenolith clinopyroxene. Standard runs are 

corrected using the bracketing method described in Chapter IV of the main text. 

 

208
Pb/

204
Pb

207
Pb/

204
Pb

206
Pb/

204
Pb

1 36.727 15.498 16.941

2 36.727 15.498 16.941

3 36.726 15.497 16.941

4 36.725 15.497 16.941

5 36.725 15.497 16.940

6 36.726 15.498 16.941

7 36.727 15.498 16.941

8 36.726 15.497 16.940

9 36.727 15.498 16.942

10 36.727 15.498 16.941

11 36.725 15.497 16.941

12 36.727 15.498 16.941

Average 36.726 15.498 16.941

2SE 0.002 0.001 0.001
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