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Abstract 
 
Many volcano chains on the Pacific plate do not display a systematic age progression. 
Consequently, they may neither be attributed to primary mantle plumes nor to secondary 
plumelets rising from the top of a broad thermochemical anomaly (i.e., a ‘Superplume’). We 
show in 3D numerical models that magma generation from small-scale sublithospheric 
convection (SSC, with a wavelength of ~250 km) may rather be a viable explanation. As 
soon as SSC initiates, it removes the base of the lithosphere replacing refractory harzburgites 
with fertile and hotter peridotites from below. In the case that SSC initiates sufficiently early, 
partial melting emerges along the upwelling limbs of SSC supporting ‘hot lines’ of 
volcanism. The age range of the seafloor over which SSC-volcanism occurs increases with 
increasing mantle temperature, because higher mantle temperatures fuel melting and 
dehydration at the mid-ocean ridge with a stabilizing effect on the rheological lithosphere. In 
contrast, the amounts of volcanism are most sensitive to mantle viscosity. Since coeval 
volcanism may occur along a ‘hot line’ of length ~1500 km, age-distance relationships of 
associated volcano chains are predicted to be complex. Furthermore, we predict systematic 
trends between the geochemical end-members EMI and HIMU along a ‘hot line’, assuming 
that the mantle source consists of uniformly distributed blobs and veins of enriched peridotite 
and of pyroxenite embedded in a matrix of depleted peridotite. These trends arise from 
systematic variation of pyroxenite-derived melts vs. peridotite-derived melts, and are shifted 
towards EMI and towards older seafloor for increasing mantle temperature. 
Geochronological model predictions for SSC reconcile observations at the Wakes, Marshalls, 
Gilberts, Line Islands, Cook-Australs and Pukapuka ridges better than hotspot theory. 
Radiogenic isotope predictions further explain the observed geochemical variability by 
simple temporal variations in mantle temperature instead of invoking strong large-scale 
source heterogeneity as in the framework of the secondary plumelet hypothesis. 





Zusammenfassung 
 
Viele Vulkanketten auf der pazifischen Platte zeigen keine systematische Altersverteilung. 
Somit können sie weder primären Mantelplumes, noch sekundären Plumelets zugeordnet 
werden. In numerischen 3D-Simulationen zeigen wir, dass Magmenbildung durch 
kleinskalige sublithosphärische Konvektion (SSC, mit einer typischen Wellenlänge von ~250 
km) hingegen eine gültige Erklärung darstellt. Sobald SSC ausgelöst wird, erodiert es die 
Lithosphärenbasis, so dass refraktäre Harzburgite durch fertilere und heissere Mantelgesteine 
ersetzt werden. Falls SSC früh genug ausgelöst wird, entstehen in den Aufströmen partielle 
Schmelzen, die „hot line“-Vulkanismus speisen. Die Ozeanbodenalter, über die sich der 
SSC-Vulkanismus erstreckt, steigen mit der Manteltemperatur, weil höhere 
Manteltemperaturen stärkere Schmelzbildung und Entwässerung an den mittelozeanischen 
Rücken begünstigen, und damit die Lithosphäre stabilisieren. Das Volumen der geförderten 
Schmelzen hängt dagegen vorrangig von der Mantelviskosität ab. Da Vulkanismus über die 
gesamte Läge der „hot line“ von etwa 1500 km gleichzeitig auftritt, ergeben sich 
komplizierte Altersverteilungen entlang der betreffenden Vulkanketten. Unsere Modelle 
sagen zudem systematische Trends zwischen den geochemischen Endgliedern EMI und 
HIMU entlang einer „hot line“ voraus; dies unter der Annahme dass der Mantel aus 
gleichmässig verteilten Adern aus Pyroxenit und fertilem Peridotit in einer Matrix aus 
verarmtem Peridotit besteht. Diese Trends werden durch systematische Variationen des 
lithologischen Ursprungs (Peridotit vs. Pyroxenit) der Magmen hervorgerufen und bei 
höheren Manteltemperaturen in Richtung EMI und in Richtung älteren Ozeanbodens 
verschoben. Geochronologische Modellvorhersagen für SSC erklären Beobachtungen an den 
Wake-, Marshall-, Line-, und Cook-Austral Inseln, sowie an den Gilbert- und Pukapuka-
Rücken besser als die Hotspottheorie. Darüber hinaus erklären Modellvorhersagen in Bezug 
auf radiogene Isotope die beobachtete geochemische Variabilität durch einfache 
Veränderungen der Manteltemperatur, während im Rahmen der sekudären Plumelet-
Hypothese starke, langwellige Heterogenität vorausgesetzt werden muss. 
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1  Introduction 
 
 

1.1  Non-hotspot intraplate volcanism 
 
The basic framework to understanding the dynamics of our planet is plate tectonics, a 

theory that has not been established before the 1960’s [e.g., Dietz, 1961; Bullard et al., 1965]. 
According to this theory, the vast amount of volcanism on Earth emerges at plate boundaries 
(mid-ocean ridges (MOR), and subduction zones). Oceanic volcanism that occurs away from 
plate boundaries has been mostly explained in terms of hotspot theory [Wilson, 1963; 1965]. 
Hotspots are quasi-stationary domains in the sublithospheric mantle with anomalously high 
temperature (and/or fertile composition) that allow for partial melting. The classic explanation 
for hotspots are mantle plumes [Morgan, 1971; 1972], columnar upwellings originating from 
the lowermost mantle. 

Mantle plume theory makes several detailed predictions: linear age-distance relationships 
along the volcano chains [Morgan, 1972], high buoyancy fluxes [Morgan, 1971; Sleep, 1990; 
Albers and Christensen, 1996; Steinberger and O'Connell, 1998], large igneous provinces at 
the beginning of the chains [Morgan, 1972; Richards et al., 1989], and perhaps distinct 
geochemical signatures of volcanic rocks compared to MOR basalts (e.g., high 3He/4He) 
[Zindler and Hart, 1986; Anderson, 1998a; Farley and Neroda, 1998; Ito and Mahoney, 
2006]. Whereas most of these predictions agree with observations at a limited number of 
oceanic volcano chains, some (or sometimes even all) of them are violated at several other 
chains [Okal and Batiza, 1987; Clouard and Bonneville, 2001; Courtillot et al., 2003]. While 
these discrepancies have urged some authors to abandon plume theory altogether [Anderson, 
1998b; 2000; Foulger, 2002; 2007], a more conservative interpretation is that other types of 
non-hotspot [Bonatti and Harrison, 1976; Winterer and Sandwell, 1987; Weeraratne et al., 
2003] and hotspot [Garfunkel, 1989; Hoernle et al., 1995; Davaille, 1999; Wilson and 
Patterson, 2001; Schubert et al., 2004; Davies and Bunge, 2006; Krienitz et al., 2007] 
mechanisms contribute to the spectrum of intraplate volcanism with only a few hotspots (on 
the order of 10) originating from classical (i.e., deep-rooted) mantle plumes [Clouard and 
Bonneville, 2001; Courtillot et al., 2003; Boschi et al., 2007]. Beyond observations, 
postulating  such a limited number of deep-rooted and fixed plumes is based on numerical and 
analogue experiments of convection in a fluid that is (partially) heated from below [cf. 
Davaille et al., 2002; Labrosse, 2002; McNamara and Zhong, 2004]. 

Understanding the distinct geodynamic mechanisms that cause oceanic intraplate 
volcanism is crucial to infer first-order compositional patterns within the mantle from surface 
observables (e.g., in terms of geochronology and geochemistry). Although the mantle makes 
up ~90% of the Earth’s volume, these patterns (e.g., small-scale blobs vs. global-scale 
layering) are still under debate [e.g., Kellogg et al., 1999; Tackley, 2000]. Geochemical 
differences between MOR basalts and ocean-island basalts (OIB) have frequently been 
attributed to distinct mantle sources [Wasserburg and Depaolo, 1979; White, 1985; Hanan 
and Graham, 1996; Hofmann, 1997]. Furthermore, geochemical observations at OIBs have 
usually been explained by anomalies in the lowermost mantle, where OIBs presumably 
originate from [Hofmann and White, 1982; Weaver et al., 1986; Weaver, 1991; Christensen 
and Hofmann, 1994; Hofmann, 1997; Konter et al., 2008]. These interpretations support a 
model of large geochemical differences between the upper- and lower mantles, as well as 
strong lateral geochemical heterogeneity close to the core-mantle boundary (e.g. subduction 
graveyards) [e.g., van Keken et al., 2002]. However, integrated geodynamic-geochemical 
studies [Ito and Mahoney, 2005a; b; 2006; Bianco et al., 2008] show that the distinct melting 
processes at MORs and at plumes are sufficient to explain the differences between MOR and 
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OIBs, as well as most of the geochemical variation within the subset of OIBs when 
considering a veined mantle source (i.e., uniformly distributed veins of enriched lithologies in 
a depleted peridotite matrix [Allegre and Turcotte, 1986; Phipps Morgan and Morgan, 1999; 
Niu and O'Hara, 2003; Pietruszka et al., 2006; Marske et al., 2007; Sobolev et al., 2007]). 
This explanation reconciles the observed geochemical variability with geophysical evidence 
for whole-mantle convection, since it does not invoke large-scale mantle heterogeneity 
[Richards and Hager, 1984; van der Hilst et al., 1991; Grand, 1994; Su et al., 1994; 
Mitrovica and Forte, 1997]. Considering that not only plumes but also non-hotspot 
mechanisms are likely to give rise to intraplate volcanism and associated OIBs, investigating 
the related geochemical implications is of utmost importance. 

Exploring the geochronological implications of the different types of non-hotspot 
volcanism is essential to distinguish between hotspot and non-hotspot volcanism. Hotspot 
volcanism implies that the associated chains should be oriented parallel to plate-motion, and 
should display a linear age-distance relationship with a slope corresponding to plate-motion 
[e.g., Morgan, 1972]. Only small violations of these predictions (as related to absolute motion 
of the hotspot [Steinberger and O'Connell, 1998; Steinberger, 2000], and to coincidental 
sampling of low-volume superficial rejuvenated stage instead of main stage volcanism 
[Gramlich et al., 1971; Schmincke, 1973; Natland, 1980; Woodhead, 1992]) may be 
reconciled with hotspot theory. At least on a fast plate, a volcano chain otherwise apparently 
originates from non-hotspot mechanisms.  

On the fastest plate on Earth (i.e., the Pacific Plate with an absolute plate motion of 70-80 
km/Myr [Demets et al., 1994; O'Neill et al., 2005; Schellart et al., 2008]) numerous chains 
display complex age-distance patterns qualifying them as non-hotspot volcanism: the Gilbert 
ridge, the Line Islands, the Pukapuka ridges, and the individual branches associated with the 
volcano groups of the Wakes, Marshalls, and Cook-Australs [Duncan and McDougall, 1976; 
Turner and Jarrard, 1982; Sandwell et al., 1995; Chauvel et al., 1997; McNutt, 1998; Davis 
et al., 2002; Koppers et al., 2003]. Various mechanisms have been invoked to reconcile these 
complex patterns such as lithospheric cracking [Winterer and Sandwell, 1987; Clouard and 
Gerbault, 2008], channelized return flow [Weeraratne et al., 2003; 2007; Sleep, 2008], and 
small-scale sublithospheric convection (SSC) [Bonatti and Harrison, 1976; Bonatti et al., 
1977; Haxby and Weissel, 1986; Buck and Parmentier, 1986].  

Opening of lithospheric cracks parallel to Pacific plate motion requires either E-W 
oriented shear stresses or N-S oriented tensile stresses. Such tensile stresses may be imposed 
from slab pull in the Aleutian subduction zone [Winterer and Sandwell, 1987; Sandwell et al., 
1995; Lynch, 1999], a mechanism that is however unable to induce sufficient deformation 
[Goodwillie and Parsons, 1992]. Alternatively, N-S oriented tensile stresses may result from 
thermal contraction within the cooling plate [Gans et al., 2003; Sandwell and Fialko, 2004]. 
Finally, E-W oriented shear stresses may be imposed from different trench retreat velocities in 
the SW-Pacific (~160 km/Myr at Tonga and ~10 km/Myr at Kermadec [Schellart et al., 
2008]) vs. trench advance in the NW-Pacific and the resulting shifts in absolute plate motion 
[Clouard and Gerbault, 2008]. Whether or not these forces and the counter-forces related to 
plate basal drag are sufficient to break the lithosphere, is unclear. According to the potential 
propagation rates of lithospheric cracks (i.e., fast compared to plate motion), volcanism along 
the full length of an associated volcano chain is predicted to occur almost synchronously [cf. 
Davis et al., 2002]. Whereas cracking might control the location and timing of volcanism, it 
does not provide an explanation for magma generation. It rather requires a pre-existing 
reservoir of asthenospheric melts that may be tapped. However, such a reservoir has been 
discarded from comparing seismic observations to predictions based on a self-consistent 
forward model [Stixrude and Lithgow-Bertelloni, 2005]. Thus, only a combination of 
lithospheric cracking with another mechanism that is able to regionally provide 
asthenospheric melts may be a viable scenario for intraplate volcanism.  
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Channelized return flow (CRF) of weak, hot, and maybe fertile mantle material from a 
hotspot towards the MOR may trigger decompression melting close to the MOR [Weeraratne 
et al., 2003; 2007; Sleep, 2008]. Weak and buoyant material tends to undergo fingering 
instabilities [Saffman and Taylor, 1958] and to flow upwards in channels along the base of the 
lithosphere. Weeraratne et al. [2007] invoke Pukapuka and neighboring ridges (Sejourn, Hotu 
Matua) with the associated gravity and topography lineations (Fig. 1.1) to be caused by CRF. 
While these observations together with constraints from seismic tomography are indeed 
compatible with CRF and incompatible with cracking, they may alternatively be explained by 
SSC [Harmon et al., 2004; 2006; 2007; Weeraratne et al., 2007].  In the regional context, a 
thermal gradient in the upper mantle from the South Pacific Superswell [McNutt and Fisher, 
1987; Wolfe and McNutt, 1991; Ritzwoller and Lavely, 1995; McNutt et al., 1996; Sichoix et 
al., 1998] towards the East Pacific Rise (EPR) may settle the requirements for return flow 
[Hillier and Watts, 2004]. Return flow in this region is further compatible with an asymmetric 
melting zone beneath the EPR [Conder et al., 2002; Toomey et al., 2002; Hammond and 
Toomey, 2003]. Generally, CRF is predicted to be one order of magnitude slower than Pacific 
plate motion [Sleep, 2008]. Therefore, age-distance relationships of associated volcano chains 
should be similar to those of (multiple) moving hotspots. Furthermore, the amount of magma 
generation should increase with increasing slope of the base of the lithosphere (i.e. with 
decreasing distance to the MOR). While the latter prediction may explain some of the 
observations at the short volcano groups closer to the EPR such as the Rano-Rahi seamount 
field (the eastern continuation of Pukapuka), the Hotu-Matua and Sejourn ridges (Fig. 1.1), 
the first prediction is incompatible with the fast age-progression along the Pukapuka ridges 
[Sandwell et al., 1995]. Explaining Pukapuka (and other major volcano chains) in the 
framework of the CRF hypothesis therefore requires at least some kind of combination with 
another mechanism.  

As lithospheric cracking and CRF by themselves are insufficient to explain major 
intraplate volcanism, we focus on exploring the SSC hypothesis. Beneath the fast Pacific 
Plate, SSC is predicted to organize itself as a series of convection rolls parallel to plate motion 
[Richter, 1973; Richter and Parsons, 1975; Marquart, 2001]. Bonatti and Harrison [1976] 
first proposed that decompression along one upwelling limb of SSC may trigger coeval 
volcanism along a ‘hot line’. Depending on the length of the ‘hot line’, associated age-
distance patterns should be highly complex. Decompression melting along multiple upwelling 
limbs of SSC may yield coeval volcanism above an array of hot lines, of which the spacing 
should correspond to the typical wavelength of convection (i.e., ~250 km [Haxby and Weissel, 
1986]). This scenario is in concert with the spacing of the individual seamount branches at the 
Wakes, Marshalls and Cook-Australs. Finally, geophysical observations from the SE-Pacific 
indicate the occurrence of SSC close to the EPR perhaps accounting for volcanism along 
Pukapuka [Buck and Parmentier, 1986; Haxby and Weissel, 1986; Marquart et al., 1999; 
Harmon et al., 2006; 2007]. 

Along these lines, we aim (1) at understanding processes that lead to magma generation 
from SSC, (2) at investigating geometries and volumes of SSC-melting, (3) at exploring 
geochronological and geochemical implications of SSC-volcanism, and (4) at comparing 
these predictions to observations at the Wakes, Marshalls, Gilberts, Line Islands, Cook-
Australs, and Pukapuka ridges. As a first step towards these targets, we give a short review on 
the physics of SSC. 
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Fig. 1.1: Gravity lineations in the SE-Pacific as associated with intraplate volcanism at the 

(A) Pukapuka, (B) Sejourn, (C) and Hotu Matua ridges, as well as within the (D) Rano-Rahi 
seamount field. Volcano ages sampled along the Pukapuka (yellow triangles) are subtracted 
from seafloor age (denoted numbers), a comparison that reveals that Pukapuka was not formed 
above a hotspot, and that Rano Rahi has apparently been formed in a near-ridge environment. 

 
 

1.2  Small-scale sublithospheric convection 
 
The tectonic plates have been identified as the upper thermal boundary layer (TBL) of the 

convective system of the Earth’s mantle [Turcotte and Oxburgh, 1967]. Whereas continental 
plates are too buoyant to participate in mantle convection, oceanic plates are continuously 
created at MORs and consumed at subduction zones. According to boundary layer theory, the 
thermal profile of an oceanic plate corresponds to a conductive profile with the thickness of 
the TBL growing proportionally to the square root of seafloor age. However, the resulting 
predictions on topography, geoid, and heat flow appear to be inconsistent with observations 
from old seafloor basins (e.g.: seafloor flattening) [Parsons and Sclater, 1977; Cazenave et 
al., 1982; 1983; Cazenave, 1984; Lister et al., 1990; Johnson and Carlson, 1992; Stein and 
Stein, 1992; Davaille and Jaupart, 1994; Carlson and Johnson, 1994; Nagihara et al., 1996; 
Crosby et al., 2006]. This discrepancy indicates that the TBL almost stops to grow from a 
lithospheric age of about 70-80 Myrs, something that is independently supported by surface 
wave constraints [Nishimura and Forsyth, 1989; Ritzwoller et al., 2004; Priestley and 
McKenzie, 2006]. While this behavior has also been attributed to dynamic uplift [Phipps 
Morgan and Smith, 1992], sublithospheric heating is a more viable explanation [Stein and 
Stein, 1994; Doin and Fleitout, 1996; 2000]. Sublithospheric heating has been accounted to 
SSC [Parsons and Sclater, 1977; Fleitout and Yuen, 1984; Yuen and Fleitout, 1985; Davaille 
and Jaupart, 1994; Doin et al., 1996; Doin and Fleitout, 2000; Huang and Zhong, 2005; 
Afonso et al., 2008], or alternatively, to the collective effect of hotspots [Crough, 1975; 
Heestand and Crough, 1981; Hayes, 1988]. 

SSC is a classical TBL instability [Bénard, 1901; Rayleigh, 1913]. As soon as the TBL 
exceeds a critical thickness, convection becomes a more efficient mechanism of heat transport 
than conduction. Since oceanic plates represent this TBL, SSC develops at the base of a old 
and thick lithosphere [e.g., Richter, 1973]. Assuming that SSC predominantly accounts for the 
observed flattening of the geoid and topography, the age of the seafloor, under which SSC 
first develops (i.e., the onset age of SSC), is ~70 Myrs [Stein and Stein, 1992; Davaille and 
Jaupart, 1994; Doin and Fleitout, 2000]. However, the onset age is highly sensitive to 
asthenospheric viscosity [Parsons and McKenzie, 1978; Houseman and McKenzie, 1982; 
Fleitout and Yuen, 1984; Davaille and Jaupart, 1993; Huang et al., 2003; Korenaga and 
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Jordan, 2003; van Hunen et al., 2003; 2005; Zaranek and Parmentier, 2004]. Furthermore, 
SSC may nucleate from lateral density heterogeneity such as fracture zones or compositional 
variations  [cf. Phipps Morgan and Morgan, 1999] earlier than suggested by TBL stability 
analysis [Huang et al., 2003; Dumoulin et al., 2005; Dumoulin et al., 2008]. 

In Earth-like rheological regimes with viscosity depending on composition, depth, 
temperature and stress, the critical thickness of the TBL and the thickness of the convectible 
layer strongly depend on the vertical viscosity profile before the onset of convection [Davaille 
and Jaupart, 1993; Conrad and Molnar, 1999; Korenaga and Jordan, 2002]. The rheology of 
the lithosphere is dominated by the effects of conductive cooling and removal of water during 
MOR melting [Hirth and Kohlstedt, 1996]. These effects likely increase the critical thickness 
of the TBL beyond that of the MOR melting zone, and therefore delay SSC [Lee et al., 2005; 
Afonso et al., 2008]. The rheology of the asthenosphere is dominated by dislocation creep and 
dynamic recrystallization [Stocker and Ashby, 1973; Goetze, 1978; Karato, 1987; Savage, 
1999]. These weakening mechanisms (1) influence the onset age and vigor of SSC, and  
(2) tend to confine the convective instability to the asthenosphere [Marquart et al., 1999; Hall 
and Parmentier, 2003; van Hunen et al., 2005]. The first effect implies that SSC develops 
significantly earlier beneath fast plates (as dislocation creep and dynamic recrystallization are 
stress-dependent), and the latter effect implies a typical wavelength of SSC corresponding to 
the thickness of the asthenosphere (i.e., 200-300 km). 

The onset age and the vigor of SSC likely control the ability of SSC to generate partial 
melts, and the associated volumes, respectively. SSC is a mechanism without intrinsic 
positive thermal anomalies (unlike e.g. mantle plumes). Therefore, decompression melting 
initiated by convective mixing requires the sublithospheric mantle to be very close to its 
solidus. In contrast, small thermal anomalies associated with SSC-upwelling are insufficient 
for magma generation, if the upper mantle is already significantly cooled before the onset of 
SSC (i.e., for old onset ages of convection). This potentially includes cases, in which the 
stiffening effect of dehydration during MOR melting causes delay of SSC [Lee et al., 2005; 
Afonso et al., 2008]. Whether or not this effect is sufficient to inhibit SSC melting and related 
volcanism is another key target of this thesis. 

 
 

1.3  Thesis outline 
 
In order to investigate SSC, related magma generation and volcanism, we perform high-

end 3D numerical models. In contrast to analogue modeling, this method enables to simulate 
realistic melting and rheology laws. 3D geometry of the models is essential to resolve the 
intrinsic 3D geometry of SSC (i.e., convection rolls). 

In the next chapter, we describe the methods we use, and the assumptions we take. We 
report the governing equations of our numerical model, the schemes to solve them, the 
numerical model setup, and the melting and rheology parameterizations. Short versions of the 
method description reappear in the following chapters reiterating the most important points, 
and stating method extensions (cf. section 5.3). 

In chapter 3 [cf. Ballmer et al., 2007], we investigate the basic processes that lead to 
volcanism from SSC with a rheology law independent of composition by varying the most 
important parameters such as reference mantle temperature and viscosity. We further 
constrain the geometries of melting zones, the volumes and durations of associated volcanism, 
as well as the requirements in terms of mantle temperatures and viscosities. The most robust 
resulting model predictions are shown to be consistent with observations at some volcano 
chains in the Pacific. 

In chapter 4 [cf. Ballmer et al., 2009b], we extend this approach by (1) investigating a 
more realistic setup with rheology laws that also depend on melt and water content, and by (2) 



 6 

exploring a much broader parameter space. We discuss the implications of this compositional 
rheology on onset ages, dynamics, and geometries of SSC. Furthermore, we reassess the 
constraints on volumes, durations, and requirements of SSC-volcanism with and without 
compositional rheology. Finally, comparison of the model predictions in terms of age-
distance patterns of volcanism to observations at the Wakes, Marshalls, Gilberts, Cook-
Australs, Line Islands, and Pukapuka ridges reveals that SSC is a better explanation for these 
intraplate volcano chains than hotspot theory. 

In chapter 5 [cf. Ballmer et al., 2009a], we explore the geochemical implications of SSC 
by assuming a magma source that consists of a depleted peridotite matrix with veins of 
pyroxenite, and hydrous peridotite [e.g., Ito and Mahoney, 2005a]. These enriched lithologies 
have relatively deep solidi, something that allows for magmatism and subsequent volcanism 
at significantly later onset ages than for depleted peridotite alone. The relative amounts of 
volcanism derived from pyroxenite vs. hydrous peridotite constrain the radiogenic isotope 
composition of lavas. We compare these predictions with observations at the Wakes, 
Marshalls, Gilberts, and Cook-Australs, and finally put forward a model that explains the 
geochemical variability at these volcano chains from variations of mantle temperature over 
geological time instead of strong intermediate-scale heterogeneity in the lowermost mantle. 

In chapter 6, we summarize the most important findings and give an outlook over 
possible directions to take. Some of these directions are straight-forward extensions of our 
models in order to relieve current limitation in terms of e.g. rheology. Investigating the 
interaction of SSC with other geodynamic mechanisms seems also a promising target, as SSC 
tends to nucleate from density heterogeneity [Huang et al., 2003; Dumoulin et al., 2008] such 
as provided by channelized return flows, superplumes [McNutt and Fisher, 1987], or mantle 
plumes. As for the interaction with mantle plumes, the effects of SSC on plume-lithosphere 
interaction may be the key explanation for a spectrum of previously enigmatic observations at 
Hawaii not predicted by classical hotspot theory. 
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2  Methods 
 
2.1 Governing equations 

 
In order to simulate 3D mantle-flow, we solve the non-dimensional equations of 

conservation of mass, momentum, and energy (i.e., continuity, Stokes, and energy equations) 
for an incompressible infinite Prandtl-number fluid. The effects of adiabatic heating, latent 
heat of melting, and viscous dissipation are accounted for by application of the extended 
Boussinesq approximation [Christensen and Yuen, 1985]: 
 
 0∇⋅ =u , (2.1) 
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with u, T, η, ẑ , P, t, ε, Fi, Фi, nL, φi, L and γ the velocity vector, temperature, viscosity, 
vertical unit vector, dynamic pressure, time, strain, depletion in a lithology, mass fraction of a 
lithology, number of lithologies, magma fraction in a lithology, latent heat of melt and 
adiabatic gradient, respectively (Table 2.1). The non-dimensionalizations we apply are given 
in Table (2.2). 

The governing dimensionless parameters Ra, Di, Rbi and Rc are the thermal Rayleigh 
number, dissipation number, depletion Rayleigh number (for a lithology) and melt retention 
Rayleigh number, respectively: 
 

 
( )

0

3
m s 0α T T ρ gh

Ra
κη
−

= , (2.4) 

 
P

αgh
Di

c
= , (2.5) 

 
0

3
F,i

i

∆ρ gh
Rb κη= , (2.6) 

 
( )0

0

3
φρ -ρ gh

Rc
κη

= , (2.7) 

 
with α, Tm, Ts, g, h, cP, κ, η0, ρ0, ∆ρF,i and ρφ, the thermal expansivity, reference mantle 
temperature, surface temperature, gravity acceleration, model scale height, specific heat, 
thermal diffusivity, reference mantle viscosity, reference mantle density, density anomaly 
related to 100% depletion (in a lithology), and density of melt, respectively. ∆ρF,i for 
peridotites is valid for small F (~5%), as maintained during melting from small-scale 
sublithospheric convection (SSC), and scaled up to F = 100% [cf. Schutt and Lesher, 2006]. 
As our models are restricted to the shallow upper mantle, we neglect the temperature-
dependences of α, γ, cP, κ, and the depth-dependences of α, cP, κ, g, ρ, ∆ρF,i and ρφ.  
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       Table 2.1: Notations. 
parameter description value or range; unit 
c water concentration in the solid - 
cL water concentration in the liquid  - 
cO initial water concentration in the solid 75-400 wt.-ppm 
cP specific heat capacity 1250 J·kg-1·K-1 
E* activation energy 1.2·105 J/mol 
Fi depletion (in a lithology) - 
g gravity acceleration 9.8 kg/s2 
h model scale height 400 km 
L latent heat of melt 5.6·105; 6.5·105 J/kg 
n timestep - 
nL number of lithologies 1; 3 
p lithostatic pressure [Pa] 
P deviatoric pressure [Pa] 
V* activation volume 5·10-6 m3/mol 
vbot bottom velocity boundary condition 10-12.5 km/Myr 
vtop top velocity boundary condition 30-85 km/Myr 
t time [s] 
T temperature [K] 
Tm reference mantle temperature 1350-1440 °C 
Ts surface temperature 0 °C 
Tsol dry solidus temperature [K] 
u velocity vector [m/s] 
ẑ  vertical unit vector [m] 
α thermal expansivity 3·10-5 K-1 
γ adiabatic gradient 0.3; 0.38882 K/km 
∆Tsol hydrous solidus reduction [K] 
∆ρF,i density anomaly related to 100% depletion (in a lithology) -300-0 kg/m3 
ε strain - 
ζ melt lubrication exponent 0; 40 
η viscosity [Pa·s] 
η0 reference mantle viscosity 3.4·1019-1.6·1021 Pa·s 
κ thermal diffusivity 1·10-6 m2/s  
ξ dehydration stiffening coefficient 1-100 
ρ0 reference mantle density 3300 kg/m3 
ρφ density of magma 2800 kg/m3 
φ bulk porosity - 
φC critical porosity 0.1-2.0 % 
φi porosity (in a lithology) - 
Фi mass fraction (of a lithology) 4;16;80;100 % 
 
 
 

Table 2.2: Non-dimensionalizations. Non-dimensional parameters are marked by a prime. 
2h
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2.2  Numerical schemes 
 

We use a 3D-Cartesian version of the numerical code CITCOM [Moresi and Gurnis, 
1996; Zhong et al., 2000] to solve finite element discretizations of Eqs. (2.1) through (2.3). In 
CITCOM, solution of Eqs. (2.1) and (2.2) is fully pressure-velocity coupled. These equations 
are solved by an Uzawa algorithm [Cahouet and Chabard, 1988] in an iterative multigrid 
approach in order to be able to solve large 3D problems [e.g., Moresi and Solomatov, 1995]. 
For quick convergence at the coarsest level of the multigrid, a conjugate gradient scheme with 
preconditioner is used [Ramage and Wathen, 1994; Moresi and Gurnis, 1996]. Time 
integration of Eq. (2.3) is done by a streamline upwind Petrov-Galerkin method in order to 
limit numerical diffusion [Brooks, 1981]. While pressure, velocity and temperature are treated 
on the finite element mesh, non-diffusive properties (i.e., Fi and φi) are carried and modified 
(i.e., by the processes of melting and refreezing, cf. section 2.3) at passively advected 
particles [Hockney and Eastwood, 1988; Tackley and King, 2003]. Particle advection is done 
with a 2nd-order Runge-Kutta scheme [Press et al., 1992], and particle-to-element 
interpolation is done with the particle-in-cell method [Hockney and Eastwood, 1988]. This 
particle method is benchmarked with van Keken et al. [1997]. 
In the original version of CITCOM, time integration is 1st-order explicit [Moresi and Gurnis, 

1996]. Accordingly, effects of the 
solutions for velocity (Stokes 
equation and continuity equation), 
temperature (energy equation), and 
composition (particle method) on 
each other are ignored for the length 
of a timestep. Such an approach is 
accurate for many problems in mantle 
convection without dominant 
feedback mechanisms, as shown in 
numerous benchmark tests (e.g., 
Moresi et al. [1996]), and reduces 
numerical costs. However, we found 
that the solution of problems with 
partial melting implicitly modifying 
density (i.e., with Rbi > 0 or Rc > 0) 
or viscosity (cf. section 2.4.2) 
depends on the length of the 
timesteps.  

 
 
 
 
 
 
 
 
 
Fig. 2.1: Schematic of the predictor-corrector 

scheme with subscripts P and C denoting the 
predictor and the corrector, respectively. 

 

A relatively cheap, simple, and 
efficient way to improve this 
approach is implementation of a 
second-order explicit predictor-
corrector scheme [Hamming, 1959; 
Vanderhouwen et al., 1986; van 
Keken, 1993]. In such a scheme, the 
predicted velocity field incorporating 
the feedback effects of changes in 
density and rheology according to the 
predicted temperature and compo-
sition solutions is used to correct these 
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solutions (Fig. 2.1). The corrected solutions are then used to correct the velocity field. 
Corrected advection of the particles is done with un-1 in the first Runge-Kutta step, and with 
½(un-1+un) in the second Runge-Kutta step (with n the timestep). The feedback between latent 
heat consumption and melting (dashed lines in Fig. 2.1) is not included in the predictor-
corrector scheme, but any computed melting rates are directly reduced according to the 
predicted latent heat consumption in order to avoid oscillations (cf. section 2.3). The 
predictor-corrector scheme is benchmarked with Blankenbach et al. [1989] and van Keken et 
al. [1997]. 
 
 

2.3  Melting parametrization 
 

For efficient modeling of magma generation in the upper mantle, we apply simplified 
models of melting, melt migration, and melt extraction. Melting is parameterized by 
empirically fitted melting laws, which are taken from Katz et al. [2003] for hydrous peridotite 
melting, and from Pertermann and Hirschmann [2003] for pyroxenite melting. Melting is 
approximated as a fully reversible process with refreezing of magma retained along the triple 
junctions of the host rock back to peridotites (or pyroxenites) as soon as temperature falls or 
lithostatic pressure increases. This scheme assumes that the host rock and the small volumes 
of retained melt are in full equilibrium. Latent heat of melt is consumed during melting and 
released during refreezing. The effects of latent heat on reducing the absolute value of the 
melting rate are directly considered in order to avoid oscillations. This is achieved by iterating 
over the melting rates and the resulting previewed shifts in temperature in each finite element. 

We ignore porous flow of magma rather assuming passive advection with the mantle 
flow, and treat melt extraction according to the dynamic melting approximation [McKenzie, 
1985; Elliott, 1997; Schmeling, 2006]. Magma remains immobile below the critical porosity 
φC being retained in tubes along triple junctions of the peridotite mineral assemblage [Faul, 
2001; ten Grotenhuis et al., 2005]. According to experimental results combined with 
percolation theory, the maximum porosity (i.e., φC) is typically on the order of 1% [Faul, 
1997; 2001], something that is independently confirmed by geophysical estimates of 1% to 
2% melt beneath the East Pacific Rise [Forsyth et al., 1998; Toomey et al., 1998]. Constraints 
from U-series disequilibria of oceanic basalts however indicate at least an order of magnitude 
smaller φC [Spiegelman and Elliott, 1993; Richardson and McKenzie, 1994; Stracke et al., 
2005]. In order to reconcile geochemical, geophysical and experimental constraints, Faul 
[2001] argues that the critical porosity in peridotites is a function of depletion F being low (φC 
≤ 0.1%) at incipient melting (i.e. at very low F), and high (φC ≥ 1%) at higher-extent melting 
(ultimately because the viscosity of melt strongly depends on volatile content in the liquid and 
therefore on F). In a simplistic approach, we however ignore the F-dependence of φC and 
rather apply a constant φC in each numerical experiment that we vary between 0.1% and 2%. 

Any magma fraction exceeding φC is instantaneously extracted to the surface. This is 
equivalent to assuming a much smaller timescale of melt migration and extraction than that of 
mantle flow [Kelemen et al., 1997]. Geochemical signatures of mid-ocean ridge basalts and 
field evidence in ophiolites suggests that basaltic magma migrates through the mantle in a 
network of multiscale dykes [Nicolas, 1986; Kelemen et al., 1995]. Several melt focusing 
mechanisms have been proposed to account for these observations. First, dissolution of the 
solid by melt infiltration leads to significant flow localization and impermeable pipes around 
flow channels [Spiegelman et al., 2001]. Second, fluid is sucked into strongly sheared low 
viscosity zones in a deforming partially molten aggregate [Stevenson, 1989; Holtzman et al., 
2003; Katz et al., 2006]. Third, porosity-waves in hydrofractured dykes efficiently drain the 
source region [Nicolas, 1986; Sleep, 1988; Connolly and Podladchikov, 1998; 2007]. These 
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mechanisms lead to rapid magma transport from the mantle source to the surface, once it is 
mobilized. 

Using the dynamic melting approximation requires adaptation of the melting law from 
Katz et al. [2003], which is scaled from batch melting experiments. They relate the degree of 
melting F with lithostatic pressure p, temperature T above an empirically fitted parabolic dry 
solidus temperature TSol: 
 
 2

1 1 1SolT α β p γ p= + +  (2.8) 

 

 
1.5

2
2 2 2

Sol Sol

Sol

T T T
F

p p T

 − − ∆=  + + − α β γ  (2.9) 

 
with α1 = 1085.7 °C, β1 = 132.9 °C/GPa, γ1 = -5.1 °C/GPa², α2 = 1475 °C, β2 = 80 °C/GPa, γ2  
= -3.2 °C/GPa², and ∆TSol the hydrous solidus reduction. We restrict melting beyond 
exhaustion of clinopyroxene at F = 0.1/(0.5 + p(0.08 GPa-1)) [Katz et al., 2003], a 
simplification that is valid for the small maximum F as reached during SSC melting. Mantle 
melting is significantly influenced by small amounts of water in peridotite [cf. Gaetani and 
Grove, 1998]. Therefore, we account for the hydrous extension of the above melting relation 
that describes ∆TSol as a function of water content in the liquid cL: 
 
 0.75

Sol L∆T K c= ⋅  (2.10) 

 
with K = -43 K/wt.-%0.75. For the range of realistic initial water contents in the solid cO in the 
upper mantle of 0.0075-0.02 wt.-% [Hirth and Kohlstedt, 1996], the solidus is significantly 
shifted by -35 K to -72 K [Katz et al., 2003]. Therefore, it is essential to self-consistently 
account for water partitioning and extraction during dynamic melting. Instead, we ignore the 
much smaller effects of dynamic melting on bulk major element partitioning. 

This assumption enables adaptation of the melting relation of Katz et al. [2003] to 
dynamic melting by adjustment of the term for water partitioning. Water behaves like an 
incompatible element. Following Katz et al. [2003], we assume a similar partitioning 
coefficient for water DH2O as for Cerium: DH2O ≡ 0.01 ≈ DCe. Consequently, the water content 
of the solid c = 0.01cL. Both the solid and the liquid are efficiently dehydrated during 
progressive melting. For F below the critical porosity φC, the system behaves equivalent to 
batch melting [Zou, 1998; Katz et al., 2003]: 
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But as soon as melt extraction initiates (at F > φC), water starts to be successively removed 
from the system, which causes c and cL to decrease even more rapidly (Fig. 2.2; Zou [1998]): 
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       Fig. 2.2: Dehydration of the solid due to 
partitioning of water during ongoing 
depletion for dynamic melting. Initial bulk 
water content c0 is taken to be 125 ppm, but 
c(F) behaves proportionally to other c0.  
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       Fig. 2.3: The hydrous melting relation 
as valid for dynamic melting (adapted from 
Katz et al. [2003]) compared to anhydrous 
(dashed brown line) and batch melting 
(dashed black line) for p = 1.5 GPa. 
 

Combining Eqs. (2.10) and (2.12) yields an adapted formulation for ∆TSol valid for F > φC: 
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In contrast, the melting relation remains equivalent to that in Katz et al. [2003] for F ≤ φC. 
Eq. (2.13) and Fig. 2.3 elucidate that φC has an important influence on the melting 

behavior. As water extraction is coupled to melt extraction, it initiates earlier for low φC. 
Therefore, melting temperatures in the intermediate range of F are higher for low φC, an effect 
that is strongest for high cO. At higher extents of melting than ~5%, melting temperatures are 
very similar to the anhydrous case for all realistic pairs of φC and cO. 

 
 

2.4  Rheology 
 
2.4.1  Non-compositional rheology 
 

The rheology of the oceanic upper mantle is dominated by the rheology of olivine, as 
olivine is the weakest of the major phases in the upper mantle, and as its abundance (~60%) is 
sufficiently high to build up an interconnected network (matrix) [e.g., Frost and Ashby, 1982]. 
Olivine deformation in the non-lithospheric mantle is dominated by two mechanisms: 
diffusion creep and dislocation creep. In the regime of diffusion creep, olivine deforms by 
grain boundary diffusion or lattice diffusion [Stocker and Ashby, 1973; Mei and Kohlstedt, 
2000a], whereas it deforms by migration of dislocations and dynamic recrystallization in the 
regime of dislocation creep [Goetze, 1978; Mei and Kohlstedt, 2000b]. In the first case, the 
upper mantle behaves like a Newtonian fluid with an isotropic viscosity, whereas it behaves 
like a non-Newtonian fluid with anisotropic and stress-dependent viscosity (η ~ σ3.5) in the 
former [e.g., Karato and Wu, 1993; Hirth and Kohlstedt, 2003]. Diffusion creep dominates at 
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high temperatures, whereas dislocation creep dominates at high stresses [Stocker and Ashby, 
1973; Goetze, 1978; Chopra and Paterson, 1981; Frost and Ashby, 1982; Karato and Wu, 
1993]. Extrapolation of experimental data from mineral physics indicates that dislocation 
creep may be an important deformation mechanism in the asthenosphere [Goetze, 1978; 
Karato and Wu, 1993]. This prediction is supported by observation of seismic anisotropy in 
the asthenosphere as inherited from lattice preferred orientation in olivine [Karato, 1987; 
1992; Savage, 1999]. 

For the benefit of stability of the numerical solution and limitation of computational 
costs, we mimic the combined effects of dislocation creep and diffusion creep with a simple 
Newtonian rheology. This is a crude simplification and requires adjustment of the activation 
energy E* [Christensen, 1984]. Application of E* as derived from extrapolation of 
experimental data of diffusion creep in olivine (E* = 360 kJ/mol [Karato and Wu, 1993; 
Hirth, 2002]) would be inappropriate, since the asthenosphere is effectively weakened by 
dislocation creep. Based on numerical convection experiments, Christensen [1984] proposes 
to use an adjusted E* that is 50% to 70% lower than that. This approach leaves with 108 
kJ/mol ≤ E* ≤ 180 kJ/mol. These values are consistent with independent estimates of van 
Hunen et al. [2005]: they found good agreement of lithospheric erosion induced by SSC for a 
model with simple Newtonian rheology and E* = 120 kJ/mol compared to another model with 
non-Newtonian rheology. As their model setup and numerical method are very similar to 
ours, we follow van Hunen et al. [2005] and apply E* = 120 kJ/mol. 

These assumptions leave us with a T- and p-dependent rheology: 
 

 
* * *

0 exp
m

E pV Eη η
RT RT

 += −  
, (2.14) 

 
with R and V* the ideal gas constant and activation volume, respectively. However, this 
rheology is simplified, as it ignores the important effects of melt lubrication and dehydration 
stiffening. 
 
2.4.2  Compositional rheology (CRh) 
 

The rheology of mantle peridotites is sensitive to water and melt content. Although 
olivine, the rheologically active phase in peridotites, is nominally anhydrous, its viscosity 
crucially depends on the small amounts of water present in the lattice or along grain bondaries 
[Stocker and Ashby, 1973; Karato et al., 1986; Karato and Wu, 1993; Hirth and Kohlstedt, 
1996; 2003; Mei and Kohlstedt, 2000a; 2000b; Jung and Karato, 2001]. Dehydrating 
peridotite with a typical initial bulk water content cO of 75-200 wt.-ppm (corresponding to 
water contents of 500-1333 ppm H/Si in olivine) therefore intrinsically increases its viscosity 
by 1 to 2 orders of magnitude (i.e., 10 ≤ ξ ≤ 100 with ξ the dehydration stiffening coefficient) 
[e.g., Hirth and Kohlstedt, 1996]. Furthermore, partial melt distributed along the triple 
junctions of the grains reduces the viscosity in peridotite [Kohlstedt and Zimmerman, 1996; 
Kohlstedt, 2002; Hirth and Kohlstedt, 2003]. However, stiffening due to dehydration during 
partial melting predominates this effect of melt lubrication [Karato, 1986].  

Analogue experiments show that the viscosity of olivine inversely scales with water 
content, and that olivine behaves like dry olivine at water contents below ~40 ppm H/Si 
(corresponding to ~6 wt.-ppm water in peridotite) [e.g., Hirth and Kohlstedt, 2003]. Hence, 
(1) viscosity in peridotite η inversely correlates with water content c, increasing for c < c0: 
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with D a constant. Furthermore, (2) η reaches a plateau for c ≤ cDRY ≡ 6 wt.-ppm. Fixing the 
viscosity jump between hydrous peridotite with c = cO and dry peridotite with c = cDRY to ξ 
leads to: 
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−
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Combining the above two equations leads to a formulation for the dehydration rheology term: 
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Combining Eqs. (2.14) and (2.17) with a term accounting for melt lubrication (according to 
Kohlstedt and Zimmerman [1996]) yields a full description for compositional rheology: 
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with ζ and φ the melt lubrication exponent and bulk porosity, respectively. Dehydration 
stiffening and melt lubrication are both controlled by water partitioning and magma extraction 
during partial melting (cf. section 2.3). Substituting Eqs. (2.11) and (2.12) into Eq. (2.18) 
ultimately yields a rheology dependent on T, z, φ, F, c0 and critical porosity φC (Fig. 2.4). 
 
 

2.5  Boundary conditions 
 

2.5.1  Stress and velocity boundary conditions 
 
The front and the rear of the box are the inflow and outflow boundaries, respectively, 

with the inflow boundary parallel to but 260-2080 km away from the mid-ocean ridge 
(MOR). All other boundaries are closed. We impose a no-slip condition at the top and bottom 
with fixed velocity conditions of vtop = 65 km/Myr and vbot = 10 km/Myr, respectively (Fig. 
2.5). Furthermore, we impose a free-slip condition at the lateral sides. Finally, we apply fixed 
temperatures of T = Ts, and T = Tm + γh at the top and bottom, respectively. 

Closing the bottom at z = 400 km depth and imposing vbot = 10 km/Myr allows to 
simulate a large-scale background flow and to reduce some artificial boundary influences. As 
for the case of an open bottom, these artificial influences include vigorous intermediate-scale 
convection. As for the case of vbot = 0 km/Myr, they include deep return flow towards the 
inflow boundary. The model domain has a smaller vertical size (i.e., h = 400 km) than the 
upper mantle, and hence a smaller Rayleigh number. However, this does not strongly affect 
the dynamics of SSC, since SSC is a top-down driven mechanism [Davaille and Jaupart, 
1994; Conrad and Molnar, 1999; Korenaga and Jordan, 2003].  
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       Fig. 2.4: Representation of the 
combined effects of dehydration 
stiffening and melt lubrication 
during progressive melting as 
controlled by F, φ, and φC (φ is the 
minimum of F and φC and controls 
melt lubrication). Melt lubrication is 
insufficient to effectively reduce 
viscosity (i.e., η/η0 always remains 
above unity) during incipient 
melting, as the effects of intrinsic 
dehydration are dominant [cf. 
Karato, 1986]. φC crucially controls at 
which F the compositional effects on 
rheology become dominant. 

 

 
2.5.2 Initial conditions and inflow profiles  

 
The vertical temperature and depletion inflow profiles are derived from steady-state 

solutions of 2D-numerical experiments of melting and lithosphere accretion at a MOR (with 
the same parameters in these experiments as in the corresponding 3D models. The initial 
temperature condition is derived from a cooling half-space, which is slightly modified to fit 
the inflow profile that includes the effects of latent heat consumption at the MOR. We add a 
small thermal random noise to the inflow profiles and initial conditions of temperature. Small 
compositional noise is intrinsically introduced by random particle distribution. The vertical 
inflow and outflow velocity profiles are calculated from the vertical viscosity profile (that 
itself may be calculated from the temperature and depletion profiles at the inflow and 
ountflow boundaries, respectively) with the condition that the horizontal shear stress is 
constant with depth. 
For models that involve multiple lithologies (cf. chapter 5), we take a simple cooling half-
space with a small thermal random noise as initial and inflow conditions of temperature. 
Furthermore, we conduct multiple 2D MOR experiments to derive the individual depletion 
inflow-profiles (Fi(z)) for each of the involved lithologies (for technical limitations, we do not 
derive these profiles from a single model). Hence, the effects of latent heat consumption for 
MOR melting of one lithology on MOR melting of another and vice-versa are not accounted 
for. This assumption is valid at depths greater than the solidus of the depleted peridotite 
matrix, because latent heat release for melting of fertile lithologies with small Фi is negligible. 
At shallower depths, it is technically invalid. However, the resulting profiles Fi(z) have only a 
minor influence on the onset and dynamics of SSC in the corresponding 3D models. 
 

 
      Fig. 2.5: Schematic 
of the model setup. 
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2.6  Mesh resolution and particle distribution 
 
The mesh resolution varies in the different studies (chapters 3 through 5) depending on 

the Rayleigh-numbers investigated and the rheology applied. In models with compositional 
rheology (CRh, section 2.4.2), sharp viscosity gradients at the base of the lithosphere and in 
the melting zone require relatively high resolution, whereas in models without CRh lower 
resolutions are sufficient. In all models, the mesh is vertically refined with highest vertical 
resolution at depths where melting (and sharp viscosity gradients) occur, lowest vertical 
resolution at z > 150 km, and intermediate vertical resolution elsewhere. 

In cases with low Ra (Ra < 2·105) and without CRh (cf. chapters 3 and 4), we use element 
sizes ∆x·∆y·∆z of 7.3x9.6x9.8 km3 to 7.3x9.6x4.4 km3. In cases with low Ra (Ra < 3.5·105) 
and with CRh (cf. chapter 5), we use element sizes of 6.6x8.1x8.7 km3 to 6.6x8.1x5.0 km3. 
Instead, we use much smaller element sizes of 4.4x5.7x6.1 km3 to 4.4x5.7x2.4 km3 in cases 
with high Ra (106 < Ra < 2·106) and with CRh (cf. chapter 4).  

We performed accuracy tests for resolution of the finite element mesh. We use the root 
mean square of vertical velocity to compare the dynamical behavior of cases with different 
resolution and to derive error estimates for the lower resolution cases, since the full velocity 
field is dominated by imposed vtop. As for the low resolution cases (cf. chapter 3, and no-CRh 
cases in chapter 4), comparison with the results obtained in a test with a resolution increased 
by 33% yields an error estimate of 1.7%. As for the high resolution cases (cf. CRh-cases in 
chapter 4), comparison with the results obtained in a test with a resolution reduced by 25% 
yields an error estimate of 0.9% for vertical root mean square velocity. Despite potentially 
larger local errors, these estimates indicate that we use a sufficiently high resolution for both 
cases. 

In order to stabilize the variation of melting rate in an element as introduced by random 
particle distribution, we use a high particle density. This density is set to a standard of 40 
particles per element in the melting zone (therefore up to twice as high in the larger elements 
away from this zone). However, we remove particles in the lower half of the computational 
box for the benefit of computational speed. Comparison of two cases with and without 
particles in the bottom half of the box yields an error estimate of 1.3% (for the root mean 
square of vertical velocity). In models with CRh, the artificial effects of removing particles on 
rheology (some particles typically represent a depleted and hence stiff parcel of mantle rock, 
cf. section 2.4.2) are offset by increasing the viscosity in the bottom half of the computational 
box by 10%. This factor is derived from the typical depletion in this bottom half in cases with 
particles everywhere. 
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3 Non-hotspot volcano chains originating
from small-scale sublithospheric convection 

3.1 Abstract

Some oceanic volcano chains violate the predictions of the hotspot hypothesis for
geographic age progressions. One mechanism invoked to explain these observations is small-
scale sublithospheric convection (SSC). In this study, we explore this concept in thermo-
chemical, 3D-numerical models. Melting due to SSC is shown to emerge in elongated
features (~750 km) parallel to plate motion and not just at a fixed spot; therefore volcanism
occurs in chains but not with hotspot-like linear age progressions. The seafloor age at which
volcanism first occurs is sensitive to mantle temperature, as higher temperatures increase the
onset age of SSC because of the stabilizing influence of thicker residue from previous mid-
ocean ridge melting. Mantle viscosity controls the rate of melt production with decreasing
viscosities leading to more vigorous convection and volcanism. Calculations predict many of
the key observations of the Pukapuka ridges, and the volcano groups associated with the Line,
Cook-Austral, and Marshall Islands.

3.2 Introduction

Although most of the intraplate volcanism in ocean basins is expressed in linear chains,
not all of them are accountable to a fixed hotspot [Morgan, 1971]. The most fundamental
prediction of the hotspot hypothesis is a linear age progression of the volcanic edifices along
the chain; however, some ridges – such as the Marshall, Line, and Cook-Austral Islands –
display highly irregular age-distance relationships [Davis et al., 2002; Koppers et al., 2003;
Bonneville et al., 2006] and therefore require another mechanism.
       The small-sized Pukapuka and neighboring ridges form another well-studied example.
They are aligned by plate motion with ages unexplained by the hotspot hypothesis [Sandwell
et al., 1995], and are accompanied by topography and gravity lineations with a wavelength of
~200 km [Haxby and Weissel, 1986].

Fig. 3.1:
SSC-rolls develop
after a critical
thickness of the
TBL is exceeded,
and earlier if next
to lateral density
heterogeneity.

Copyright (2007): American Geophysical Union. An edited version of this chapter was published by AGU:
Ballmer M. D., J. van Hunen, G. Ito, P. J. Tackley, T. A. Bianco (2007), Non-hotspot volcano chains originating
from small-scale sublithospheric convection, Geophys. Res. Lett., 34, L23310, doi:10.1029/2007GL031636.
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       Several models have been put forward to account for the gravity lineations and the 
associated volcanism. Firstly, cracks in the lithosphere due to diffuse extension of the Pacific 
Plate [Sandwell et al., 1995] or due to thermal cracking [Gans et al., 2003] might sample pre-
existing melt. Secondly, return flow of anomalously hot, wet and maybe partially molten 
peridotite from the Tuamotu and Marquesas hotspots towards the East Pacific Rise might 
undergo fingering and channelling [Weeraratne et al., 2007]. Thirdly, small-scale 
sublithospheric convection (SSC) might dynamically produce melting and the associated 
gravity lineations [Buck and Parmentier, 1986; Haxby and Weissel, 1986; Marquart, 2001]. 
       The lithospheric cracking hypothesis presumes a partially molten reservoir in the 
asthenosphere. This was proposed to account for its rheological properties [Anderson and 
Sammis, 1970], something that has been recently challenged [Karato and Jung, 1998; Faul 
and Jackson, 2005]. Moreover, this model does not predict negative density anomalies in the 
asthenosphere as observed from gravimetry and local seismic tomography [Harmon et al., 
2006, 2007; Weeraratne et al., 2007]. Even though the surface morphology of the chains 
might be influenced by tensional cracks [Lynch, 1999], it is unlikely that they control magma 
generation itself. Instead, channelized return flow and SSC may both account for the 
volcanism and associated density anomalies altogether [Marquart, 2001; Harmon et al., 2006]. 
This paper explores the latter mechanism. 
       In the Earth's uppermost mantle SSC is likely to develop due to instabilities of the 
thickened thermal boundary layer beneath mature oceanic lithosphere (Fig. 3.1). It is 
characterized by convective rolls aligned by plate motion [Richter and Parsons, 1975]. Lower 
mantle viscosities or lateral density heterogeneity (thermal or compositional variations) cause 
SCC to begin at younger plate ages [Huang et al., 2003; Dumoulin et al., 2005] with the 
possibility of partial melting in the upwelling limbs of SSC [Haxby and Weissel, 1986]. 
       Partial melting changes the compositional buoyancy due to melt retention and additional 
depletion of the residue [Oxburgh and Parmentier, 1977; Schutt and Lesher, 2006]; therefore, 
it promotes upwelling and allows for further melting. This self-energizing mechanism is able 
to sustain melt production for a couple of million years once melting initiates [Tackley and 
Stevenson, 1993; Raddick et al., 2002; Hernlund et al., 2007]. 
       In this study, we take the step towards fully thermo-chemical 3D-numerical models of 
SSC in order to test quantitatively the SSC-hypothesis for intraplate volcanism. Therein, we 
explore the 3D-patterns of melting associated with SSC, the age of seafloor over which it 
occurs, and the rates of melt generation by varying the key parameters mantle viscosity and 
temperature. Both are only weakly constrained or may strongly vary through the mantle. 
Finally, we discuss applications of the SSC-hypothesis on specific intraplate volcanic chains. 

 
 

3.3 Methods 
 
       To explore 3D-numerical models we use a version of the finite element code CITCOM 
[Moresi and Gurnis, 1996; Zhong et al., 2000; van Hunen et al., 2005]. With this code, we 
solve the equations for conservation of mass, momentum and energy for an incompressible, 
infinite Prandtl number fluid with extended Boussinesq approximations.  
       Density is both a function of temperature T and composition as modified by processes of 
melting and refreezing: 
 
 (1 ( ))m m depl meltρ ρ α T T F∆ρ φ∆ρ= − − + + , (4.1) 

 
where Tm, ρm, α, F, φ, ∆ρdepl, and ∆ρmelt are reference temperature and density (3300 kg/m3), 
thermal expansivity (3·10−5 K−1), mass fraction of melt depletion, volume fraction of melt in 
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the mantle, density anomaly related to 100% depletion (−72.6 kg/m3 [Schutt and Lesher, 
2006]) and to 100% melt (−500 kg/m3), respectively. 
       The melting model is from Katz et al. [2003] and is valid for hydrous peridotite melting 
in the shallow upper mantle. For this initial study, we assume a bulk water content for the 
starting source mantle of 0.0125 wt.-% yielding a ~50°C solidus decrease compared to the 
anhydrous case. The equilibrium water content of the melt-solid mixture influences melting 
temperatures at each point in our melting model [Katz et al., 2003], with the greatest 
reduction of the solidus occurring at the largest water content, where depletion F, is smallest 
[Hirth and Kohlstedt, 2003].  
       Melt is accumulated and passively advected with the viscous mantle flow, until a 
threshold porosity of 1% is reached, at which point basaltic melt in an interconnected network 
becomes mobile [Faul, 2001]. Then, any excess melt is instantaneously extracted to the 
surface to maintain φ = 1%, which is equivalent to assuming the timescale for melt extraction 
is much smaller than that for mantle flow.  
       The rheology depends on temperature and depth, ignoring any compositional effects: 

 

 
* * *

exp m
m

m

E ρ gzV Eη η
RT RT

 += −  
, (4.2) 

 
where R, g, z, ηm, E*, and V* are the gas constant, gravitational acceleration, depth, reference 
mantle viscosity, activation energy (120 kJ/mol), and activation volume (5 cm3/mol), 
respectively. The low value for E* is applied to mimic the contribution of dislocation creep in 
the asthenosphere [Christensen, 1984]. Higher values would underestimate lithospheric 
erosion induced by SSC [van Hunen et al., 2005] and overestimate flexural rigidity near 
seamounts [Watts and Zhong, 2000]. 
       Calculations are performed in a Cartesian box heated from below and cooled from above 
in 384 × 96 × 48 finite elements representing 3000 × 920 × 400 km. We apply free slip 
boundary conditions at the sides and no slip at the top and the bottom, where we impose +65 
km/Myr and +10 km/Myr, respectively (i.e., plate motion relative to the lower mantle of 55 
km/Myr). The inflow boundary represents a plane parallel to the ridge axis on 4 to 20 Myr-old 
seafloor. Inflow T- and F-profiles are self-consistently derived from 2D mid-ocean ridge 
models. Added to the inflow T-profile is a small thermal random noise (±2°C). Calculations 
are continued until a statistical steady-state is reached. 
 
 

3.4 Results 
 
       In our simulations, SSC develops spontaneously out of our initial thermal conditions. The 
flow self-organizes in rolls aligning with plate motion with a preferred wavelength of ~200 
km. SSC starts to erode and remove the harzburgite layer in downwelling sheets (Fig. 3.2), 
which is replaced by hot and fertile peridotite from below. If the lithosphere is young (i.e., 
thin) enough for SSC to occur above the (hydrous) peridotite solidus, the upwelling limbs of 
SSC spawn decompression melting.  
       Thermal buoyancy both triggers SSC and is the dominant factor that sustains it. The 
lateral temperature variations of 200–300°C at a typical SSC depth of melting (60–100 km) 
yield thermal buoyancy of about five times greater than compositional buoyancy. Once 
melting initiates, melt retention and depletion buoyancies further fuel the instabilities. Melt 
retention buoyancy is the more important factor; firstly, because ∆ρmelt ≈ 7·∆ρdepl, and 
secondly, because melt buoyancy does not inhibit downwellings where melt refreezes, 
whereas depletion buoyancy does.  
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Fig. 3.3: Amount of volcanism vs. age of the underlying seafloor for different model runs 
(varying the parameters Tm and ηeff). Vertical axis is the total volumetric rate of melt production 
in vertical (y–z) cross-section of our model divided by the number of SSC cells. It represents the 
average volume of melt produced by a single SSC cell per unit time and per kilometer in the 
direction of plate motion. Curves are shaded according to ηeff as indicated in the scale above. 
Colors indicate different reference temperatures. Numbers indicate heights (in km) of volcanic 
edifices with a slope of 10° that could be created if all of the melt extracted above a SSC 
upwelling accretes as continuous volcanic ridges or, in parentheses, as chains of circular 
volcanoes spaced 100 km apart. Viscosity predominantly controls volcano height, whereas Tm 
controls both the age of seafloor during magmatism and volcano height. 
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       The duration of melting is ultimately controlled by heat transfer due to SSC, since SSC 
continually feeds fertile mantle to the melting zone (unlike that given by Raddick et al. 
[2002]). The underlying asthenosphere experiences a net heat loss because of latent heat 
carried by melting, and more importantly due to heat advected by SSC to the lithosphere. 
Since the asthenosphere progressively cools, melting sustained by intrinsic density variations 
begins to fade such that it rapidly ceases. 

For each calculation, Figure 3.3 shows the volumetric flux of extracted melt per kilometer 
of plate in the direction of plate motion versus the age of the seafloor; for Tm = 1350°C 
(1410°C) eruption rate is predicted to peak at a seafloor age of ~30 Myr (~50 Myr), and to 
span a broad range of 8 to 9 Myr. This duration changes little over the range of parameters 
examined, and corresponds to a length scale of about 750 km for Pacific plate-motion. 
We find that the onset time and amount of volcanism (extracted melt) are most sensitive to Tm 
and ηeff. The onset of melting, which succeeds the onset of SSC, is later for both increasing 
effective mantle viscosity ηeff [Huang et al., 2003] and increasing reference temperature Tm, 
since a higher Tm provides a thicker harzburgite layer and thus a more stably stratified system 
[Zaranek and Parmentier, 2004]. Despite melting occurring beneath a thicker lithosphere, the 
amount of melting still correlates positively with Tm, and therefore, a higher Tm enables more 
volcanism on older seafloor. The amount of volcanism (represented by the area beneath the 
curves in Fig. 3.3) correlates positively with Tm and particularly strongly with ηeff. Generally, 
significant melting due to SCC requires ηeff to be no larger than ~2.5 × 1019 Pa·s (~1.5 × 1019 
Pa·s) for Tm = 1410°C (Tm = 1350°C). If it is only slightly lower than that, large volumes of 
volcanism are to be expected, because of an earlier onset of SSC beneath a thinner lithosphere 
and a more vigorous mantle flow. For the cases presented here, predicted crustal thicknesses 
of seamounts range from 1.7 to 5.9 km. 
 

 

3.5 Discussion and Conclusion 
 
       We have shown from 3-D numerical simulations of SSC that melting is expected in the 
upwelling limbs of SSC-rolls for ηeff of 1.3–2.3·1019 Pa·s. These viscosities are within the 
range estimated for the oceanic asthenosphere [Cadek and Fleitout, 2003; Hirth and 
Kohlstedt, 2003]. Volcanism is predicted to occur along lineaments aligned with plate motion 
and to span seafloor ages of 25–50 Myr, positively correlating with mantle temperature Tm. 
Melt volume strongly depends on ηeff and can be sufficient to generate kilometer-high 
seamounts. What is key is that because the melting zone is elongated (~750 km) and not a 
well-defined spot, the absolute locations of volcanic events are predicted to scatter over a 
broad range of distances and times (8 to 9 Myr). Simple geographic age progressions are 
therefore not predicted.  
       Such a behavior could explain key observations of some, previously enigmatic, volcanic 
chains in the Pacific. The Pukapuka ridge, for instance, consists of seamounts rising ~2.5 km 
over the surrounding seafloor. This height and the estimated seafloor ages during volcanism 
(20–30 Myr) at least in the western portion of the Pukapuka ridges are consistent with our 
model predictions for Tm = 1350°C and ηeff ≈ 1·1019 Pa·s. Also, the possible age progression 
that has been suggested along Pukapuka [Sandwell et al., 1995] is much too fast to be 
explained by a fixed Pacific hotspot. Volcanism along the lineament could therefore rather 
have occurred over an elongate zone such as predicted by our models. Our current 
calculations, however, do not predict the formation of the eastern portion of the Pukapuka on 
seafloor younger than ~20 Myr.  
       The Marshall Islands group consists of multiple short parallel volcano chains spaced 
~200 km apart from one another with large individual guyots (once up to 4–5 km high). It 
erupted on seafloor ages of 50–90 Myr [Koppers et al., 2003] within the Darwin Rise, which 
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is interpreted as the Cretaceous' precursor of the South-Pacific Superswell [McNutt, 1998; 
Smith et al., 1989]. The Cook-Australs are two parallel ridges (with an offset of ~300 km) of 
equally large volcanoes and formed on 40–100 Myr old lithosphere [Bonneville et al., 2006, 
and references therein] over the Superswell. In both cases, the spacing between the chains and 
the lack of a simple age progression are consistent with a SSC-origin. Explaining the large 
seafloor ages would, however, require higher mantle temperatures than simulated in this 
study. Alternatively, thermal rejuvenation of the lithosphere and thinning of its thermal 
boundary layer may yield a late onset of convection and melting beneath old seafloor. 
Rejuvenation has been proposed for both the Darwin Rise [Smith et al., 1989] and the 
Superswell [McNutt, 1998]. Correspondingly, ηeff must have been low (1019–2·1019 Pa·s) to 
account for the large volume of volcanism.  
       The Line Islands, at the western edge of the Darwin Rise, are reasonably well explained 
by SSC. These volcanoes display two events of quasi-synchronous volcanism that erupted 
laterally over ~2000 km and on seafloor ages of 30–55 Myr [Davis et al., 2002]. This range of 
seafloor ages is well predicted by models with Tm of ~1380–1410°C. A relatively small 
horizontal thermal gradient in the mantle (possibly related to the Superswell) could account 
for the larger seafloor age span of the Line Islands compared to predictions of any single of 
our current calculations. The volcanoes reach a height of up to ~3.5 km above the surrounding 
seafloor, which, when considering the subsurface volcanic crust, represent melt thicknesses of 
the same order as predicted by models with low ηeff.  
       Our simple, homogeneous models are able to reproduce the general characteristics 
observed at the above ridges. Particularly, they provide a framework accounting for 
volcanism with non-hotspot like age-progressions. But they have limitations in predicting 
durations of volcanism >10 Myr and ages of the underlying seafloor <25 Myr and >55 Myr, 
respectively.  
       However, small off-axis thermal anomalies or greater melting depths of some lithologies 
[Ito and Mahoney, 2005] would likely enable volcanism also on seafloor of ages >55 Myr. 
Lateral density heterogeneity would locally reduce the onset age of SSC [Huang et al., 2003; 
Dumoulin et al., 2005] allowing significant melting in at least one upwelling limb (Fig. 3.1), 
and potentially leading to volcanism on seafloor of ages <25 Myr (like at the eastern 
Pukapuka ridge). Since the distribution of such heterogeneities is expected to be irregular, the 
onset age of convection would likely vary through time. This prediction would further 
complicate any possible age progression and could account for a larger apparent duration (like 
at the Line Islands).  
       Volcanism due to SSC ultimately requires either ηeff on the lower bound or Tm on the 
upper bound of what is predicted for the oceanic asthenosphere. Small ηeff are sufficient for 
volcanism on young seafloor, whereas slightly elevated Tm (~1400°C) are needed to produce 
large volumes of volcanism on middle-aged seafloor. However, significant volcanism due to a 
plume or lithospheric cracking invokes much greater thermal anomalies (>100°C). Along 
these lines, several other volcano chains might as well have their origin from SSC.  
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4  Intraplate volcanism with complex age-
distance patterns − a case for small-scale 
sublithospheric convection 

4.1  Abstract

Many volcano chains in the Pacific do not follow the most fundamental predictions of 
hotspot theory in terms of geographic age-progressions. One possible explanation for non-
hotspot intraplate volcanism is small-scale sublithospheric convection (SSC), and we explore 
this concept using 3D-numerical models that simulate melting with rheology laws that 
account for the effects of dehydration. SSC spontaneously self-organizes beneath relatively 
mature oceanic lithosphere. Whenever this lithosphere is sufficiently young and thin, SSC 
replaces the shallow layer of harzburgite, which was formed by partial melting at the mid-
ocean ridge, with fresh peridotite. This mechanism enables magma generation without any 
pre-existing thermochemical anomalies. However, the additional effect of melting-induced 
dehydration to stiffen the harzburgite requires lower background viscosities to allow for 
vigorous SSC, overturn of the compositional stratification, and related magmatism. The 
intrinsic stiffness of the dehydrated harzburgite furthermore restricts penetration of SSC into 
very shallow and cooler levels. On the one hand, such a restriction precludes high degrees of 
melting, but on the other hand, it slows asthenospheric cooling and thus prolongs the duration 
of melting (to ~25 Myrs). Volcanism over such an elongated melting anomaly continues for at 
least 10-20 Myrs − and occurs on seafloor ages of ~20 to ~60 Ma. These seafloor ages 
increase with increasing mantle temperature due to the effect of forming a thicker harzburgite 
layer from more extensive mid-ocean ridge melting. The long durations of volcanism 
predicted reconcile observations of extended activity of individual seamounts and 
synchronous activity over great distances along some volcanic chains. SSC thus gives an 
explanation for previously enigmatic volcano ages along the Line Islands, Gilbert and 
Pukapuka ridges, as well as along the individual sub-chains of the Wakes, Marshalls and 
Cook-Australs. 

4.2 Introduction

Oceanic intraplate volcanism has mostly been attributed to hotspots as caused by deep 
rooted mantle plumes [Morgan, 1971; 1972]. This theory has successfully predicted the 
behavior seen in many volcano chains of alignment with absolute plate motion and of a linear 
age-distance relationship, two features that are expected to be robustly developed on the fast 
Pacific Plate. Many volcano chains, however, do not display linear age-distance relationships 
including the Marshalls, Cook-Australs, Line Islands, Pukapuka, Gilbert ridges, and Wake 
seamounts [Koppers et al., 2003; 2007; McNutt et al., 1997; Bonneville et al., 2006; Davis et 
al., 2002; Sandwell et al., 1995], which therefore call for an alternative mechanism. 

A mechanism that has often been invoked to account for non-hotspot intraplate volcanism 
is lithospheric cracking. Cracks parallel to plate motion may be induced by distal tensile  

Ballmer M. D., J. van Hunen, G. Ito, T. A. Bianco, and P. J. Tackley (2009), Intraplate volcanism with complex 
age-distance patterns – a case for small-scale sublithospheric convection, Geochem. Geophys. Geosyst., 
doi:10.1029/2009GC002386 
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       Fig. 4.1: Small-scale sublithospheric convection (SSC) spontaneously evolves at the bottom 
of mature oceanic lithosphere. The age of the lithosphere, beneath which SSC first develops 
varies with Tm, ηeff, and the extent of lateral density heterogeneity. SSC organizes as rolls aligned 
by plate motion with the possibility of decompression melting above its upwellings.  
 
stresses, or by thermal contraction [Gans et al., 2003; Sandwell and Fialko, 2004; Foulger, 
2007]. However, the cracking hypothesis does not provide an explanation for magma 
generation (e.g., Lynch et al. [1999]); it rather presumes a broad reservoir of pre-existing 
partial melt in the asthenosphere to be tapped [Anderson and Bass, 1984; Anderson, 2000]. 
Such a layer of partial melt was originally proposed to account for low shear wave velocities 
in the asthenosphere [Anderson and Sammis, 1970]. However, since stiffening due to 
dehydration of olivine during melting probably dominates melt lubrication [Karato, 1986], 
such a reservoir is at odds with vertical viscosity profiles derived from postglacial rebound or 
geoid inversions (e.g., Cadek and Fleitout [2003]). Moreover, alternative explanations for low 
velocities of seismic shear waves have been established [Karato and Jung, 1998; Faul and 
Jackson, 2005; Stixrude and Lithgow-Bertelloni, 2005; Priestley and McKenzie, 2006]. While 
the surface morphology of intraplate volcanoes may be influenced by tensional cracks [Lynch, 
1999], it is unlikely that they control timing and location of volcanism. 

Gravity and seismic observations around the Pukapuka and neighboring ridges provide 
independent evidence that other mechanisms than lithospheric cracking generate these 
volcanic ridges c. These mechanisms include: (1) channelized return flow of hot and fertile 
parcels of mantle towards the mid-ocean ridge (MOR) [Weeraratne et al., 2007; Sleep, 2008], 
and (2) small-scale sublithospheric convection (SSC) [Haxby and Weissel, 1986; Buck and 
Parmentier, 1986; Marquart, 2001]. Whereas channelized return flow predicts slow and 
relatively steady age-progressive volcanism towards younger seafloor ages, SSC may account 
for more complex age-distance patterns with quasi-synchronous volcanism over great 
distances [Bonatti and Harrison, 1976; Bonatti et al., 1977; Ballmer et al., 2007]. The 
Marshalls, Gilberts, Cook-Australs and the Wake seamounts display such highly complex 
age-distance patterns with intermittent activity at individual seamounts and synchronous 
activity over distances up to ~1500 km [Duncan and McDougall, 1976; Turner and Jarrard, 
1982; Chauvel et al., 1997]. Along Pukapuka, one may instead interpret sample ages as a 
systematic progression [Sandwell et al., 1995], which would, however, be too fast to be 
reconciled with a hotspot or channelized return flow (cf. Sleep [2008]). Along these lines, we 
suppose that SSC is a more likely mechanism for non-hotspot intraplate volcanism. 

SSC is predicted to spontaneously occur beneath mature oceanic seafloor owing to 
instabilities near the base of the lithospheric thermal boundary layer, at which the age of the 
seafloor at the onset of SSC depends on asthenospheric viscosity [Richter, 1973; Richter and 
Parsons, 1975]. After its onset, it organizes as rolls aligned by plate motion with a typical 
spacing of 200-250 km [van Hunen et al., 2003; Korenaga and Jordan, 2004]. Thereafter, 
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SSC removes the bottom of the depleted harzburgite layer (DHL) – the residual from melting 
at the MOR – and replaces it by warm and fertile peridotite from below [Ballmer et al., 2007]. 
Accordingly, SSC-upwellings potentially spawn decompression melting (Fig. 4.1) by 
overturning the thermal and compositional stratification at the base of the oceanic lithosphere. 

The intrinsic stiffness of the DHL [Hirth and Kohlstedt, 1996] may, however, complicate 
its removal [Lee et al., 2005; Afonso et al., 2008] by SSC and subsequent melting. Partial 
melting affects mantle density due to both melt retention and depletion [Tackley and 
Stevenson, 1993; Schmeling, 2000], and viscosity due to both dehydration and melt 
lubrication [Hirth and Kohlstedt, 2003], effects that have a strong feedback on convective 
flow. Dehydration during MOR melting produces a stiff DHL making the base of the 
lithosphere effectively equivalent to that of the DHL [Hirth and Kohlstedt, 1996] (rather than 
to the depth of an isotherm). Whereas the basic effects of stable density layering and of the 
feedback between melting and density variations on SSC have been investigated in 2D 
[Tackley and Stevenson, 1993; Schmeling, 2000; Raddick et al., 2002; Zaranek and 
Parmentier, 2004; Hernlund et al., 2008], the 3D behavior and effects of a compositionally 
dependent rheology (CRh) on SSC melting remain to be systematically explored. 

We aim to explore the effect of CRh on onset ages and geometries of SSC and associated 
melting through 3D numerical modeling. We commence with presenting the predictions of 
two reference models. Subsequently, we compare onset ages and flow geometries of SSC for 
models with and without CRh. We continue exploring the systematics of onset ages, as well 
as of the durations and amounts of melting (and those of volcanism) for a broad set of 
parameters placing models with CRh over against models without CRh. Such a detailed study 
finally serves to explore whether SSC is a realistic mechanism to explain volcano chains with 
complex age-distance patterns also in the presence of a stiff DHL. 

 
 

4.3  Methods 
 
Prior studies of viscous mantle flow with variable compositional buoyancy and rheology 

that are modified by partial melting were mostly applied only in 2D. To explore thermo-
chemical convection in 3D we use an extended version of the finite element code CITCOM 
[Moresi and Gurnis, 1996; Zhong et al., 2000]. The method described here for cases without 
CRh is equivalent to that used in Ballmer et al. [2007] and in chapter 3. 

In our models, properties that are passively advected on tracers (i.e., melt fraction φ and 
depletion of the residue F) are strongly time-dependent due to partial melting and refreezing. 
As F and φ crucially determine mantle density and viscosity η with a feedback on magma 
generation itself, a semi-implicit time integration scheme is required. We find that the 
numerical solution of problems including such feedback mechanisms otherwise depends on 
the lengths of timesteps (for both CRh and no-CRh). Therefore, we extended CITCOM to 
include a predictor-corrector scheme [e.g., van Keken, 1993].  

We solve the non-dimensional equations for conservation of mass, momentum, and 
energy for an incompressible, infinite Prandtl number fluid. We apply the extended 
Boussinesq approximation in order to include the effects of latent heat of melting, adiabatic 
heating, and viscous dissipation [Christensen and Yuen, 1985]: 

 
 0∇⋅ =u , (4.1) 

 ( ) ˆ ˆ ˆTη P RaT RbF Rcφ ∇ ∇ +∇ −∇ ⋅ = − ⋅ − ⋅ − ⋅ u u z z z, (4.2) 

 2 2
z

T F Di
T T L F ηε γu

t t Ra

∂ ∂ + ⋅∇ = ∇ + ⋅∇ + + ∂ ∂ u + u � , (4.3) 
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with u, T, ẑ, P, t, ε, L and γ the velocity vector, temperature, vertical unit vector, dynamic 
pressure, time, strain, latent heat of melting and adiabatic gradient, respectively (Table 4.1).  

The governing dimensionless parameters Ra, Di, Rb, and Rc are the thermal Rayleigh 
number, dissipation number, depletion Rayleigh number, and melt retention Rayleigh number, 
respectively: 
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3
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Ra
κη
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= , (4.4) 
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Di
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0

3
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0

3
φ∆ρ gh

Rc κη= , (4.7) 

 
with α, Tm, Ts, g, h, cP, κ, η0, ρ0, ∆ρF and ∆ρφ, the thermal expansivity, reference temperature, 
surface temperature, gravity acceleration, model scale height, specific heat, thermal 
diffusivity, reference viscosity, reference density, density anomaly related to 100% depletion, 
and density anomaly related to 100% melt retention, respectively. We define the effective 
viscosity: ηeff = 0.0353η0 in cases with CRh, and ηeff = 0.0311η0 in cases without. ηeff is tuned 
to represent the minimum viscosity in a vertical profile (i.e. in the asthenosphere) just before 
the onset of SSC. Hereinafter, ηeff is used to represent the dynamical behaviour of our models 
(instead of Ra or η0), because it is a more intuitively understandable variable. 

We model hydrous peridotite melting according to Katz et al. [2003] as valid in the 
shallow upper mantle. They relate the degree of batch melting to lithostatic pressure p, 
temperature T, and to water concentration in the solid c with an empirically fitted solidus. 
Water strongly reduces solidus temperatures at incipient melting, where depletion F is 
smallest. Even for rather low bulk water concentrations cO of 0.0075-0.02 wt-% as predicted 
for the upper mantle [Hirth and Kohlstedt, 1996], the solidus reduction is significant (i.e., 
35 K up to 72 K). Retained melt refreezes to the extent given by the melting function as soon 
as temperatures decrease (i.e., ∂T/∂t + u·∇T < 0) or lithostatic pressure increases. F and φ are 
then reduced accordingly.  

We parameterize melt migration and extraction by using the dynamic melting 
approximation [McKenzie, 1985]. Magma is accumulated until a critical porosity φC is 
 

 

Fig. 4.2: Dynamic melting curves 
(with cO = 125 ppm) for various critical 
porosities φC are compared to batch 
melting (with cO = 125 ppm) and 
anhydrous batch melting curves. The 
temperature required for a certain 
degree of melting (at intermediate 
degrees) is higher for small φC because 
of an earlier water separation from the 
solid. 
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reached, at which point melt in an interconnected network becomes mobile [Faul, 2000]. Any 
excess melt fraction is instantaneously removed to maintain this porosity assuming that the 
timescales of melt extraction and migration through the overlying column of the mantle are 
much smaller than that of mantle flow. 

Water behaves like an incompatible element and thus preferentially partitions into the 
melt. We apply a partitioning coefficient for water of DH2O = 0.01, similar to that for Ce [Katz 
et al., 2003]. Before the initiation of melt extraction, water content in the solid c rapidly 
decreases with F: 

 

 ( )2
2 1
O

H O
H O

c
c D

F D F
=

+ −
 (4.8) 

 
With continuous melt extraction (at φ = φC) taking over, water starts to be efficiently removed 
from the system causing c to drop even more rapidly [Zou, 1998]: 
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Hence, c is a function of F, φC, and cO (c = cO at F = 0). 

We self-consistently incorporate these effects of dehydration (i.e., Eqs. 4.8 and 4.9) into 
the melting law (Fig. 4.2). This is equivalent to extending the melting relation of Katz et al. 
[2003] from batch melting to dynamic melting neglecting the effects of dynamic melting on 
major element partitioning. This simplification is valid for low degrees of melting (as 
maintained in this study), at which the effects of water on melting temperatures are greatest 
[Katz et al., 2003]. 

We use a Newtonian rheology dependent on temperature, depth, melt and water content: 
 

 
( )

( )
* * *

00
0

0

exp
dry

m dry

c c ξE ρ gzV Eη η ζφ
RT RT c c ξ c c

− += − −  − + − 
, (4.10) 

 
at which R, ξ, ζ, E* and V* are the ideal gas constant, dehydration stiffening coefficient, melt 
lubrication exponent, activation energy and activation volume, respectively. As shown from 
laboratory experiments for olivine, η is inversely correlated to c [Karato et al., 1986; Hirth 
and Kohlstedt, 1996; 2003]. By definition, ξ is the viscosity contrast between a hydrated 
peridotite (with c = 125 ppm) and a depleted peridotite with dry olivine (with c ≤ cdry ≡ 6 wt.-
ppm). The coefficient ξ is not fully constrained but may be enveloped by 10 and 100 [Hirth 
and Kohlstedt, 1996]. Furthermore, viscosity is exponentially related to melt content in such a 
manner that presence of significant melt fractions reduces the strength of peridotite. However, 
the stiffening effect of water exhaustion due to its incompatible behavior during melting 
dominates melt lubrication for realistic parameters (i.e., ξ ≥ 10, ζ = 40, φC ≤ 2%; cf. Karato 
[1986]). In a subset of our models, we neglect the effects of composition on rheology by 
setting ξ to one and ζ to zero. For all models, we apply a low value for E* (120 kJ/mol) in 
order to mimic the contribution of dislocation creep in the asthenosphere with a simple 
Newtonian rheology [Christensen, 1984]. Higher values would underestimate lithospheric 
erosion induced by SSC [van Hunen et al., 2005]. 

Calculations are performed in a Cartesian box 3000 km long, 690-920 km wide and 
400 km deep using from 384x96x48 up to 512x128x64 elements. We apply free-slip 
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Table 4.1: Parameters, parameter variations 
and default values (in parentheses). For 
explanation of symbols cf. Table 4.2. 
Parameter Variation Unit 
ηeff (at ξ = 1) 1.2·1019 – 5·1019 Pa·s 
ηeff (at ξ = 10) 3.6·1018 – 5.4·1018 Pa·s 
ηeff (at ξ = 40) 1.5·1018 – 4.2·1018 Pa·s 
ηeff (at ξ = 100) 1.2·1018 – 1.6·1018 Pa·s 
Tm 1350 – 1410 (1380) °C 
cO 75 – 200 (125) wt.-ppm 
φC 0.1 – 2.0 (1.0) % 
ξ 1 – 100 (1, 40)  
ζ 0, 40  
veff 25 – 70 (55) km/Myr 
∆ρF -300 – 0 (-72.6) kg/m3 
∆ρφ -500 kg/m3 
ρ0 3300 kg/m3 
Ts 0 °C 
E* 1.2·105 J/mol 
V* 5·10-6 m3/mol 
α 3·10-5 K-1 
cP 1250 J/kg/K 
κ 1·10-6 m2/s 
L 6.5·105 J/kg 
γ 0.3 K/km 
 
 
Table 4.2: Explanations for abbreviations and 
symbols as used in sections 4.4 and 4. 
BDM buoyant decompression melting 
DHL depleted harzburgite layer 
CRh compositional rheology 
MOR mid-ocean ridge 
SSC small-scale convection 
SPSS South Pacific Superswell 
TBL thermal boundary layer 
dTBL convectible TBL thickness 
dcrit critical TBL thickness 
M melt volume produced per km of plate 
Tm Reference temperature 
veff absolute plate motion 
cO bulk water content 
∆ρF density anomaly for 100% depletion 
ηeff effective asthenospheric viscosity 
ξ dehydration stiffening coefficient 
φ porosity (i.e., melt content) 
φC critical porosity 
 

boundary conditions at the sides. 
Furthermore, we impose temperatures 
at the top and bottom of the model to 
be Ttop = 0 and Tbot = 1 + γh, 
respectively. As for the mechanical 
boundary conditions, the bottom and 
the top are imposed to move 
horizontally at vtop and at  
vbot = 10 km/Myr, respectively. 
Imposing vbot > 0 is done in order to 
simulate a realistic large-scale 
background flow. Thus, the effective 
plate velocity veff corresponds to the 
difference between vtop, and vbot (vtop 
and vbot are measured relative to the 
MOR). 

The inflow vertical side boundary 
corresponds to a plane parallel to the 
MOR and 260-1040 km away from it. 
The MOR itself is not included, but the 
distal effects are simulated by imposing 
the appropriate inflow temperature and 
depletion profiles taken from 2D 
models that include melting and 
lithosphere accretion at a MOR using 
the same physical parameters as the 
discussed 3D calculations. The 
depletion profiles shown in Figs. 4.3a 
and 4.3b are used to calculate the initial 
compositional rheological stratification 
for CRh. With depletion increasing 
upwards, peridotite progressively 
dehydrates and hence stiffens (Figs. 
4.3c, 4.3d). Cases with higher mantle 
temperatures and water contents predict 
more extensive melting at the MOR 
and the formation of a thicker DHL, 
and hence a thicker effective 
lithosphere (Figs. 4.3a, 4.3c). 
Simulations with higher water contents 
cO than 125 ppm lead to a thicker base 
of the DHL, and further, to a DHL with 
a larger total viscosity contrast, because 
the initial mantle material is weaker 
compared to cases with the default  

cO = 125 ppm. Cases with a larger critical porosity (φC) predict the DHL to be slightly more 
depleted at its base due to slower separation of water from the solid (Fig. 4.3b) during MOR 
melting. As water separation crucially affects the vertical viscosity profile, the rigid 
lithosphere is thinnest for cases with large φC, although the harzburgite layer is thickest (Fig. 
4.3d). 
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4.4 Results 
 

4.4.1 General behavior of reference cases 
 

4.4.1.1 Case A, without compositional rheology (no-CRh) 
In the reference case A (with default parameters (Table 4.1) at ξ = 1 and ηeff = 1.6·1019 

Pa·s) with purely p- and T-dependent rheology (i.e., without CRh), SSC (acronyms are listed 
in Table 4.2) spontaneously develops beneath a 26 Ma old lithosphere from the initial 
conditions that include small thermal perturbations (~3 K). SSC manifests itself in convection 
rolls aligned by plate motion with a spacing of ~200 km. Subsequently, convection transports 
heat to the base of the lithosphere, which hence maintains a nearly constant thickness 
[Davaille and Jaupart, 1993; Dumoulin et al., 2001].  

SSC removes the bottom of the DHL in downwelling sheets (Fig. 4.4a), and replaces it 
with warm and fertile peridotite. Consequently, decompression melting starts in the upwelling 
limbs of SSC. The flow geometry causes melting anomalies to be elongated and aligned by 
plate motion. Degrees of melting are low (F ≈ 2%), because decompression is ultimately 
restricted by the thickness of the lithosphere. These low degrees of melting complicate 
volcanism, as melt extraction requires F to exceed the critical porosity set to φC = 1%. In case 
A, surface volcanism is thus 2 Myrs delayed and 3.5-fold less voluminous than melting (cf. 
dashed lines in Figs. 4.5a and 4.5c). 
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Fig. 4.4: Isosurfaces of melt content (0.25%) and depletion (1.5%, 5%, 10%, 15%), as well 

as cross-sections of the temperature field are shown for two cases without CRh (a, c) and two 
cases with CRh (b, d). Plate velocities vabs are 55 km/Myr (a, b), 25 km/Myr (c), and 70 km/Myr 
(d), as denoted by white numbers. The pattern of melting varies between cases with elongated 
anomalies (a, d), and others with predominantly isometric anomalies (b, c). The first (a, d) are 
caused by sheet-like upwellings (i.e., convection rolls), and the latter (b, c) by point-like 
upwellings (i.e., hexagonal convection). The transition plate velocity between these two regimes 
is larger with CRh (~60 km/Myr) than without (~ 30 km/Myr). Furthermore, cases with CRh 
display weaker asthenospheric cooling due to SSC than cases without CRh for the same vabs (cf. 
blueish/greenish colors in frames a and b). 
 

As soon as partial melting initiates, it creates intrinsic buoyancy due to melt retention and 
depletion of the residue [Schutt and Lesher, 2006], and this positive feedback (previously 
termed buoyant decompression melting, or BDM) fuels convection [Tackley and Stevenson, 
1993; Schmeling, 2000; Raddick et al., 2002; Hernlund et al., 2008]. In all of our models, 
however, the thermal boundary layer instability (i.e., SSC) dominates BDM. That is, for 
typical horizontal thermal variations in the asthenosphere of 300 °C between up- and 
downwellings of SSC, thermal density anomalies are 5-fold stronger than compositional 
density anomalies (for φC = 1%). 

Because of BDM and the progressive removal of the DHL, melt production rates 
progressively grow until reaching a maximum beneath a 35 Myr-old lithosphere. Hereinafter, 
melt production declines and finally ceases beneath a seafloor of age ~47 Myrs. The duration 
of melting, corresponding to ±2σ of the distribution of melt production over seafloor ages 
(Fig. 4.5a), is ~13 Myrs. Melt extraction and surface volcanism are predicted to already stop 
earlier (at ~43 Ma), as soon as the maximum degree of melting drops below φC = 1% 
(duration of volcanism ~10 Myrs). 

Durations of melting and volcanism are controlled by asthenospheric cooling during SSC. 
The asthenosphere cools with time because cold sub-lithospheric material is drawn downward 
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Fig. 4.5: The top frames (a, b) show the distribution of melt production over seafloor ages 
for diverse Tm (different colors) and various ηeff (different lines of the same color) without CRh 
(ξ = 1) and with CRh (ξ = 40). Each curve displays the melt production rate (a, b) averaged 
along-strike of the plate at a certain age. The dashed-dotted lines represent the reference cases A 
and B (cf. section 3.1). Melt volumes are most sensitive to ηeff, whereas seafloor ages during 
melting are most sensitive to Tm. The area beneath each curve is translated into a melt column 
height averaged over the full width of the plate, and colored numbers in (a, b) represent this 
height [m]. The bottom frames (c, d) show the distribution of extracted melt volume flux over 
seafloor ages for the same models. Numbers denote the height of virtual volcanoes [km] 
assuming that the cumulative amount of extracted melt (i.e., the area beneath the bottom curves) 
is redistributed into conical seamounts with a slope of 10° and a spacing of 100 km. Cases shown 
are identified by denoted grey numbers in frames (a) and (b); cf. Table 4.3. Results of cases A 
and 43-52 are equivalent to those investigated in chapter 3. 
 
and entrained. This mechanism progressively reduces density differences between up- and 
downwellings and thus the vigor of SSC on increasing seafloor ages. Moreover, maximum 
depths and degrees of melting are directly affected by asthenospheric cooling. As soon as the 
maximum degree of melting drops below φC, melt retention fades with a negative feedback on 
BDM, and this ultimately forces termination of magma production. 

 
4.4.1.2 Case B, with compositional rheology (CRh) 

In cases that include the effects of dehydration stiffening and melt lubrication (i.e., with 
CRh), it becomes more difficult for SSC to erode the base of the DHL. The main reason is 
that prior MOR melting created a stiff and thus resisting DHL (Figs. 4.3b, 4.3d). As SSC 
melting requires erosion at the base of the DHL, it calls for relatively low ηeff. To compare 
cases A and B such that they yield similar melt production rates (cf. dashed lines in Fig. 4.5), 
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we use ηeff = 2·1018 Pa·s in case B (with CRh, ξ = 40), which is 8 times less than in case A. 
The other parameters are unchanged. 

In reference case B, SSC first develops beneath a ~24 Ma old seafloor, which is ~2 Myrs 
younger than in case A. The geometry of convection is dominated by hexagonal convection 
cells instead of convection rolls, resulting in almost isometric melt pockets above point-like 
upwellings (Fig. 4.4b). Melt production already starts at a seafloor age of ~27 Ma and rapidly 
reaches its maximum at a seafloor age of ~31 Ma. Compared to case A, melt production 
declines relatively slowly and continues to older seafloor ages of ~56 Myrs (duration of melt 
production: ~25 Myrs). As for case A, volcanism begins ~2 Myrs later than melting. Because 
of a limited penetration of upwellings into the stiff DHL, the degrees of melting are smaller 
with CRh than without. Therefore, (1) the amount of magma extracted to the surface is 5-fold 
lower than in case A, and (2) the surface volcanism lasts only slightly longer even though 
melting endures almost twice as long (dashed lines in Figs. 4.5b and 4.5d).  

Longer durations of melting and volcanism are caused by slower asthenospheric cooling 
in case B (Fig. 4.4). Firstly, slower cooling is due to that only the deepest portions of the 
thermal boundary layer (with sufficiently low η) are eroded by SSC with CRh and therefore 
the downwellings that cool the asthenosphere are warmer with CRh than without. Secondly, 
downwellings contain stiff harzburgite therefore tending to be only sluggishly mixed into the 
asthenosphere. Such a slow asthenospheric cooling allows long-term supply of warm 
peridotite to the melting zone, which results in longer durations of melting, and in an 
asymmetric distribution of melting over seafloor ages (Fig. 4.5b). 

 
4.4.2  Mechanisms controlling the onset age and geometry of SSC 

 
SSC spontaneously evolves beneath mature oceanic lithosphere [Richter, 1973]. With 

increasing age of the lithosphere, the cold thermal boundary layer (TBL) below the oceanic 
plate thickens due to conductive cooling. The shallowest portion of the TBL behaves rigidly 
and only the lower warmer portion of the TBL has the ability to become gravitationally 
instable due to the temperature contrast across it δTTBL [e.g., van Hunen and Zhong, 2006]. 
While thermal conduction is sufficient to dampen convective instability near the base of 
young and thin lithosphere, SSC develops as soon as the convectible TBL exceeds a critical 
thickness (dTBL > dcrit) [Parsons and McKenzie, 1978]. The critical thickness dcrit can be 
derived from a local critical Rayleigh number: 
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Ra κη
d αδT ρ g

 ⇔ =   
 (4.12) 

 
On the right hand side of Eq. 4.12, ηeff is likely to be the most crucial parameter to define 

dcrit (Racrit is a constant for a given geometry). Hence, the onset age of SSC (lithospheric age 
at which dTBL exceeds dcrit) ultimately depends on ηeff, and on the vertical viscosity profile that 
controls, how dTBL grows with age [Conrad and Molnar, 1999; Korenaga and Jordan, 2003]. 
With purely T-dependent rheology, dTBL simply grows proportional to the square root of age 
as controlled by thermal conduction alone (Fig. 4.6). 

Compositionally dependent rheology (CRh), however, severely inhibits SSC beneath 
younger seafloor, because for a long time of the cooling history of the TBL, the thickness of 
the stiff DHL exceeds that of the TBL [Lee et al., 2005]. The thickness of the convectible 
TBL dTBL thus remains smaller with CRh up to a significant plate age (regimes I and II in  
Fig. 4.6). Because of this effect, smaller values of ηeff are required to maintain the same onset 
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Fig. 4.6: Possible regimes for SSC with 
and without CRh. Colors (non-white) 
represent the TBL thickening away from 
the MOR. Blue (and green) colors indicate 
the rheological lithosphere without CRh 
(with CRh, respectively). Yellow (and 
green) colors denote the convectible TBL 
with CRh (without CRh, respectively). In 
regimes I and II, the convectible TBL 
maintains a greater thickness dTBL without 
CRh than with CRh. However, once 
established,   the   convectible   TBL  grows 

more rapidly with CRh in regime II. In regime III, the thickness of the lithosphere exceeds that 
of the DHL, and therefore, dTBL is equivalent both with and without CRh. 
 
ages of SSC as without CRh. Only beneath sufficiently old seafloor, when the lithosphere is 
thicker than the DHL, the difference between CRh and no-CRh in terms of onset age 
dependence on ηeff vanishes (regime III in Fig. 4.6). 

In addition, compositional density stratification further tends to stabilize the DHL 
[Zaranek and Parmentier, 2004]. Depletion and the related positive density anomaly increase 
upwards within the DHL (Fig. 4.3) providing a stable stratification that delays SSC. As the 
thickness of the convectible TBL and thus the compositional density anomaly across it are 
smaller with CRh than without, the effect of density stratification on onset ages is less 
important. In all models, we locate the onset age of SSC, where the vertical velocity in 100 
km depth averaged over time first exceeds a certain threshold relative to the background 
vertical flow. 

After its onset, SSC self-organizes as ‘Richter’-rolls aligned with the direction of absolute 
plate motion (Fig. 4.1). This geometry is favored in order to minimize the interaction of SSC 
with the background large-scale flow from plate tectonics [Richter, 1973]. In contrast, 
hexagonal cells are the preferred pattern of convection without background flow [Oliver and 
Booker, 1983]. In our calculations without CRh, the plate velocity vtrans that separates these 
two regimes is about ~30 km/Myr (Figs. 4.4a vs. 4.4b). For veff smaller than vtrans, hexagonal 
convection dominates in the shallow asthenosphere, because shear imposed by background 
flow is smaller than that induced by SSC itself. Otherwise, Richter rolls dominate. 

However, vtrans is larger (~60 km/Myr) with CRh than without comparing cases with 
similar onset ages (Figs. 4.4c vs. 4.4d). Consequently, the style of convection at intermediate 
plate velocities (i.e., veff ≈ 30-60 km/Myr) is dominated by cells with CRh and by rolls 
without. With CRh, the shearing by SSC is more vigorous (due to lower ηeff) and the shearing 
from plate motion preferentially concentrates below the stiff DHL, which is deeper than in 
cases without CRh. These two factors augment the impact of shearing associated with SSC 
compared to that associated with plate motion near the base of the lithosphere (where SSC 
first develops), and thus tend to promote cellular convection patterns for CRh [cf. Marquart, 
2001]. 

 
4.4.3 Physics of melting and volcanism related to SSC 

 
Figures 4.5, 4.7 and 4.8 show magma production rates (a, b) and melt extraction rates (c, 

d) over seafloor ages. The area beneath each curve in frames a/b represents the cumulative 
volume of magma M produced per km of plate (perpendicular to plate motion) during SSC 
melting (cf. denoted numbers), and in frames c/d, it represents the cumulative volume of 
extracted melt (i.e., volcanism) per km of plate. SSC melting typically occurs at 80-100 km 
depth beneath seafloor of ages ~20 to ~60 Ma for models with ηeff on the lower bound of  
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Fig. 4.7: Same as Fig. 4.5 in the parameter space cO vs. ηeff without CRh (a, c) and with CRh 
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realistic values for the oceanic asthenosphere. Figures 4.5a, 4.5b, 4.7a, 4.7b and 4.8a elucidate 
that melt production rates strongly increase with only small decreases in ηeff. This behavior is 
caused by the following two mechanisms. First, decreasing ηeff yields earlier onset ages of 
SSC [Richter and Parsons, 1975] therefore reducing the thickness of the rigid lithosphere 
with a positive effect on the maximum degree of melting. Second, decreasing ηeff fuels the 
vigor of convection with a positive effect on peridotite fluxes through the melting zone. 

We investigate the effects of the sensitivity of rheology to melt and water content by 
varying the water depletion stiffening coefficient ξ between the end-members 1 and 100 
(default: 40 for CRh). In contrast, we keep the melt lubrication exponent ζ fixed. The most 
important implication of increasing ξ is that partial melting from SSC requires lower ηeff for 
higher ξ (Fig. 4.8a). Decreasing ηeff offsets the most important drawbacks of a stiff DHL on 
SSC melting: delay of SSC (cf. section 4.4.2), and limitation of degrees of melting (cf. section 
4.4.1.2). But as the latter has a more restrictive effect on melting than the former, M is less for 
higher ξ comparing cases with a similar onset age of SSC (Fig. 4.8a). 

Since ηeff controls both the amount and the degree of melting, it has a strong impact on 
the flux of surface volcanism. Melt is extractable to the surface only where maximum degrees 
of melting exceed φC, so (1) small decreases of ηeff are sufficient to significantly increase the 
heights of predicted seamounts (cf. numbers denoted in Figs. 4.5d, 4.7d, 4.8c, and 4.8d), and 
(2) durations of volcanism are greater for lower ηeff, although durations of melting are 
insensitive to ηeff. 

In the following sections (4.4.3.1 – 4.4.3.4), we investigate the effects of four important 
parameters (∆ρF, Tm, cO, and φC) on onset ages of SSC, as well as on amounts and durations of 
melting and volcanism (Table 4.3). In each subsection, we commence with simple models 
neglecting CRh before turning to models with CRh. This enables us to isolate the effects of 
CRh. In a last section (4.4.3.5), we summarize the most robust predictions of this parameter 
study. 

 
4.4.3.1 Stable stratification related to the DHL  

The intrinsic buoyancy of the DHL provides a stable layering of the upper mantle that 
delays convection [Zaranek and Parmentier, 2004]. The depletion of the harzburgite usually 
ranges from ~20% near the surface to a few percent at depths of 80-100 km (Fig. 4.3a). The 
delay of SSC depends on the density increase with depletion ∆ρF as well as on the vertical 
density profile (i.e., the vertical depletion profile within the DHL), a profile that is influenced 
by Tm and cO mostly (Fig. 4.3a).  

We apply a default value of ∆ρF = -72.6 kg/m3, such as proposed by Schutt and Lesher 
[2006] for the relevant depths of SSC melting (80-100 km), although estimates ranging from 
-300 kg/m3 to 0 kg/m3 have been proposed. Figure 4.9a shows melt production over seafloor 
ages without CRh. We find that larger values of ∆ρF systematically delay SSC, and decrease 

 
Fig. 4.8: The left side frames show melt production rates (a) and melt extraction rates (c) 

over seafloor ages for different ηeff and water depletion stiffening coefficients ξ. Without CRh 
(i.e., ξ = 1), the durations of melting and volcanism are relatively short and the distribution is 
symmetric. For larger ξ (i.e., CRh), durations are progressively longer and distributions 
progressively more asymmetric. The fraction of melt being extracted to the surface is relatively 
large without CRh and progressively smaller for ξ > 1. The onset ages of SSC, and ηeff required 
for similar melt production rates are weakly negatively and strongly negatively correlated with 
ξ, respectively. The right side frames show melt production rates (b) and melt extraction rates 
(d) over seafloor ages for different φC with and without CRh. The area beneath the curves 
represents cumulative magma volumes per Myr and per km of plate (produced and extracted, 
respectively). The volume of magma produced always positively correlates with φC (b). In 
contrast, the volume of magma extracted negatively correlates with φC for non-CRh, whereas it 
is almost independent of φC for CRh (d). Numbers denoted in all frames as described for Fig. 4.5. 
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Fig. 4.9: Melt production over seafloor 

ages for different ∆ρF  with (b) and without 
CRh (a); numbers denoted as described for 
Figs. 4.5a and 4.5b. 
 

M. As ∆ρF does neither affect the depth of 
the solidus nor dampen the vigor of SSC, its 
negative effect on M is caused by the delay 
of SSC alone. Accordingly, the effect of 
∆ρF on M is small compared to that of ηeff as 
demonstrated by comparison of models 
with similar onset ages of SSC and with 
different pairs of ∆ρF and ηeff (e.g., cases  
19 vs. 50 without CRh, and cases  
101 vs. 103 with CRh; cf. Table 4.3). 

With CRh, total compositional density 
variation within the relatively thin 
convectible TBL (cf. Fig. 4.6) is small, and 
therefore compositional density 
stratification has a relatively small impact 
on onset ages and on SSC melting. This 
finding is demonstrated by the small shifts 
in ages and volumes of SSC melting with 
varying ∆ρF as shown in Fig. 4.9b. 

 
4.4.3.2 Mantle reference temperature  

Figure 4.5 shows that higher Tm ultimately delay SSC and enhance melting. While the 
average upper mantle temperature is relatively well constrained, Tm may strongly vary 
spatially. In this study, we explore models with Tm on the upper bound of the range of realistic 
reference temperatures from 1350 °C to 1410 °C [Herzberg et al., 2007]. Firstly, Tm has a 
large influence on the solidus with higher values enabling deeper and more extensive SSC 
melting [Katz et al., 2003]. Secondly, higher Tm also yields equally more extensive MOR 
melting, which gives rise to a thicker DHL (Fig. 4.3a), and hence delays SSC with a negative 
feedback on the total melt production M. For no-CRh, the first effect however is more 
important than the second effect leaving with a positive correlation of M and Tm (Fig. 4.5a).  

In contrast, our models with CRh show only a weak positive relation of the the maximum 
magma production rate (Fig. 4.5b) and the maximum degree of melting (not shown) to Tm. 
The effects of a deeper solidus are efficiently offset by the progressive restriction of 
decompression due to a thicker DHL for higher Tm. However, the time-integrated total melt 
production also depends on the duration of melting, which itself positively depends on onset 
age (and hence Tm) with CRh but less so without CRh, (cf. section 4.4.3.5). The net effect of 
the relations of the maximum degree and the duration of melting with Tm is a positive 
correlation of M with Tm (Fig. 4.5b). 

 
4.4.3.3 Bulk water content 

In the simplified case without CRh, the effects of bulk water content cO are similar to 
those of Tm: higher cO also increases both the depth of the solidus and the thickness of the 
DHL. Therefore, onset ages of SSC, seafloor ages over which melting occurs, and total melt 
production M are all positively related to cO (Fig. 4.7). Exploring models with the full range 
of realistic bulk water contents (75-200 ppm) [Hirth and Kohlstedt, 1996] reveals that the 
effects of cO (on onset ages and M) are smaller than those of Tm in the parameter range 
explored. Increasing cO by 100 ppm approximately offsets decreasing Tm by 20°C (Figs.  
4.5a vs. 4.7a). 
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In contrast, in models with CRh, onset ages of SSC-melting are almost independent of cO 
(Fig. 4.7b). Bulk water content cO influences both the thickness of the rheological lithosphere 
and the sharpness of the rheological boundary at its base (Fig. 4.3c). These competing effects 
mostly compensate each other in terms of onset age. The maximum degree of melting, 
however, decreases with increasing cO, because a certain degree of melting requires a thicker 
portion of the stiff DHL to be removed for increasing cO (cf. Fig. 4.3c). First, this behavior 
dampens the otherwise positive relation of M to cO (Fig. 4.7b). Second, it limits the depth 
range, over which the degree of melting exceeds the critical porosity, yielding a negative 
correlation of the amount of volcanism with cO (Fig. 4.7d). 

 
4.4.3.4 Critical porosity 

Partial melting due to SSC is supported by buoyant decompression melting (BDM, cf. 
section 4.4.1.1). Typical density anomalies related to melt retention (5 kg/m3 for 1% melt) are 
larger than those related to depletion (1.5-2.2 kg/m3 for 2-3% depletion). Moreover, the 
downwelling limbs of SSC are inhibited by the compositional buoyancy of depleted 
harzburgite but not influenced by retained melt because it freezes before it sinks. Therefore, 
melt retention buoyancy dominates BDM, and the vigor of BDM scales with the maximum 
fraction of retainable melt (i.e., critical porosity φC). φC varies with volatile content and shear 
stress [Stevenson, 1989; Faul, 2000; Katz et al., 2006], but in a simplified approach we apply 
a constant φC in each model [Schmeling, 2006]. We vary this parameter between the end-
members of 0.1% and 2% with a default value of 1% [Faul, 2000; Stracke et al., 2006].  

Our results without CRh show that increasing φC increases melt production rates but 
decreases melt extraction rates (Figs. 4.8b, 4.8d). The positive influence of φC on melt 
production is due to the combination of three, partly counteracting effects: (1) as high values 
of φC encompass a more vigorous BDM, SSC penetrates deeper into the lithosphere resulting 
in higher degrees of melting. Furthermore, (2) since water separates later from the solid for 
high values of φC, solidus temperatures for moderately low degrees of melting are reduced 
(Fig. 4.2). Finally, (3) this retarded water separation also enhances depletion at a given depth 
from prior MOR melting (Fig. 4.3c). Additional simulations (with ∆ρφ = 0) reveal that more 
vigorous BDM (effect 1) has a larger effect on M (i.e., melt production) than slower 
separation of water (effect 2). Effect 3 causes a weak positive correlation of onset ages with 
φC that, however, only slightly offsets the first two effects in terms of M. Despite the overall 
positive relation between the amount of melting (i.e., M) and φC, the total amounts and 
durations of surface volcanism are negatively correlated with φC (Fig. 4.8d), which indicates 
that larger φC has the dominating effect of reducing the amount of extractable melt (cf. section 
4.4.3.3). 

While the effects of reducing φC on M are similar for both CRh and no-CRh, reducing φC 
is insufficient to boost volcanism for CRh (unlike for no-CRh). Degrees of decompression 
melting are progressively restricted for lower φC because lower φC creates a progressively 
thicker rheological lithosphere (Fig. 4.3d) due to the more effective dehydration during MOR 
melting. This thicker lithosphere reduces the degrees of melting and M; however, because 
volcanism is promoted by reduced φC, eruption flux does not sense the reduction in melting 
and thus is insensitive to φC (Fig. 4.8d). 

 
4.4.3.5 Conclusion of the parameter study 

Figures 4.10a and 4.10b display the ‘effective thickness of the DHL’ (cf. figure caption) 
versus onset age of SSC for each model with (ξ = 40) and without (ξ = 1) CRh, respectively. 
The models plot within two regimes: one regime displays minor or no melting (orange and 
yellow diamonds in Fig. 4.10), and another regime displays major melting (black and red 
diamonds). The major melting regime is favored by early onset ages or, at intermediate onset 
ages, by smaller ‘effective thicknesses of the DHL’. For cases with CRh, the ‘effective 
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Fig 4.10: Frames (a) and (b) display onset ages 

of SSC vs. the depth, at which an adiabatically 
decompressing parcel of peridotite reaches  
F = 1%, for most of the models with minor or no 
melting (yellow and orange diamonds) and major 
melting (red and black diamonds). The depth of 
the boundary between the minor melting and 
major melting regimes (solid lines) scales linearly 
with the square root of onset age with CRh (a); but 
it deviates from this scaling (dashed line) without 
CRh (b). The bottom frame (c) shows the durations 
of volcanism versus onset ages of SSC for models 
without CRh (green) and with CRh (blue). 
Comparing models with a similar amount of 
volcanism (i.e., diamonds with the same color-tone) 
reveals that durations of volcanism are sensitive to 
onset ages with CRh, whereas they are almost 
constant without CRh. 

thickness of the DHL’ at the boundary 
between the two regimes linearly 
scales with the square root of onset age 
(i.e., with the thickness of the TBL). 
However, the scaling law differs for 
the cases without CRh (cf. arrows in 
Fig. 4.10b): for large ‘effective 
thicknesses of the DHL’ major melting 
appears to be possible later onset ages 
than with CRh. Without CRh, 
penetration of SSC (once it is 
established) into a thick DHL is only 
relatively mildly restricted by density 
stratification (compared to a severe 
restriction by rheological stratification 
with CRh). Therefore, even cases with 
relatively late onset ages display major 
SSC melting without CRh. 

Figure 4.10c shows the duration of 
volcanism plotted against the onset age 
of SSC for the same suite of models. 
Comparing cases with a similar 
amount of volcanism, the durations of 
volcanism are long and sensitive to 
onset age with CRh, whereas they are 
short and almost independent of onset 
age without CRh. Long durations with 
CRh are caused by slow 
asthenospheric cooling due to the 
effects of a stiff DHL (cf. section 
4.4.1.2). Specifically, a thicker DHL 
and higher ηeff both delay SSC and 
reduce the cool material flux from the 
base of the lithosphere to the 
asthenosphere. Thus later onset ages 
correlate with slower asthenospheric 
cooling and longer durations of 
melting. In contrast, the cool material 
flux to the asthenosphere is not 
restricted by stiffening within the DHL 
in cases without CRh. This accounts 
for uniformly fast asthenospheric 
cooling thus causing short and almost 
constant durations of volcanism (Fig. 
4.10c). 

To summarize the most important 
predictions of the models with CRh, 
the duration of surface volcanism from 
SSC and its total amount increase with 
decreasing φC or ηeff, and with 
increasing Tm. Furthermore, surface 
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Table 4.3: Quantitative results of most of the models. The parameters of each case are 
specified in the left part of the table, whereas the right part summarizes the most important 
output variables (i. e., onset age of SSC tSSC, column height of melt produced hMELT, column 
height of melt extracted hVOLC, average age of the seafloor over which volcanism occurs tVOLC, 
and duration of volcanism τVOLC as defined in section 4.4.1.1).  
 

Case ηeff Tm cO φC ξ veff ∆ρF tSSC hMELT hVOLC tVOLC τVOLC 
ref A 1.6e19 1380 125 0.01 1 55 72.6 25.9 0.584 0.169 36.42 4.77 
ref B 2.0e18 1380 125 0.01 40 55 72.6 23.7 0.624 0.037 36.03 7.74 

1 1.3e19 1350 125 0.02 1 55 72.6 20.3 0.581 0.037 29.57 3.92 
2 1.4e19 1350 125 0.02 1 55 72.6 20.9 0.376 0.007 30.98 3.26 
3 1.5e19 1350 125 0.02 1 55 72.6 22.0 0.204 0 31.62 2.31 
4 1.6e19 1350 125 0.02 1 55 72.6 22.2 0.175 0 31.69 2.51 
5 1.4e19 1380 125 0.02 1 55 72.6 24.3 1.068 0.218 34.50 4.56 
6 1.5e19 1380 125 0.02 1 55 72.6 24.7 0.868 0.134 35.87 4.25 
7 1.6e19 1380 125 0.02 1 55 72.6 26.1 0.695 0.079 36.69 3.92 
8 1.7e19 1380 125 0.02 1 55 72.6 26.9 0.535 0.043 37.75 3.77 
9 1.8e19 1380 125 0.02 1 55 72.6 27.7 0.379 0.015 39.31 3.21 
10 1.9e19 1380 125 0.02 1 55 72.6 29.0 0.347 0.006 39.55 3.37 
11 2.0e19 1380 125 0.02 1 55 72.6 28.9 0.215 0.001 41.19 2.59 
12 1.6e19 1380 125 0.01 1 55 0 21.2 1.094 0.498 30.94 5.19 
13 1.8e19 1380 125 0.01 1 55 0 22.9 0.745 0.271 33.51 4.80 
14 2.0e19 1380 125 0.01 1 55 0 24.8 0.515 0.136 35.42 4.47 
15 2.2e19 1380 125 0.01 1 55 0 26.4 0.327 0.053 37.78 4.38 
16 2.4e19 1380 125 0.01 1 55 0 28.4 0.239 0.024 39.55 3.74 
17 3.0e19 1380 125 0.01 1 55 0 36.8 0.008 0 0.00 0.00 
18 1.3e19 1380 125 0.01 1 55 150 27.1 0.663 0.212 37.62 4.67 
19 1.4e19 1380 125 0.01 1 55 150 27.8 0.516 0.132 38.44 4.50 
20 1.6e19 1380 125 0.01 1 55 150 29.7 0.345 0.060 40.45 4.35 
21 1.8e19 1380 125 0.01 1 55 150 31.6 0.188 0.012 42.59 3.73 
22 1.3e19 1380 125 0.01 1 55 225 31.1 0.492 0.123 41.85 4.23 
23 1.4e19 1380 125 0.01 1 55 225 31.9 0.402 0.079 42.35 4.38 
24 1.6e19 1380 125 0.01 1 55 225 33.8 0.202 0.016 44.07 4.08 
25 1.3e19 1350 125 0.01 1 55 225 27.4 0.084 0.001 47.11 2.55 
26 1.3e19 1410 125 0.01 1 55 225 37.5 0.895 0.383 38.21 5.72 
27 1.2e19 1380 125 0.01 1 55 300 32.1 0.478 0.120 42.78 4.53 
28 1.3e19 1380 125 0.01 1 55 300 32.9 0.336 0.056 44.10 4.55 
29 1.4e19 1380 125 0.01 1 55 300 33.7 0.255 0.031 44.27 3.84 
30 1.6e19 1380 125 0.01 1 55 300 35.5 0.117 0.005 46.30 3.60 
31 1.5e19 1380 125 0.001 1 55 72.6 24.1 0.422 0.363 34.39 5.87 
32 1.7e19 1380 125 0.001 1 55 72.6 26.2 0.263 0.215 37.02 5.89 
33 1.5e19 1380 125 0.005 1 55 72.6 24.7 0.563 0.303 43.23 5.19 
34 1.6e19 1380 125 0.005 1 55 72.6 25.0 0.474 0.263 44.18 5.16 
35 1.7e19 1380 125 0.005 1 55 72.6 26.7 0.354 0.154 45.64 5.06 
36 1.5e19 1380 125 0.015 1 55 72.6 24.8 0.842 0.216 35.27 4.62 
37 1.6e19 1380 125 0.015 1 55 72.6 25.9 0.616 0.112 36.74 4.17 
38 1.7e19 1380 125 0.015 1 55 72.6 27.0 0.481 0.069 37.58 4.36 
39a 1.5e19 1380 125 0.001 1 55 72.6 24.2 0.386 0.329 34.65 5.92 
40a 1.5e19 1380 125 0.01 1 55 72.6 25.0 0.503 0.115 35.60 4.46 
41a 1.5e19 1380 125 0.02 1 55 72.6 24.7 0.532 0.016 35.50 3.43 
43 1.3e19 1350 125 0.01 1 55 72.6 19.3 0.517 0.106 28.64 3.96 
44 1.4e19 1350 125 0.01 1 55 72.6 20.9 0.330 0.050 30.37 3.44 



 56 

Case ηeff Tm XH2O φC ξ veff ∆ρF tSSC hMELT hVOLC tVOLC τVOLC 
45 1.5e19 1350 125 0.01 1 55 72.6 21.4 0.250 0.023 31.05 3.29 
46 1.6e19 1350 125 0.01 1 55 72.6 22.1 0.197 0.013 32.23 2.86 
47 1.7e19 1350 125 0.01 1 55 72.6 22.4 0.160 0.006 32.70 2.99 
48 1.5e19 1380 125 0.01 1 55 72.6 24.6 0.734 0.254 35.09 4.99 
49 1.7e19 1380 125 0.01 1 55 72.6 26.8 0.434 0.096 37.83 4.37 
50 1.8e19 1380 125 0.01 1 55 72.6 27.8 0.392 0.077 38.51 4.16 
51 1.9e19 1380 125 0.01 1 55 72.6 29.0 0.272 0.040 39.75 4.04 
52 2.0e19 1380 125 0.01 1 55 72.6 29.4 0.231 0.026 40.32 3.73 
53 1.7e19 1410 125 0.01 1 55 72.6 31.6 0.826 0.334 40.96 5.32 
54 1.9e19 1410 125 0.01 1 55 72.6 33.7 0.578 0.176 43.11 4.93 
55 2.1e19 1410 125 0.01 1 55 72.6 36.4 0.370 0.081 45.75 4.70 
56 2.3e19 1410 125 0.01 1 55 72.6 38.3 0.267 0.041 47.11 4.16 
57 1.4e19 1380 75 0.01 1 55 72.6 22.3 0.702 0.271 34.92 4.48 
58 1.6e19 1380 75 0.01 1 55 72.6 23.8 0.415 0.107 37.02 3.93 
59 1.8e19 1380 75 0.01 1 55 72.6 26.4 0.205 0.027 39.06 3.76 
60 1.4e19 1380 100 0.01 1 55 72.6 23.5 0.745 0.293 35.25 4.89 
61 1.6e19 1380 100 0.01 1 55 72.6 25.2 0.493 0.148 36.64 4.46 
62 1.8e19 1380 100 0.01 1 55 72.6 26.6 0.282 0.048 38.82 3.93 
63 2.0e19 1380 100 0.01 1 55 72.6 28.4 0.165 0.011 41.00 2.98 
64 1.6e19 1380 150 0.01 1 55 72.6 26.2 0.631 0.211 35.99 4.82 
65 1.8e19 1380 150 0.01 1 55 72.6 28.1 0.441 0.101 37.89 4.32 
66 2.0e19 1380 150 0.01 1 55 72.6 29.4 0.269 0.039 40.09 4.10 
67 1.6e19 1380 175 0.01 1 55 72.6 27.6 0.842 0.298 36.03 5.20 
68 1.8e19 1380 175 0.01 1 55 72.6 29.2 0.612 0.166 37.86 4.99 
69 2.0e19 1380 175 0.01 1 55 72.6 31.4 0.366 0.097 40.10 4.75 
70 1.6e19 1380 200 0.01 1 55 72.6 28.1 0.878 0.295 35.10 5.25 
71 1.8e19 1380 200 0.01 1 55 72.6 30.2 0.670 0.203 37.74 4.55 
72 2.0e19 1380 200 0.01 1 55 72.6 30.8 0.420 0.068 39.40 4.55 
73 1.6e19 1380 125 0.01 1 25 72.6 ? 0.294 0.131 25.25 2.21 
74 1.6e19 1380 125 0.01 1 35 72.6 28.0 0.408 0.168 27.23 2.60 
75 1.6e19 1380 125 0.01 1 45 72.6 ? 0.471 0.161 31.92 3.32 
76 1.8e19 1380 125 0.01 1 25 72.6 ? 0.198 0.063 26.09 2.14 
77 1.8e19 1380 125 0.01 1 35 72.6 ? 0.264 0.074 28.12 2.53 
78 1.8e19 1380 125 0.01 1 45 72.6 ? 0.303 0.073 34.09 4.01 
79 3.0e18 1380 125 0.005 10 55 72.6 23.0 0.834 0.404 34.07 7.78 
80 3.6e18 1380 125 0.005 10 55 72.6 24.4 0.530 0.210 35.45 7.05 
81 4.2e18 1380 125 0.005 10 55 72.6 25.8 0.355 0.105 36.70 6.10 
82 4.8e18 1380 125 0.005 10 55 72.6 27.0 0.209 0.037 38.14 5.48 
83 3.6e18 1380 125 0.01 10 55 72.6 24.7 0.729 0.143 36.10 6.24 
84 4.2e18 1380 125 0.01 10 55 72.6 26.0 0.470 0.056 37.48 5.41 
85 4.8e18 1380 125 0.01 10 55 72.6 27.2 0.277 0.012 38.83 4.88 
86 5.4e18 1380 125 0.01 10 55 72.6 29.9 0.174 0.002 39.61 3.49 
87 1.5e18 1380 125 0.001 40 55 72.6 22.9 0.252 0.160 37.92 12.62 
88 2.1e18 1380 125 0.001 40 55 72.6 25.2 0.082 0.038 37.45 10.76 
89 1.5e18 1380 125 0.005 40 55 72.6 22.5 0.636 0.173 37.54 10.85 
90 1.8e18 1380 125 0.005 40 55 72.6 23.2 0.429 0.085 37.82 10.20 
91 2.1e18 1380 125 0.005 40 55 72.6 23.9 0.292 0.040 37.70 9.69 
92 1.8e18 1380 125 0.02 40 55 72.6 21.2 1.504 0.074 33.21 7.01 
93 2.1e18 1380 125 0.02 40 55 72.6 21.8 1.146 0.033 33.58 5.72 
94 2.4e18 1380 125 0.02 40 55 72.6 22.4 0.793 0.011 34.22 4.33 
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Case ηeff Tm XH2O φC ξ veff ∆ρF tSSC hMELT hVOLC tVOLC τVOLC 
95 2.7e18 1380 125 0.02 40 55 72.6 23.4 0.577 0.003 34.70 3.81 
96 1.8e18 1380 125 0.01 40 55 0 20.1 1.083 0.154 33.37 8.79 
97 2.4e18 1380 125 0.01 40 55 0 22.1 0.466 0.023 34.47 6.58 
98 3.0e18 1380 125 0.01 40 55 0 23.7 0.167 0.001 35.86 4.12 
99 1.5e18 1380 125 0.01 40 55 150 22.0 1.049 0.156 35.46 9.60 
100 1.8e18 1380 125 0.01 40 55 150 22.8 0.674 0.063 35.47 7.88 
101 2.1e18 1380 125 0.01 40 55 150 23.4 0.484 0.029 35.62 6.30 
102 2.7e18 1380 125 0.01 40 55 150 25.0 0.186 0.002 36.59 4.48 
103 1.8e18 1380 125 0.01 40 55 225 23.4 0.563 0.048 35.84 7.41 
104 1.8e18 1380 125 0.01 40 55 300 24.1 0.435 0.036 36.48 6.89 
105 1.2e18 1350 125 0.01 40 55 72.6 19.5 0.744 0.024 27.77 6.56 
106 1.6e18 1350 125 0.01 40 55 72.6 20.4 0.363 0.005 28.50 4.85 
107 2.0e18 1350 125 0.01 40 55 72.6 21.3 0.194 0 30.49 4.94 
108 2.4e18 1350 125 0.01 40 55 72.6 21.5 0.109 0 29.03 0.91 
109 1.5e18 1380 125 0.01 40 55 72.6 21.5 1.268 0.215 34.79 10.17 
110 1.6e18 1380 125 0.01 40 55 72.6 22.8 1.072 0.122 35.93 9.30 
111 2.4e18 1380 125 0.01 40 55 72.6 24.7 0.314 0.008 36.27 5.61 
112 2.8e18 1380 125 0.01 40 55 72.6 25.5 0.168 0.001 36.77 4.30 
113 3.0e18 1380 125 0.01 40 55 72.6 25.4 0.137 0.001 36.80 4.10 
114 1.8e18 1410 125 0.01 40 55 72.6 27.8 1.224 0.260 42.54 12.46 
115 2.0e18 1410 125 0.01 40 55 72.6 28.8 1.034 0.147 43.57 11.93 
116 2.4e18 1410 125 0.01 40 55 72.6 30.0 0.610 0.042 43.40 10.55 
117 2.8e18 1410 125 0.01 40 55 72.6 31.2 0.319 0.008 43.70 8.71 
118 3.0e18 1410 125 0.01 40 55 72.6 31.0 0.210 0.002 44.93 8.45 
119 1.8e18 1380 75 0.01 40 55 72.6 21.5 0.835 0.163 35.16 8.12 
120 2.1e18 1380 75 0.01 40 55 72.6 22.3 0.559 0.073 36.32 7.42 
121 2.4e18 1380 75 0.01 40 55 72.6 22.7 0.379 0.035 36.76 7.53 
122 2.7e18 1380 75 0.01 40 55 72.6 23.5 0.192 0.009 37.55 7.12 
123 1.8e18 1380 175 0.01 40 55 72.6 23.2 1.037 0.106 34.97 8.69 
124 2.0e18 1380 175 0.01 40 55 72.6 24.2 0.741 0.053 34.99 6.96 
125 2.4e18 1380 175 0.01 40 55 72.6 25.2 0.546 0.019 35.85 5.70 
126 2.7e18 1380 175 0.01 40 55 72.6 26.3 0.404 0.008 37.17 4.69 
127 2.4e18 1380 125 0.001 40 70 72.6 25.4 0.042 0.014 34.49 7.01 
128 2.4e18 1380 125 0.005 40 70 72.6 24.8 0.111 0.003 36.59 8.98 
129 2.4e18 1380 125 0.01 40 70 72.6 23.5 0.424 0.009 34.27 5.72 
130 2.4e18 1380 125 0.02 40 70 72.6 22.4 0.863 0.007 32.51 3.83 
131 1.2e18 1380 125 0.01 100 55 72.6 21.1 1.019 0.061 32.86 7.98 
132 1.6e18 1380 125 0.01 100 55 72.6 22.6 0.456 0.007 33.06 5.28 

ª Model runs 39-41 neglect melt buoyancy (∆ρφ = 0 kg/m³). 

 
volcanism increases with higher Tm and ηeff, with the effect of Tm being greatest. Total crustal 
thicknesses of individual volcanoes are predicted to exceed 1 km for a broad range of the 
parameter space (cf. numbers denoted in Figs. 4.5d, 4.7d, and 4.8d). Finally, the 
simplification of neglecting CRh is insufficient to capture many of the important effects of 
CRh (sections 4.4.3.1-4.4.3.4 and Fig. 4.10). 
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4.5 Discussion and Conclusions 
 

4.5.1  Discussion of the modeling results 
 
SSC is capable of generating volcanism simply by overturning the thermal and 

compositional stratification of the upper mantle. Our models consider a petrological spectrum 
from lherzolites to harzburgites plus some hydrous fluid. Prediction of realistic geochemistry 
of ocean island basalts would require, however, more complicated lithologies and fluid 
compositions, including CO2 [Niu and O'Hara, 2003; Sobolev et al., 2007; Dasgupta et al., 
2007; Pilet et al., 2008]. 

Fertile lithologies may survive MOR melting at depths greater than 100-150 km (e.g., 
enriched peridotite or pyroxenite; cf. Ito and Mahoney [2005] and references therein), or may 
be incorporated into the oceanic lithosphere (i.e., metasomatized hornblendite veins [Niu and 
O'Hara, 2003; Pilet et al., 2008]). Deep sources of fertile lithologies may be stirred up by 
SSC, and metasomatized veins may be either pulled down into warmer levels by SSC itself or 
reheated by ascending SSC-derived magmas. Since these processes enable extensive melting, 
and since only low-degree melting of peridotites occurs, the geochemistry of SSC-derived 
magmas is likely to be dominated by the most fusible, and thus perhaps geochemically 
enriched sources [Ballmer et al., 2009]. Since the current models do not consider such fertile 
materials, the melt volumes presented here should be regarded as lower bounds. 

Our calculations predict that SSC melting with CRh requires early onset ages (i.e.,  
20-35 Myrs) and therefore effective viscosities of ηeff < 3·1018 Pa·s, which are likely to be on 
the lower end of realistic values for the oceanic asthenosphere (cf. Cadek and Fleitout 
[2003]). However, accounting for lateral density heterogeneity (compositional or thermal) 
would locally reduce onset ages of SSC [Huang et al., 2003; Dumoulin et al., 2005; 2008] 
compared to our homogeneous models (Fig. 4.1). An example calculation with a small along-
strike thermal heterogeneity (of just 10 K) with CRh reveals that ηeff ≈ 4·1018 Pa·s is 
sufficiently low for triggering early SSC with associated magma generation. Since stronger 
density heterogeneity than that is expected to exist throughout the upper mantle [Phipps 
Morgan and Morgan, 1999; Herzberg et al., 2007], we believe that realistic ηeff of 5·1018 
perhaps up to 1019 Pa·s are sufficient for significant volcanism from SSC. 

A key prediction is that individual melting zones due to SSC are elongated and parallel to 
plate motion (previously referred to as a ‘hot line’ [ Bonatti and Harrison, 1976]). These 
melting zones each emerge above a single sheet-like upwelling of SSC (in the regime of 
convection rolls as for plate velocity ≥60 km/Myr). We predict durations of major melting of 
~25 Myrs for our more realistic models with CRh. The corresponding timescale of volcanism 
is in the range of 10-20 Myrs. On the fast Pacific plate, these timescales correspond to an 
elongation of the zones of melting and of volcanism of up to ~2000 km and of 700-1600 km, 
respectively (taking 70-80 km/Myr, cf. Schellart et al. [2008] and references therein). 
However, these estimates are lower bounds, as our calculations neglect radiogenic heating, a 
process that slows asthenospheric cooling [Huang and Zhong, 2005; Afonso et al., 2008]. 

Age-distance relationships of a volcanic chain formed on a plate moving over such an 
elongate melting anomaly (hot line) are not expected to be linear. Ages are rather predicted to 
plot within a broad field in age-distance space bound by two linear trends with equal slope 
that roughly corresponding to plate velocity (Fig. 4.11) and separated in time by duration of 
SSC melting. Correspondingly, the width of the field on the distance axis corresponds to the 
length-scale of volcanism due to SSC (i.e., 700 to >1600 km). This broad swath in age-
distance is predicted for a ‘hot line’ of volcanism [Bonatti and Harrison, 1976] − in contrast 
to a more narrow trend in age-distance predicted for localized hotspots. Another important 
prediction of our models is that volcanism caused by SSC emerges on seafloor of intermediate 
ages (20-60 Ma). 
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Fig. 4.11: Ages collected at the (a) Wake seamounts, the (b) Marshalls, the (c) Line Islands, the 
(d) Pukapuka ridges, and the (e) Cook-Australs plot within fields in age-distance space of width 
(a, b, e) 1500 km, (c) 2000 km, and (d) 1000 km, respectively. This behavior is consistent with 
volcanism formed on the Pacific Plate overriding a quasi-stationary elongated magma source. In 
(b) and (e) distances are obtained by projecting the locations of the seamounts of each of the 5 
and 2 lineaments (cf. legends), respectively, on top of each other (with a projection axis parallel 
to the lineaments). Positions of the volcano chains on the Pacific Plate are given in (f). In order to 
avoid introducing additional scattering, we take ages only from a limited number of reliable 
sources: (a, b) Koppers et al. [2003; 2007], (c) Davis et al. [2002] and references therein,  
(d) Sandwell et al. [1995], (e) Chauvel et al. [1997], McNutt et al. [1997], Bonneville et al. [2006] 
and some other sources [Duncan and McDoughall, 1976; Turner and Jarrard, 1982] for 
seamounts without more recent analyses available. 

 
These predictions may give an explanation for previously enigmatic ages along volcano 

chains on the Pacific Plate. Radiometric ages from the Marshalls, Cook-Australs, Line 
Islands, Wake seamounts, the Gilbert ridges and the Pukapuka ridge do not follow the most 
fundamental predictions of hotspot theory. All these examples were formed above (or at the 
edge) of the South Pacific Superswell (SPSS) or its Cretaceous precursor, the Darwin Rise, 
which both are likely regions with anomalously high temperature and heterogeneous 
composition ─ maybe underlain by a ‘Superplume’ [Staudigel et al., 1991; McNutt, 1998]. 
SSC may evolve at the edges of a low viscosity Superplume spreading within the higher 
viscosity mantle or above its roof in case it stalls below the transition zone [Griffiths and 
Campbell, 1991]. Indeed, high temperatures and low viscosities in the SW-Pacific 
asthenosphere [Staudigel et al., 1991; Cadek and Fleitout, 2003] settle the most important 
requirements to drive vigorous SSC [Richter, 1973]. This scenario is in accord with the 
interpretations from geochemical observations at some of the above mentioned volcano chains 
for mixing between enriched lower mantle (from the Superplume), depleted upper mantle, and 
the oceanic lithosphere [Janney and Castillo, 1999; Janney et al., 2000]. Regarding these 
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tight constraints, we believe that SSC is a subordinate mechanism to produce volcanism in the 
northern Pacific or in other ocean basins, where such a large-scale temperature or 
compositional anomaly is not present. 

 
4.5.2 Application on volcano chains in the Pacific 

 
4.5.2.1 Marshall Islands and Gilbert ridge 

The Marshall Islands consist of multiple parallel seamount trails (i.e, Magellan, Ujlan, 
Anewetak, Ralik and Ratak) with a lateral spacing of 200-300 km. They are located on the 
Darwin Rise, the Cretaceous precursor of the SPSS [Smith et al., 1989; Staudigel et al., 1991] 
with submerged volcanoes (atolls and guyots) that once rose 4-5 km above the seafloor. They 
erupted on seafloor of ages 50-90 Ma displaying irregular patterns of geographic age-
progressions along each individual seamount trail [Koppers et al., 2003]. Apparently coeval 
volcanism spans distances of ~1000 km, a behavior that is best documented for Magellan, 
Ralik, and Ratak trails. Most of the sample ages including even those of the Gilbert ridge 
[Koppers et al., 2007] – the southern continuation of the Ratak trail – plot within a field of 
width ~1500 km (Fig. 4.11b). The slope of that field and the orientation of the trails agree 
well with Pacific plate motion during the Emperor stage pole (62-74 km/Myr, cf. Koppers et 
al. [2007] and references therein). 

The large distance spans of apparently coeval volcanism at the Marshall Islands and 
Gilbert ridges are difficult to reconcile with a hotspot, channelized return flow, or lithospheric 
cracking. SSC better accounts for sample ages plotting in an age-distance field of width 
~1500 km. The geographic spacing between the seamount trails is in accord with the 
predictions of the SSC hypothesis, as well. Partial melting in abundant fertile lithologies may 
account for seafloor ages during volcanism beyond the upper range of our predictions (i.e.  
50-90 Myrs) enabling melting beneath an older and thicker lithosphere than predicted by our 
simulations [Ballmer et al., 2009]. As consistent with this hypothesis, geochemistry of basalts 
from the Marshalls stretch out between end-members ‘HIMU’ and ‘EMI’ [ Koppers et al., 
2003; Konter et al., 2008; Ballmer et al., 2009]. 

 
 

4.5.2.2 Pukapuka ridges 
The Pukapuka ridges are a series of en-echelon ridges with a total length of ~2000 km 

between the eastern edge of the SPSS and the Rano-Rahi seamount field (e.g., Sandwell et al 
[1995]). It lies on seafloor that is 10-30 Myrs older than the individual volcanoes, and the 
volcano heights are ~2 km [Lynch, 1999]. Volcano ages along the ridge do not follow a 
systematic trend (Fig. 4.11d) consistent with an absolute plate motion of ~70 km/Myr 
(Schellart et al. [2008] and references therein). Pukapuka is accompanied with gravity and 
topography lineations of wavelength ~200 km [Haxby and Weissel, 1986; Buck and 
Parmentier, 1986], of which analysis reveals a buoyant mantle reservoir beneath Pukapuka 
[Marquart et al., 1999] and neighboring ridges [Harmon et al., 2006; 2007]. Furthermore, 
geochemical trends along Pukapuka suggest shallow mixing of an enriched reservoir from the 
west (i.e., the SPSS) with depleted peridotites from the East Pacific Rise [Janney et al., 2000]. 

Geophysical and geochemical constraints are in concert with the SSC hypothesis. 
Geochronological data along the Pukapuka ridges is sparse but apparently inconsistent with 
hotspot theory [Sandwell et al., 1995]. A systematic age-distance relationship of  
~300 km/Myr has been put forward to be valid for the eastern part of the ridges but without 
providing a credible mechanism for such a fast age-progression of the melting source (cf. 
section 2). Alternatively, sample ages may be explained by volcanism over a quasi-stationary 
melting zone of elongation ~1000 km from SSC (Fig. 4.11d). This elongation on the lower 
bound of our model predictions, together with the observed volcano heights and seafloor ages 
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during volcanism (10-30 Ma) are generally consistent with cases with low Tm. Slightly earlier 
onset ages of SSC than predicted from our models may arise from lateral density 
heterogeneity [Huang et al., 2003; Dumoulin et al., 2008]. Alternatively, colder mantle 
temperatures beneath the East Pacific Rise than beneath the SPSS such as proposed by Hillier 
and Watts [2004] likely give rise to an unusually thin DHL that allows early SSC. Unusually 
thin elastic thicknesses in this region [Goodwillie, 1995] supports this scenario. However, our 
models (that exclude the MOR) are unable to explain volcanism at the eastern edge of 
Pukapuka and within the Rano-Rahi seamount field, which have both been formed in direct 
proximity of the MOR.  

 
4.5.2.3 Cook-Austral Islands 

The Cook-Austral double-chain (S- and N-branch, spaced ~250 km) is located above the 
southern edge of the South Pacific Superplume and displays a complicated history of multiple 
episodes of volcanism. Ages of samples plot within two age-distance fields of width  
~1500 km distinguishing two major episodes of volcanism (Fig. 4.11e). An early episode of 
volcanism (at about 40-20 Ma) formed three parallel seamount chains with an internal spacing 
of ~150 km at the eastern edge of the Australs on young seafloor (10-30 Ma): Taukina, 
Ngatemato, and the continuation of the S-branch. Moreover, most of the volume of many of 
the large (up to 5 km high) volcanoes in the two main branches already erupted during this 
episode with a topping formed later in time [McNutt et al., 1997]. The recent episode of 
volcanism (<20 Ma) emerged on younger seafloor of ages 50-90 Myrs along the two main 
branches.  

To fit within the hotspot theory, the recent volcanic episode and its complex age-distance 
patterns require many short-lived hotspots (i.e., at least three [Bonneville et al., 2002; 2006] or 
substantially more than that [McNutt et al., 1997; Clouard and Gerbault, 2008]). Coeval 
volcanism is separated by up to ~1200 km, and individual edifices display successive volcanic 
stages with intermittent quiescence of 4-11 Myrs [Turner and Jarrard, 1982; Bonneville et 
al., 2002; 2006]. Including earlier ages (>20 Ma) increases the number of required hotspots to 
~8 [Clouard and Bonneville, 2005]. Mechanisms proposed for multiple hotspots include 
secondary short-lived plumelets rising from the top of the South Pacific Superplume in the 
transition zone [Davaille, 1999], or a plume forest [Schubert et al., 2004]. However, such an 
interpretation of the hotspot theory is complex and therefore perhaps farfetched. Furthermore, 
the recent episode of volcanism (<20 Ma) shows an overall age-distance slope of  
~110 km/Myr [e.g., Chauvel et al., 1997], a rate that is significantly faster than absolute 
Pacific plate motion (70-80 km/Myr, cf. Schellart et al. [2008] and references therein).  

We rather propose that volcanic episodes (<40 Ma) forming the Cook-Austral dual chain 
are fed by two parallel hot lines (of length ~1500 km) as caused by SSC. Such a situation 
naturally creates large distances of apparently coeval volcanism (Fig. 4.11e) and the observed 
spacing of the lineaments. For the earlier episode of volcanism (40-20 Ma), the trend in age 
vs. distance (~70 km/Myr) and seafloor ages during volcanism are fully consistent with our 
predictions, as well.  

That SSC-volcanism re-emerges on mature seafloor (50-90 Ma) during the recent episode 
(< 20 Ma) may be explained by the reactivation of SSC due to the introduction of a 
combination of hotter and abundant fertile mantle lithologies in the mantle below the SPSS 
[Konter et al., 2008; Ballmer et al., 2009] perhaps related to the Superplume. That the age-
distance trend of the recent episode (~105 km/Myr) is slightly faster than absolute plate 
motion would require some form of eastward propagation of the hot line. Generally, 
propagation of a hot line is a realistic process that is controlled by the sensitivity of the onset 
age of SSC to lithospheric thickness and mantle viscosity. 
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4.5.2.4 Wake seamounts 
Also for the Wake seamounts, SSC appears to be more consistent with observations than 

hotspot theory. The Wakes are two parallel lineaments of guyots (spacing ~250 km) located 
on the northern edge of the Darwin Rise. They erupted at 80-120 Ma on seafloor of ages  
30-60 Myrs. Ages collected along the Wake seamounts tend to increase with distance along 
the chain (with a general age-distance trend of ~60 km/Myr) but scatter substantially (Fig. 
4.11a). It is unclear, whether this age-distance trend is equal to or faster than absolute Pacific 
plate motion in the Jurassic, but reliable ages make it obvious that coeval volcanism has 
spanned a distance ~1500 km [Koppers et al., 2003]. 

 
4.5.2.5 Line Islands 

Volcanoes along the Line Islands spatially and temporally developed between volcanism 
at the SPSS and at the Darwin Rise (likely associated with a pulse of the Superplume between 
90 Ma and 30 Ma [Adam and Bonneville, 2008]). Before being eroded, volcanoes rose >4 km 
above the seafloor – a size similar to those at the Marshall or Cook-Austral Islands. They 
erupted during two major episodes (at 68-73 Ma, and at 81-86 Ma) on seafloor with ages 
30-55 Ma [Davis et al., 2002]. Volcanism emerged synchronously at least over the full length 
of the northern part of the chain (~2000 km). Conclusions on the ages of its southern part 
remain vague as reliable geochronologic data is unavailable [Davis et al., 2002]. 

The above constraints are consistent with a volcano chain being formed over a hot line, 
such as caused by SSC. Volcano sizes, and ages of the seafloor during volcanism (30-55 Ma) 
are consistent with our model predictions for high Tm, but the observed length-scale of 
volcanism (~2000 km, cf. Fig. 4.11c) is somewhat too large to fit predictions (~1500 km). 
However, predicted length-scales are lower bounds because of negligence of radiogenic 
heating in our models (cf. section 4.5.1). Moreover, small volume volcanism derived from 
fertile mantle lithologies may extend on older seafloor than predicted for peridotite-derived 
volcanism with sampling typically being biased towards these late stages of volcanism. 

Our data analysis (sections 4.5.2.1-4.5.2.5) shows that SSC is a likely mechanism to 
explain non-hotspot intraplate volcanism. This work accentuates the need for more reliable 
geochronologic data to further test our predictions as well as to potentially identify more non-
hotpot ridges. 

 
4.5.3 Conclusions 

 
The most important conclusions of this study are the following. 
(1) Thermally-driven SSC tends to occur near and displace the bottom of the DHL replacing 

it with fertile peridotite. Consequently, SSC generates decompression melting and 
spawns volcanism. This behavior is predicted to spontaneously evolve from a simple 
cooling oceanic lithosphere and does not presume any large thermochemical anomalies 
(e.g. plumes). The sole requirement is a sufficiently low asthenospheric viscosity. 

(2) A steep rheological gradient at the base of the intrinsically stiff DHL formed by 
extraction of water during MOR melting diminishes the thickness of the convectible 
thermal boundary layer. Therefore, SSC is retarded, and its onset ages are coupled to the 
thickness of the DHL. 

(3) The stiffness of the DHL complicates its removal and subsequent SSC melting, but it also 
prevents shallow (i.e., cool) layers from participating in SSC thus retarding 
asthenospheric cooling. Consequently, the duration of SSC melting is prolonged (to  
~25 Myrs). As the DHL is thicker for higher Tm, durations positively relate to Tm. The 
presence of a stiff DHL reduces the degree of partial melting compared to cases 
neglecting the intrinsic stiffness of the DHL. 
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(4) Our numerical models predict SSC melting to emerge beneath seafloor of ages ~20 to 
~60 Ma for ηeff ≤ 3·1018 Pa·s. The average age of the seafloor over which volcanism 
occurs predominantly scales with Tm. The amount of magma production scales with the 
onset age of SSC and with the depth of the solidus. Onset ages of SSC decrease with 
higher ηeff and φC, and increase with higher Tm.  

(5) Models predict volcanism to last 10-20 Ma and thus reconcile longevity of individual 
volcanoes (10-20 Ma), and synchronous volcanic activity over 700-1600 km along 
individual ridges (for a Pacific-like plate motion of 70-80 km/Myr). Correspondingly, 
associated age-distance fields are parallel to plate motion with a finite width of 
700-1600 km. However, they may also be oblique to plate motion in case the onset age of 
SSC is time-dependent. These predictions explain many observations at the Pukapuka 
ridges, Wake seamounts, Line Islands, Marshalls, Gilberts, and Cook-Austral Islands that 
appear to disagree with hotspot theory. 
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5 The role of heterogeneity and small-scale 
sublithospheric convection in generating 
volcanism on the Pacific Superswell 
 
 

5.1 Abstract 
 

Cretaceous volcanism in the West Pacific Seamount Province (WPSP), and Tertiary 
volcanism along the Cook-Australs in the South Pacific are associated with the same broad 
thermochemical anomaly in the asthenosphere perhaps related to the Pacific ‘Superplume’. 
Abundant volcanism has usually been attributed to secondary plumelets rising from the roof 
of the Superplume. The Cook-Australs display distinct geochemical trends that appear to 
geographically project, backward in time, to corresponding trends in the WPSP. However, the 
implied close proximity of source regions (i.e., ~1000 km) with very different geochemical 
fingerprints and their longevity over geological time (>100 Myrs) appear to be at odds with 
the secondary plumelet hypothesis, a mechanism with a typical timescale of ~30 Myrs. 
Moreover, ages sampled along the individual volcano chains of the Cook-Australs, and of the 
WPSP violate the predictions of the plumelet hypothesis in terms of linear age-distance 
relationships. 

Our numerical models indicate that small-scale sublithospheric convection (SSC) as likely 
triggered by the thermochemical anomaly instead reconciles complex age-distance 
relationships, because related volcanism occurs above elongated melting anomalies parallel to 
plate motion (‘hot lines’). Furthermore, SSC-melting of a mantle source that consists of 
pyroxenite veins and enriched peridotite blobs in a matrix of depleted peridotite creates 
systematic geochemical trends over seafloor age during volcanism. These trends arise from 
variations in the amount of pyroxenite-derived lavas relative to peridotite-derived lavas along 
a ‘hot line’, therefore stretching between the geochemical end-members HIMU and EMI. For 
increasing mantle temperatures, volcanism is predicted to be shifted towards EMI and to 
occur at greater seafloor ages. The predicted trends are consistent with the observed 
systematic trends in radiogenic isotopic composition versus seafloor age during volcanism 
along the Wakes, Marshalls, Gilberts (i.e., the individual volcano groups of the WPSP) and 
the Cook-Australs, as well as with the systematic shift of these trends towards EMI for chains 
formed on older seafloor. Thus, SSC explains the geochemical observations with long-term 
temporal variations in mantle temperature, instead of presuming persistent intermediate-scale 
compositional heterogeneity. 
 
 

5.2 Introduction 
 

The origin of oceanic intraplate volcanism is still debated today. While classical plume 
theory successfully explains many observations at some long-lived volcano chains with a 
linear age-distance relationship [Morgan, 1972], it does not give an explanation for the 
spectrum of observations at many short-lived volcano chains [e.g., Courtillot et al., 2003]. 
While these discrepancies have urged some authors to abandon plume theory altogether 
[Anderson, 2000; Foulger, 2007], others invoke various mechanisms to account for intraplate 
volcanism. Short-lived chains were attributed to secondary plumelets that detach from the top 
of a major diffuse upwelling (i.e., a Superplume) [Davaille, 1999], or to various non-hotspot 
mechanisms [Koppers et al., 2003; Clouard and Gerbault, 2008a; Ballmer et al., 2009]. 
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Illuminating the geodynamical mechanisms and the related processes of partial melting is 
essential in order to understand the observed geochemical characteristics of ocean island 
basalts (OIB), and ultimately the composition of the mantle source. 

The South Pacific (SP) is an unusual location, where multiple active parallel volcano 
chains with a short lifetime (~30 Myrs) are concentrated. Geochemical arguments [Staudigel 
et al., 1991], constraints from seismic tomography [e.g., Ritzwoller and Lavely, 1995], and 
most importantly, a broad topographic swell [McNutt and Fisher, 1987] suggest that the 
region is underlain by a broad thermochemical anomaly, possibly the expression of a giant 
mantle upwelling – the SP Superplume [Larson, 1991]. 

The West Pacific Seamount Province (WPSP) includes the Wakes, Marshalls and Gilberts 
and is located on the topographical swell of the Darwin Rise, a feature that has been 
interpreted as the Cretaceous analogue of the SP Superswell [McNutt and Fisher, 1987; Wolfe 
and McNutt, 1991; Ritzwoller and Lavely, 1995]. In further support of this notion are findings 
that geochemical signatures of basalts from both regions indicate a common source with the 
Cook-Austral Islands (a double chain located at the southern edge of the present-day SP 
Superswell), both geographically [Larson, 1991; Konter et al., 2008; Clouard and Gerbault, 
2008b] and geochemically [Davis et al., 1989; Staudigel et al., 1991; Janney and Castillo, 
1999; Koppers et al., 2003]. Thus, both the WPSP and the Cook-Australs likely originated 
from similar geodynamic processes perhaps related to the Superplume.  

The geochemical link between the WPSP and the Cook-Australs is an important clue to 
the originating processes. Geochemical compositions of Cook-Austral basalts project along 
distinct trends between the geochemical end-members EM1 and HIMU, as well as DMM and 
C/FOZO [Zindler and Hart, 1986; Hart et al., 1992; Hanan and Graham, 1996; Staudigel et 
al., 1991; Bonneville et al., 2006]. Accordingly, these trends span almost the whole OIB array 
sampled worldwide on an area that covers only ~0.14% of the Earth’s surface [Staudigel et 
al., 1991]. Distinct geochemical trends of the Cook-Australs appear to geographically project, 
backward in time, to corresponding trends in the WPSP [Konter et al., 2008]. The implied 
close proximity (~1000 km) of source regions with very different geochemical fingerprints 
and their longevity over geological time (>100 Myrs) have been interpreted as the surface 
expression of secondary plumelets reworking a strongly heterogeneous mantle domain within 
the Superplume, which rose from the lowermost mantle (e.g., subduction graveyard) [Konter 
et al., 2008]. However, it appears to be unlikely that the close proximity (<1000 km) and the 
longevity (>100 Myrs) of the geochemical anomalies may be reconciled by a mechanism with 
a typical timescale of ~30 Myrs such as secondary plumelets. 

potential
decompression meltingregional thermal anomaly

 
Fig. 5.1: Small-scale sublithospheric convection (SSC) spontaneously evolves at the bottom 

of mature oceanic lithosphere with a preferred geometry of rolls parallel to plate-motion. SSC 
may be triggered earlier than elsewhere by influence of a regional thermal anomaly. Such a 
situation potentially yields decompression melting along the upwelling limbs of SSC, something 
that spawns ‘hot line’ volcanism. 
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Moreover, the predictions of the secondary plumelet hypothesis appear to be inconsistent 
with volcano ages sampled along the individual chains of the Cook-Austral Islands and of the 
WPSP [Chauvel et al., 1997; McNutt et al., 1997; Koppers et al., 2003; 2007]. As for the 
WPSP, recent 39Ar/40Ar dating reports discontinuity of ages versus distances at each 
individual chain of the Marshalls and Wakes, as well as along the Gilbert ridge [Koppers et 
al., 2003; 2007]. To explain sample ages at the Cook-Australs, at least three [Bonneville et al., 
2006] or even more plumelets [McNutt et al., 1997; Clouard and Bonneville, 2005] would 
have to be invoked. Furthermore, any pairs of volcano chains from each of the two regions 
cannot be related to a common hotspot [Clouard and Gerbault, 2008b]. 

Alternative to the plume, or plumelet hypothesis, two non-hotspot mechanisms have 
mainly been invoked to account for volcanism in these regions. First, small-scale 
sublithospheric convection (SSC) may give rise to elongated melting anomalies aligned by 
plate motion (‘hot lines’) that create volcano chains without linear age-distance relationships 
[Bonatti and Harrison, 1976; Buck and Parmentier, 1986; Ballmer et al., 2007; 2009] (Fig. 
5.1). Second, cracks in the lithosphere that are oriented parallel to plate motion may create 
volcanic ridges by tapping a widespread reservoir of pre-existing asthenospheric melts 
[McNutt et al., 1997; Koppers et al., 2003; Foulger, 2007; Clouard and Gerbault, 2008a]. 
While such a reservoir was originally put forward to account for low shear wave velocities in 
the asthenosphere [Anderson and Sammis, 1970], more recent comparisons of seismic 
observations to predictions based on first principles argue against such wide spread melt 
[Stixrude and Lithgow-Bertelloni, 2005]. Since lithospheric cracking does not give an 
explanation for magma genesis itself, we focus on investigating the SSC hypothesis. 

SSC evolves from instabilities of the cold and dense thermal boundary layer at the bottom 
of the oceanic lithosphere. Once evolved, SSC tends to organize as ‘Richter’ rolls that align 
with plate motion [Richter and Parsons, 1975]. SSC typically establishes itself beneath 
mature oceanic seafloor (~70 Myrs) [Stein and Stein, 1992; Doin and Fleitout, 2000], but it 
may be triggered beneath significantly younger seafloor in the presence of unusually low 
ambient mantle viscosity or lateral density heterogeneity [Huang et al., 2003; Dumoulin et al., 
2008]. The SP Superplume provides both these triggers [Staudigel et al., 1991; Cadek and 
Fleitout, 2003] therefore potentially giving rise to SSC [Griffiths and Campbell, 1991; Keller 
and Tackley, 2009]. Such a situation may spawn decompression melting within the upwelling 
limbs of SSC (Fig. 5.1) [Bonatti and Harrison, 1976; Ballmer et al., 2007; 2009]. 

In order to test the SSC hypothesis for ‘Superplume’ volcanism, we perform 3D numerical 
models of SSC and related melting in a lithologically heterogeneous (i.e., veined) mantle. 
Thereafter, we compare model predictions of geochemistry and age-distance relationships of 
volcanism to observations from the Wakes, Marshalls, Gilberts, and Cook-Australs. Finally, 
we discuss the implications of this integrative approach on the role of thermal and 
compositional heterogeneity in the mantle source. 
 
 

5.3 Methods and model description 
 

We perform 3D-thermochemical numerical experiments using an extended version of the 
finite element code CITCOM [Moresi and Gurnis, 1996; Zhong et al., 2000]. We solve the 
equations of mass, momentum, and energy of an incompressible, infinite Prandtl-number 
fluid, and use the extended Boussinesq approximation in order to consider the effects of latent 
heat of melt (with the specific latent heat L = 560 kJ/kg), adiabatic heating (with the adiabiatic 
gradient γ = 0.38882 K/km), and viscous dissipation [Christensen and Yuen, 1985]. Melting 
and advection of composition are handled at passive particles. As density and viscosity 
changes related to partial melting have important feedback effects on the flow [Tackley and 
Stevenson, 1993; Ballmer et al., 2009], we apply a second-order explicit time-integration 
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scheme [e.g., van Keken, 1993]. Details of the numerical method used, and any unreported 
parameters are equivalent to those used in Ballmer et al. [2009]. 

Calculations are performed in a Cartesian box cooled from above and heated from below. 
The box is 3400 km long, 400 km deep, and 520 km wide using 448x56x64 elements, 
respectively. We allow outflow at the back side of the box and inflow at its front side, which 
is parallel to, but 1170-2080 km away from the mid-ocean ridge (MOR). Furthermore, we 
impose a velocity boundary condition of +65 km/Myr at the top side in order to simulate plate 
motion, and +10 km/Myr at the bottom side in order to simulate large-scale mantle flow. The 
other sides are free-slip boundaries. 

According to the mantle marble-cake hypothesis, we model melting of a veined mantle 
source consisting of multiple lithologies [Allègre et al., 1984; Phipps Morgan, 2001; Ito and 
Mahoney, 2005b; 2005a; Sobolev et al., 2007]. We consider a lithological assemblage that 
consists of veins and blobs of peridotite with high volatile content and high concentration of 
incompatible elements (‘enriched component’, EC), and of pyroxenite (PX) residing in a 
matrix of peridotite with low volatile content and low concentration of incompatible elements 
(‘depleted component’, DC). For this assemblage, we assume thermal equilibrium and 
chemical disequilibrium during melting [cf. Ito and Mahoney, 2005b]. Correspondingly, 
melting or refreezing of one lithology affects the melting behavior of another only indirectly 
via latent heat consumption or release. To establish a reference case, we assume arbitrarily 
that the assemblage is divided into initial volume fractions of PX, EC, and DC of ФPX,i = 4%, 
ФEC = 16%, and ФDC = 80%, respectively. Such a fertile bulk composition is chosen to 
simulate an upper mantle that is influenced by a Superplume [Staudigel et al., 1991].  

Melting laws for peridotite and for pyroxenite are from Katz et al. [2003] and from 
Pertermann and Hirschmann [2003], respectively. We assume an initial water content cO,DC = 
0.0075 wt.-% for DC [Hirth and Kohlstedt, 1996] and cO,EC = 0.04 wt.-% for EC. This 
difference in water concentration accounts for a significant reduction of melting temperatures 
(of 87 °C) for EC relative to DC (cf. Katz et al. [2003]). The pyroxenite melting law applied 
is instead anhydrous. PX and EC start melting significantly deeper than DC with much higher 
melt productivity in PX than in EC, or DC.  

We adopt the dynamic melting approximation [McKenzie, 1985], in which melt remains in 
chemical equilibrium with the solid and does not migrate until the fraction of melt reaches a 
critical porosity φC. For melt fractions in a lithology exceeding φC, the melt retained in this 
lithology remains at φC as further melts that are generated are assumed to be extracted 
instantaneously to the surface. We assume φC = 0.5% in this reference model. When PX-melt 
is extracted, the volume fraction of PX (ФPX) is consistently reduced. In contrast, the volume 
fractions of EC and DC are kept constant. This approximation is viable, because extents of 
melting never exceed 3% in peridotite, whereas they typically reach ~25% in pyroxenite.  

As water is incompatible in the solid, water contents in DC and EC (cDC and cEC) rapidly 
decrease during partial melting of DC and EC, respectively. For extents of melting smaller 
than φC, the ratio of concentrations in the solid relative to the liquid equals the bulk partition 
coefficient (taken to be 0.01) with important effects on the melting law [Katz et al., 2003]. For 
higher extents of melting, the additional effect of hydrous melt extraction causes cDC and cEC 
to decrease even more rapidly. We therefore extend the hydrous melting law of Katz et al. 
[2003] from batch melting to dynamic melting as elaborated in Ballmer et al. [2009]. 

In our thermochemical models, density is a function of temperature and composition: 
 

 ( )( )m m m EC EC φ EC F PX PX φρ ρ αρ T T Φ φ ∆ρ F ∆ρ Φ φ ∆ρ− = − + + +  (1) 

 
with α, ρ, ρm, T, Tm, φEC, φPX, FEC, ∆ρF, and ∆ρφ the thermal expansivity, density, reference 
mantle density (3300 kg/m³), temperature, reference mantle temperature, porosity in EC, 
porosity  in  PX,  depletion  in  EC,  density  anomaly  related  to  100%  depletion (-165 kg/m³  
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Fig. 5.2: (a) Schematic of the compositional stratification within the lithosphere and the 

sublithospheric mantle for Tm = 1380 °C as inherited from MOR melting. (b) Vertical depletion 
inflow profiles for various Tm. The depleted lids of each lithology are thicker for higher Tm. PX 
and EC begin melting deepest, followed by DC. The extents of melting for PX and EC in levels 
shallower than the onset of melting in DC is overestimated, as the effects of latent heat 
consumption in DC on PX- and EC-melting are ignored. However, this does not affect our 
results, as these levels do not participate in SSC. In the relevant depth range for SSC-melting, 
the melt productivity (∂F/∂p) of PX is about one order of magnitude higher than that of EC 
(note different scales at the bottom of (b)). The extent of melting weighted by the mass fraction 
of each lithology (cf. scale at the top of (b)) is also highest for PX – except for greatest depths as 
dominated by low-extent EC-melting. (c) shows the estimated share of PX-derived melts in the 
total melt volume flux, (VPX/V)EST, versus depth for a multi-lithological assemblage (with ФEC = 
16% and ФPX,i = 4%) decompressed along adiabats of various Tm (For explanation of arrows and 
of behavior of curves, see text and Eq. 5). The kinks of the curves in (c) and of the black curves 
in (b) are caused by exhaustion of clinopyroxene in EC. 

 
 

[Schutt and Lesher, 2006]), and density anomaly of magma (-500 kg/m³), respectively. 
Herein, we neglect the effects of depletion of DC FDC on density. This assumption is valid as 
long as the harzburgitic residual layer from DC-melting at the MOR remains effectively 
undisturbed by SSC and the DC-solidus is not crossed in the model domain, conditions that 
are validated a posteriori. Furthermore, we take the density anomaly related to pyroxenite to 
be zero, as the density of pyroxene is close to ρm.  
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We apply a Newtonian rheology dependent on temperature, depth, and composition: 
 

 ( ) ( ) * * *
/ / expDC DC EC EC EC DCΦ Φ Φ Φ Φ Φ m

m DC EC
m

E ρ gzV Eη η Π Π
RT RT

+ +  += −  
 (2) 

 

with 
( )

( )
0,

0,

DC dry

DC

DC dry DC DC
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c c ξ c c

−
=

− + −
, (3) 

 

and 
( ) ( )

( )
0,

0,

expEC dry EC

EC

EC dry EC EC

ξ c c ζφΠ
c c ξ c c

−
=

− + −
, (4) 

 
where ζ, η, ηm, g, z, R, E*, V*, ΠDC and ΠEC are the melt lubrication exponent, viscosity, 
reference viscosity, gravity acceleration, depth, the ideal gas constant, activation energy, 
activation volume, and the compositional rheology terms of DC and EC, respectively. We 
take ζ = -40 [Kohlstedt and Zimmerman, 1996], V* = 5 cm³/mol [e.g., Karato and Wu, 1993], 
and E* = 120 kJ/mol (in order to mimic the effects of dislocation creep in the asthenosphere 
with Newtonian rheology [Christensen, 1984; van Hunen et al., 2005]). The terms ΠDC and 
ΠEC are based on the following considerations: (1) dehydration of olivine in DC and EC 
dominates compositional rheology with viscosity inversely proportional to water content (e.g., 
Karato and Wu, 1993). (2) The associated viscosity jump between undepleted (i.e., solid 
water content c is that in the starting source cO) and dry (for c ≤ cdry = 0.0006 wt.-%) 
peridotite is taken to be ξ = 100 [Hirth and Kohlstedt, 1996]. (3) Melt lubrication in EC is 
treated according to Kohlstedt and Zimmerman [1996]. (4) Melt lubrication and dehydration 
stiffening in pyroxenite are ignored, since the rheology of a multi-component assemblage is 
dominated by that of the matrix (ФPX is 4% at most). (5) As the DC-solidus is not crossed in 
the model domain (see above), melt lubrication in DC may be ignored, as well. Furthermore, 
as the harzburgite layer is assumed to remain unperturbed by SSC, ΠDC (representing 
dehydration stiffening in DC) can be transformed in such a manner that it rather depends on 
depth z than on water content cDC (because cDC = f(z)). This leaves with a rheology dependent 
on T, z, cEC, and φEC only. 

In order to compute the appropriate vertical depletion inflow profiles of DC, EC and PX 
(i.e., FDC, FEC and FPX) for our 3D-models, we perform 2D numerical models of melting and 
lithosphere accretion at a MOR. Therein, we impose the same parameters in each 2D-model 
as in the corresponding 3D-model. These profiles represent the initial compositional 
stratification of the upper mantle (Figs. 2a and 2b; note that the small effects of latent heat 
consumption of PX-melting on EC-melting and vice-versa are not accounted for). For the case 
of Tm = 1380 °C, the mantle matrix consists of refractory peridotite at z < 90 km with 
progressive depletion upwards. Between z ≈ 90 km and z ≈ 125 km, the peridotite matrix 
consists of fresh DC with refractory veins of EC. Small pyroxenite veins and blobs having 
survived MOR melting appear in the peridotite matrix from z ≈ 65 km and deeper. FPX 
increases downwards (cf. solid red line in Fig. 2b): for z ≈ 85 km, FPX = 0.5; and for z > 120 
km, FPX = 0. No effect of MOR melting for any lithology results at z > 125 km (FDC = FEC = 
FPX = 0). For the case of higher Tm, MOR melting begins deeper with the consequence of 
thicker depleted lids of DC, EC and PX (Fig. 5.2). 
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5.4 Results of numerical models 
 

In order to explore the physics of SSC and related melting of a multi-lithological 
assemblage, we perform numerical models with a range of different reference mantle 
temperatures Tm, and viscosities ηm. Hereinafter, ηm is represented by a more applicable 
parameter, the effective viscosity ηeff ≡ 0.0353ηm (this relationship is chosen, such that ηeff 
corresponds to the minimum viscosity in the mantle column at the onset of SSC). SSC self-
organizes from our initial conditions beneath oceanic seafloor of intermediate age (i.e., 30-50 
Myrs). It fully develops below the harzburgite layer (HL, i.e. the residual from mid-ocean 
ridge DC-melting), because the intrinsic stiffness caused by the depletion of water in DC 
inherited from MOR melting (Eq. 3) does not allow the HL to participate in SSC [Hirth and 
Kohlstedt, 1996; Lee et al., 2005; Afonso et al., 2008].  

The age of the seafloor under which SSC first occurs (i.e., onset age), is a function of both 
the vertical density and vertical viscosity profiles for a given ηeff [Conrad and Molnar, 1999; 
Zaranek and Parmentier, 2004]. The relevant density stratification driving the flow is 
dominated by conductive cooling with stabilizing effects from stratification of FEC (cf. Eq. 1). 
Viscosity stratification is dominated by conductive cooling, as well, and dehydration 
stiffening in DC with additional effects from that in EC (cf. Eq. 2). As thicker lids of 
depletion of DC (i.e., the HL) and of EC produce more stable viscosity and density 
stratification, respectively, onset ages positively correlate with the thicknesses of these lids 
[Ballmer et al., 2009]. As Tm crucially controls these thicknesses (Fig. 5.2), onset ages of SSC 
are later for higher Tm. 

As soon as SSC initiates, it removes a thin layer directly beneath the HL, and 
subsequently replaces this cooler, partially depleted (i.e., in EC and PX) material with hotter 
and fresh mantle from below (Fig. 5.3). This continuous replacement thus causes 
decompression melting above the upwelling limbs of SSC. Since SSC takes the pattern of 
rolls aligned by plate motion, melting zones are elongated with the long axis parallel to plate 
motion (‘hot line’). Extents of melting in EC or in PX vastly exceeding the critical porosity φC 
= 0.5% are required for abundant volcanism on the overlying seafloor. Volcanism typically 
occurs on intermediate seafloor ages, because SSC beneath younger seafloor than ~32 Myrs 
requires lower than ηeff modeled, and because the lithosphere is too thick for significant 
decompression melting beneath older seafloor than ~70 Myrs. 

Volcanism from SSC may be subdivided into three characteristic stages. During initial 
stage, extracted melts are derived from relatively deep melting. Resulting volcanism occurs 
above the young-seafloor side of the ‘hot line’. The total mag ma volume flux V from the 
mantle to the crust is the sum of that from EC and from PX (V = VEC + VPX). This magma flux 
is generally very low at first but increases strongly towards older seafloor (Figs. 4a, 4b), 
because progressive penetration of SSC-upwellings into the lithosphere and intrinsic 
buoyancy of melt further drive decompression melting (Tackley and Stevenson [1993]; cf. Eq. 
1). In the second and main stage, these two processes lead to voluminous magmatism with a 
maximum V occurring at ~8 Myrs after the onset of SSC. In contrast to the initial stage, 
melting occurs over a greater depth range involving shallower melting. Associated volcanism 
emerges above the center of the ‘hot line’. During the final stage (i.e., above the old-seafloor 
side of the ‘hot line’), peak temperatures in SSC-upwellings progressively decrease, because 
continuous entrainment of downwelling sheets originating from the bottom of the cold 
lithosphere cools the asthenosphere (greenish colors in Fig. 3). This cooling subsequently 
shuts off melting from the bottom of the melting zone upwards, and hence reduces V. As soon 
as extents of melting in EC are well below φC, the decreasing porosities create decreasing 
melt-retention buoyancy, such that further melting of EC and PX quickly ceases. EC- and PX-
volcanism in all three stages together is sufficient to produce seamounts with total crustal 
thicknesses of ~5 km (bold numbers in Fig. 4a) for the explored parameter space. 



 76 

depletion

 20%

 0%

 0

 100

 200

 300

 400

 500

 1500

 2500

 0

 2000

 1000

 3000

 150
 300

 450
 520 EC-melt

 0%

 0.5%

y [
km

]

z 
[k

m
]

x [km]

1550

1350

1450

T/°C

1250

 3400

PX-melt
 0%

 0.5%

 
 

Fig. 5.3: Isosurfaces of φEC (at 0.1%), of φPX (at 0.1%), and of FEC (at 1.5%, 5%, 10%, and 
15%), as well as cross-sections of the temperature field for an example calculation (with Tm = 
1380 °C and ηeff = 1.2·1019 Pa·s). Convection rolls remove the bottom of the lid that is partially 
depleted of PX and EC in downwelling sheets, and replace it with undepleted and warm 
upwellings from below. Consequently, melting anomalies stretch along the upwellings of SSC 
parallel to plate motion. 
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Fig. 5.4: The outline of the bell curves in frames (a) and (b) denotes the distribution of 

volcanism over seafloor ages for melts derived from PX and EC, respectively. Each curve 
displays the mean melt volume flux (i.e., (a) VPX, and (b) VEC) per km of plate width parallel to 
the MOR for various mantle viscosities and temperatures (ηeff and Tm). Melt volumes are most 
sensitive to ηeff, whereas seafloor ages during volcanism are most sensitive to Tm. The area 
beneath each curve in (a) and (b) is proportional to the cumulative melt column height from PX-
melting and EC-melting, respectively. Numbers in (a) represent the sum of these heights 
translated into total crustal thicknesses [m] of virtual volcanoes (with a slope of 10° and a 
spacing of 100 km). Lines in frame (c) signify the share of PX-derived melts in the total magma 
volume flux (i.e., VPX/V with V=VPX+VEC) for models with ηeff = 1.2·1019 Pa·s. The distinct outlines 
(bold, thin, dotted) flag periods with different total volcanic activity. 
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The lithologic make-up of the extracted melts are predicted to evolve in time and to be 

characteristically different between the three volcanic stages (Fig. 5.4c). The share of PX-
derived melts in the total magma volume flux (VPX/V) typically drops from 90%-100% during 
incipient stage of volcanism to 60%-80% during the main stage (i.e., when V is greatest), 
before rising back to 90%-100% during final stage. The volumetrically averaged VPX/V is 
close to its minimum (i.e., 60%-80%), because most of the melt volume flux occurs during 
the main stage. That VPX/V > 50% (i.e., VPX > VEC) throughout the parameter space is due to 
higher maximal extents of melting in PX than in EC (~25% vs. ~2.5%), a behavior that is 
ultimately caused by much greater extents of melting achieved by PX than EC.  

We explore the underlying mechanisms for the typical evolution of VPX/V over seafloor 
ages by a simplified analysis. For an adiabatically decompressing parcel of mantle, the extents 
of melting weighted by the initial mass fractions of each lithology (i.e., FEC·ФEC and 
FPX·ФPX,i) as a function of depth are given in Fig. 2b. These profiles are used to estimate the 
PX melt contribution, (VPX/V)EST, as a function of the minimal depth reached by SSC-
upwellings after subtracting the absolute magma fraction retained in the mantle (i.e., φC·ФEC 
and φC·ФPX,i): 

 

 ( ) ( )
( ) ( )

,

,

/ PX i PX C
PX EST

PX i PX C EC EC C

Φ F φ
V V Φ F φ Φ F φ

−
=
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Figure 5.2c displays (VPX/V)EST versus depth. During the initial stage of volcanism, when 
melts are formed deepest, (VPX/V)EST is high (starting from 100%), because FPX exceeds φC 
deeper than FEC does. During main stage, SSC-melting occurs over a progressively greater 
depth range including shallower melting. Systematically decreasing (VPX/V)EST with 
decreasing depths (first sharply and then more gently − cf. arrows in Fig. 2c) thus yields a 
minimum of (VPX/V)EST during main stage. During final stage, asthenospheric cooling and 
related temperature decreases within SSC-upwellings cause (VPX/V)EST to increase again (cf. 
trend between different curves in Fig. 2c). These estimates are in good agreement with our 
model results in terms of VPX/V. 

The mean VPX/V appears to systematically decrease with Tm (Fig. 5.4). This behavior is 
consistent with our simplified analysis: (VPX/V)EST at the minimum depth reached by SSC-
upwellings decreases with increasing Tm (although this depth negatively correlates with Tm). 
This behavior is ultimately caused by the solidus pressure of EC being a stronger function of 
Tm than that of PX (cf. Katz et al. [2003] vs. Pertermann and Hirschmann [2003]). As the 
seafloor age, over which main stage volcanism occurs, is positively correlated with Tm, it 
consequently negatively relates to mean VPX/V. 
 
 

5.5 Comparison of model predictions with observations 
 
5.5.1 Geochronology 
 

Reiterating some of the findings above, a key prediction of melting from SSC is that 
individual melting zones elongate in the direction of plate motion. These melting zones each 
emerge above a single sheet-like upwelling. The typical length of the melting zone (in both 
PX and EC) of about 1500-2000 km (cf. Fig. 3) forms a ‘hot line’ of active volcanism 
extending 1000-1500 km (cf. Fig. 4). In the following section, we will consider a typical 
length-scale of volcanism at the upper bound of our model predictions (i.e., ~1500 km), since 
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our calculations neglect radiogenic heating, which decelerates asthenospheric cooling due to 
SSC [Huang and Zhong, 2005; Afonso et al., 2008]. 

Age-distance relationships of a volcanic chain formed on a plate moving over (and 
parallel to) a ‘hot line’ are expected to be complex. Ages collected along an individual chain 
are predicted to plot within a broad field bound by two linear trends in age-distance space 
with a slope similar to plate motion. These trends represent the expression of volcanism above 
the two ends of a ‘hot line’. Accordingly, the width of the field in distance corresponds to 
length of the ‘hot line’ (i.e., ~1500 km). Thus, SSC-volcanism gives an explanation for almost 
synchronous volcanism over large distances (~1500 km) and longevity of volcanism at 
individual seamounts (of about 20-25 Myrs) [Davis et al., 1989; Chauvel et al., 1997; 
Koppers et al., 1998; 2003; Bonneville et al., 2006].  

These model predictions are in accord with observations at the Wakes, Marshalls, 
Gilberts, and Cook-Australs (Fig. 5.5). For individual branches of these volcano groups 
(distinct symbols in Fig. 5), and for all branches of each group projected on top of each other, 
most sample ages plot within fields of width ~1500km in age-distance space (shaded fields in 
Fig. 5). For the Cook-Australs, explaining the distribution of ages vs. distance requires two 
episodes of SSC-volcanism: an earlier episode (40-20 Ma) on young seafloor (10-35 Myrs 
old) and a recent episode (≤20 Ma) on older seafloor (50-90 Myrs old), on which volcanism 
may have been reactivated by a more recent input of heat and fertile mantle material perhaps 
related to the SP Superplume.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5.5: Ages vs. distance for the (a) Wake seamounts, the (b) Marshalls/Gilberts, and the 
(c) Cook-Austral Islands compared to the predictions of the SSC hypothesis (colored fields of 
width ~1500 km). Note that explaining ages at the Cook-Australs requires two distinct episodes 
of SSC-melting (pink and orange fields). Locations of the volcano chains on the Pacific Plate are 
given in (f). Ages are taken from (a, b) Koppers et al. [2003; 2007], (c) Duncan and McDoughall 
[1976], Turner and Jarrard [1982], Chauvel et al. [1997], Mc Nutt et al. [1997], and Bonneville et 
al. [2006].  
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Beyond age constraints, additional observations support the SSC hypothesis for the WPSP 
and the Cook-Australs. Typical volcano heights (i.e., ~5 km) are consistent with our model 
predictions for low ηeff. Moreover, the spacing between the individual branches of each 
volcano group of about 200-300 km is in accord with the typical wavelength of SSC. 
Furthermore, seafloor ages during volcanism at the Wakes (35-65 Myrs), Marshalls (60-95 
Myrs), and Gilberts (50-80 Myrs) generally agree with our model predictions for 1380 °C ≤ 
Tm ≤ 1440 °C. 

 
 

5.5.2 Geochemistry 
 
The most robust geochemical prediction of our models is that the origin of lavas 

systematically varies with the age of the seafloor, on which they are formed (Fig. 5.4c). 
Magmas are predominantly derived from PX-melting with a minor contribution from EC-
melting and no contribution from DC-melting (the DC-solidus was not crossed in any of our 
models). The share of PX-derived magmas in the total melt flux VPX/V typically oscillates 
along a ‘hot line’ with minimum values of 60%-80% during main stage (Fig. 5.4c). These 
trends are shifted towards higher seafloor ages and lower VPX/V for increasing mantle 
temperature. 

We compare implications of these model predictions on isotope ratios of basalts to 
observations from the WPSP, and the Cook-Australs. Radiogenic isotope ratios are a good 
measure to evaluate the origin of erupted magmas, since isotopes are not fractionated during 
partial melting and hence directly depend on the isotopic composition of the different 
lithologies in the magma source. The array of OIBs in the multidimensional radiogenic 
isotope space is bound by 4 end-members: DMM, EM1, EM2 and HIMU [Zindler and Hart, 
1986; Hart et al., 1992]. We assume that PX and EC have an isotopic composition similar to 
the geochemical end-members HIMU [Hofmann, 1997; Hirschmann et al., 2003; Kogiso and 
Hirschmann, 2006] and EM1 (Jackson and Dasgupta [2008], and references therein), 
respectively. Accordingly, our models predict systematic variations of isotope ratios of basalts 
(between end-members HIMU and EM1) with seafloor age, both along an individual chain 
and for different chains. 

Figure 5.6a shows that isotope ratios collected along the Wakes, Marshalls, Gilberts and 
the recent episode of the Cook-Australs indeed stretch out between the mantle end-members 
HIMU and EMI [Staudigel et al., 1991; Koppers et al., 2003]. We use the isotope systems 
87Sr/86Sr and 206Pb/204Pb to quantitatively assess the dominant geochemical end-member 
species (HIMU vs. EMI). After scaling the axes of the 87Sr/86Sr-206Pb/204Pb space with the 
field spanned by the end-member compositions (grey box in Fig.6a), we project each data-
point onto the HIMU-EMI-axis (not shown in Fig. 6a) in order to obtain a measure for the 
strength of the HIMU geochemical signature: χ, for which χ = 100% for HIMU and χ = 0% 
for EMI. Considering at least two isotope systems is essential in order to achieve an adequate 
degree of accuracy of this approach. Considering more systems would limit the number of 
samples, for which all required analyses are available. 87Sr/86Sr and 206Pb/204Pb are our 
favored choice because they provide the largest set of samples for which isotopic ratios are 
measured, and more importantly, because these two systems show some of the largest 
variations between HIMU and EMI [Allègre et al., 1987; Hart et al., 1992]. 

The Gilberts, Marshalls, and Cook-Australs display systematic geochemical trends over 
the age of the seafloor on which volcanoes are formed. Figure 5.6b reveals that the HIMU 
signature χ of lavas within each chain (except for Cook-Austral on seafloor ages >80 Myr and 
<40 Myr) generally positively correlates with seafloor age (dashed curves), a correlation that 
is weaker towards the young-seafloor side of each chain (and even negative for that of the 
Wakes).  This  characteristic  shift  towards  HIMU   is  consistent  with  our  model predictions, 
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Fig. 5.6: Frame (a) displays 
radiogenic isotope correlation for 
ocean island basalts in the study area 
(87Sr/86Sr vs. 204Pb/204Pb) organized 
by geographic setting and, in the case 
of the Cook-Austral Islands, also by 
age. Isotope data for the Cook-
Australs are from Chauvel et al. 
[1997], Schiano [2001] and Bonneville 
et al. [2006]; end-member 
compositions and all other data are 
from Konter et al. [2008] and 
references therein. Basalts plot 
between end-members HIMU and 
EMI. On the given projection of the 
multi-dimensional isotope space, the 
geochemical signature of each of the 
basalts is represented by the HIMU 
signature χ as graphically derived 
(grey lines; for details see text). In 
frame (b), χ is plotted vs. the age of 
the seafloor during volcanism. This 
age is obtained from subtracting 
seafloor ages of Müller et al. [2008] 
from volcano ages. Dashed curves are 
quadratic regressions (ignoring some 
outliers for the Gilberts). For 
comparison, numerical model 
predictions in terms of VPX/V are 
given for various Tm and for periods 
with V>10-4 km3/km/Myr (solid lines, 
ηeff = 1.2·1019 Pa·s). 

 
which show slight increases in VPX/V with seafloor age during main stages, and steep 
increases during final stages of SSC-volcanism (grey curves in Fig. 6b). Thereby, it is realistic 
that the initial stage is underrepresented in the geochemical dataset (maybe except for the 
Wakes), as it is the shortest stage, and more importantly, is likely to be buried beneath later 
stage volcanism.  

In comparing χ between chains at a fixed seafloor age, we see that χ of the Gilberts is 
similar to χ of Cook-Australs (formed on seafloor ages of 40-80 Myrs), but systematically 
lower than χ of the Wakes and higher than χ of the Marshall Islands (cf. dashed curves in Fig. 
6b). Accordingly, χ is shifted to lower values for older seafloor ranges at the time of 
volcanism (e.g., 60-100 Myrs at the Marshalls). This decrease in χ is in accord with our 
numerical models that predict systematic shifts towards lower VPX/V and volcanism towards 
higher seafloor ages for increasing Tm (Fig. 5.4c). Thus, these systematic shifts (cf. array of 
dashed curves in Fig. 6b) may be explained by spatial and/or temporal variations of Tm. Along 
these lines, the systematic trends of χ over seafloor ages observed at each of the volcano 
groups, and the systematic shifts of χ towards EMI for chains formed on older seafloor 
indicates that a specific dominant process accounts for geochemical constraints (i.e. likely 
SSC) − rather than random sampling of strong compositional heterogeneity within the mantle 
source, or mixing trends (cf. Janney and Castillo, 1999; Konter et al., 2008). 

Our numerical model predictions are inapplicable to some parts of the Cook-Austral 
Islands. Volcanism on seafloor younger than 40 Myrs (orange field in Fig. 5; orange 
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diamonds in Fig. 6) is not predicted by our numerical models. However, SSC occurring 
beneath such a young and hence thin lithosphere likely involves partial melting of the DC-
matrix [Ballmer et al., 2009], something that violates some of our assumptions (cf. section 2). 
Indeed, radiogenic isotope ratios of these basalts plot between C/FOZO (not shown in Fig. 6a) 
and DMM (orange branch in Fig. 6a), a finding that indicates melting of depleted mantle 
material [e.g., Hart et al., 1992] . Volcanism on seafloor older than 80 Myrs is not predicted 
by our models for Tm ≤ 1410 °C, as well. Magma generation from SSC beneath such an old 
and hence thick lithosphere may be caused by Tm > 1410 °C or higher volatile contents in EC 
than modeled. Successive reduction of χ beyond seafloor ages of ~80 Myrs may thus be 
caused by advection from such a hot/enriched reservoir − perhaps related to the Superplume.  
 
 

5.6 Discussion 
 
Volcanism on the South Pacific (SP) Superswell, and its precursor, the Darwin Rise has 

been previously attributed to secondary plumelets, and its geochemical variability to strong 
intermediate-scale (~1000 km) source heterogeneity [Staudigel et al., 1991; Janney and 
Castillo, 1999; Davaille, 1999; Koppers et al., 2003; Konter et al., 2008]. We showed in 3D 
numerical models, however, that SSC-melting of a veined mantle source [Allègre et al., 1984; 
Phipps Morgan, 2001; Niu and O'Hara, 2003; Ito and Mahoney, 2005b; Sobolev et al., 2007] 
is a viable alternative explanation. Geochronological constraints from the Cook-Austral 
Islands and the WPSP volcano chains appear to be better reconciled by volcanism above a 
‘hot line’ such as caused by SSC than above a ‘hot spot’ from secondary plumelets [cf. 
Clouard and Gerbault, 2008b]. Moreover, SSC gives a straight-forward explanation for the 
observed systematics of geochemical signature over seafloor ages along each chain, and the 
systematic shifts of these trends towards EMI for chains formed on older seafloor (Fig. 5.6b). 
Hence, SSC reconciles the previously enigmatic inferences of intermittent volcanic episodes 
but with persistent and distinct source composition [cf. Konter et al., 2008], which were 
difficult to explain with the plumelet hypothesis. 

Our models demonstrated that increases of mantle temperature Tm systematically shift 
geochemical trends associated with SSC-volcanism towards EMI, and towards higher seafloor 
ages. Thus, the distinct evolutions of χ over seafloor ages (Fig. 5.6b) indicate that magmas 
making up the Gilberts and part of the Cook-Australs were generated in a cooler environment 
than those making up the Marshalls, and in a hotter environment than those making up the 
Wakes. This interpretation implies temporal changes of Tm in the specific mantle domain, 
from which all the discussed volcano chains were fed [cf. Bonneville et al., 2006]:  from 
relatively low Tm (~1380 °C) at 110-90 Ma, when most of the Wakes have been formed, to 
high Tm (~1440 °C) at 100-75 Ma (Marshalls), back to intermediate Tm (~1400 °C) at 75-60 
Ma (Gilberts) and at 20-0 Ma (recent episode of the Cook-Australs). Such changes might arise 
from the complex interaction of the Superplume with the transition zone with subsequent 
pulses of Superplume activity in the upper mantle [Adam and Bonneville, 2005]. 

The most important requirement for volcanism to occur from SSC is a sufficiently early 
onset age of 30-55 Myrs. However, SSC is typically thought to develop only beneath seafloor 
of ages ~70 Myrs [Stein and Stein, 1992; Doin and Fleitout, 2000]. This discrepancy 
complicates volcanism from SSC in most ocean basins. In the SP, however, the abundant 
thermal anomaly likely reduces the onset of SSC by both reducing the viscosity in the upper 
mantle, and providing lateral density heterogeneity [Richter and Parsons, 1975; Huang et al., 
2003; Dumoulin et al., 2008]. In case this anomaly is underlain by a Superplume, the 
Superplume likely triggers SSC at its edges [Griffiths and Campbell, 1991; Keller and 
Tackley, 2009]. Such a situation may account for the unusually high frequency of intraplate 
volcanism in the SP. 
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Volcanism from SSC further presupposes a fertile mantle source as abundant in the SP 
[Staudigel et al., 1991]. In our models, we used a fixed source composition that was chosen 
somewhat arbitrarily (i.e.: ФDC = 80%; ФEC = 16%; ФPX,i = 4%). The ratio ФEC/ФPX directly 
controls the mean VPX/V, for which our models predict to range between 60% and 80%. 
Results from experimental petrology indicate that alkalic OIBs are indeed derived from PX-
melting mainly [Hirschmann et al., 2003; Kogiso and Hirschmann, 2006]. Our model 
predictions in terms of VPX/V may be further tested by Mn/Fe-ratios of picked olivines from 
Woodebajato seamount in the Marshall Islands [Sobolev et al., 2007]. Application of the 
scheme of Sobolev et al. [2007] on least ferrous Woodebajato olivines (i.e., Fo84-Fo85) 
[Dieu, 1995] yields a VPX/V ≈ 70%, which falls within the range of our model predictions. 
Source compositions with a similar ФEC/ФPX,i but a higher ФDC than modeled likely yield 
smaller amounts of volcanism than predicted. 

The consideration of only three lithologies (DC, EC and PX) and one volatile phase (i.e., 
H2O) is another limitation. Other lithologies such as hornblendite veins and volatiles such as 
CO2 likely play a crucial role for the generation of alkalic basalts [Niu and O'Hara, 2003; 
Pilet et al., 2008; Dasgupta et al., 2007]. These simplifications indeed limit the predictive 
power of our models in terms of minor and major element geochemistry of magmas, but they 
do not invalidate dynamic melting processes, because CO2 and hornblendite veins play a 
similar role in shifting the solidus as H2O and PX do, respectively [Katz et al., 2003; 
Dasgupta et al., 2007; S. Pilet, pers. comm., 2009].  

Our results highlight that accounting for the dynamical processes of partial melting is of 
utmost importance to understand geochemical trends along ocean island chains. Considering a 
veined mantle source, Ito and Mahoney [2005b] revealed that these processes give an 
explanation for many of the geochemical differences between distinct chains without 
requiring large variations in source composition. In support of the veined mantle hypothesis, 
we and Bianco et al. [2008] showed in 3D-numerical models of SSC and of plumes, 
respectively, that melting processes may further account for geochemical variations within 
individual volcano groups. 
 
 

5.7 Conclusions 
 

SSC that initiates beneath sufficiently young seafloor gives rise to decompression melting 
of fertile lithological components (i.e., enriched peridotite and pyroxenite) within its 
upwelling limbs. Resulting volcanism potentially emerges synchronously along a zone of 
length ~1500 km parallel to plate motion (‘hot line’) on intermediate seafloor ages (i.e., 35-90 
Myrs). Therefore, age-distance patterns along the associated volcanic chains are expected to 
be complex. The share of pyroxenite-derived lavas in the total melt volume flux (VPX/V) is 
predicted to be of the order of 70% and to vary along the ‘hot line’ with lowest VPX/V above 
its center and highest VPX/V > 90% towards its ends. Variation of VPX/V along an individual 
‘hot line’ implies a systematic geochemical trend vs. seafloor age during volcanism. In 
comparing different ‘hot lines’, this geochemical trend is predicted to be shifted towards 
higher seafloor ages and towards lower VPX/V for increasing mantle temperature.  

 These geochronological and geochemical predictions reconcile observations at the 
Wakes, Marshalls, Gilberts, and Cook-Australs. Systematic geochemical trends observed 
along each of these volcano groups are caused by systematic variation of VPX/V along a ‘hot 
line’. The distinct trends observed at the different volcano chains may instead be explained by 
temporal and spatial variation of mantle temperature within the source region, and by the 
related systematic shifts in mean VPX/V. Thus, SSC explains volcanism in the West- and 
South-Pacific without presuming the repeated sampling of the same distinct geochemical 
source heterogeneities over ~100 Ma by short-lived plumelets. 
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6  Conclusions and Perspectives 
 
 

6.1  What have we learned? 
 
We have revealed the mechanisms that cause magma generation from SSC. As long as 

SSC develops beneath sufficiently young and hence thin lithosphere, it overturns not only the 
thermal but also the compositional stratification of the uppermost mantle therefore replacing 
refractory harzburgites from the base of the lithosphere with fertile (and hot) lherzolites from 
below. This mechanism allows for low-degree decompression melting within the upwelling 
limbs of SSC. While resulting melt retention causes some additional compositional buoyancy 
with a positive feedback on convection [Tackley and Stevenson, 1993; Schmeling, 2000; 
Raddick et al., 2002; Hernlund et al., 2008a; 2008b], the thermal boundary layer instability 
(i.e., SSC) remains dominant in driving the flow. 

SSC continuously advects heat to the base of the lithosphere that hence maintains a 
nearly constant thickness, something that allows for long durations of melting and related 
volcanism. However, secondary cooling of the asthenosphere due to entrainment of SSC-
downwellings progressively reduces temperatures within the upwellings. This reduction 
ultimately causes termination of magma production about 1000-2000 km away from the onset 
of SSC with a corresponding length-scale of volcanism of about 700-1600 km (‘hot line’). 
This length-scale is most sensitive to the vertical viscosity profile at the base of the 
lithosphere. For realistic profiles with strong rheological gradients due to the removal of water 
during previous mid-ocean ridge melting, this length-scale is at its upper bound of ~1500 km. 

Dehydration stiffening has additional important effects on SSC, and on related magma 
generation. First, it crucially affects the geometry of convection by promoting cellular flow 
patterns instead of Richter rolls in the range of plate velocities of about 30-60 km/Myr [cf. 
Marquart, 2001]. Second, it causes SSC to develops significantly later (due to dehydration 
during mid-ocean ridge (MOR) melting) and hence deeper (i.e., closely coupled to the 
thickness of the residual harzburgite lid resulting from MOR melting). Therefore, the onset 
age of SSC is mostly and positively related to mantle temperature, a parameter that controls 
this thickness, while the amount of volcanism is predominantly related to mantle viscosity. 

The stiffness of the residual harzburgite lid may cause SSC to occur later and to fully 
develop beneath it for a broad range of parameters [Lee et al., 2005], something that restricts 
melting of the DC matrix (i.e., peridotite with small volatile content). However, overturn of 
compositional (and thermal) stratification beneath this lid is sufficient to trigger magma 
generation in fertile lithological components such as EC (‘enriched component’; i.e., 
peridotite with high volatile content), and PX (pyroxenite) [e.g., Ito and Mahoney, 2005]. 

The relative extents of melting in PX relative to EC and their volume fractions control the 
geochemistry of associated volcanism. As melt productivity in PX is highest, lavas are 
predicted to be predominantly derived from PX-melting (for the starting composition chosen, 
cf. chapter 5). The fraction of the total melt volume flux to be derived from pyroxenite 
systematically varies with seafloor ages along an individual ‘hot line’, and generally increases 
with increasing mantle temperature. 

Generating voluminous volcanism (with km-high edifices) from SSC requires sufficiently 
early onset ages. With realistic rheology that considers dehydration stiffening, this limitation 
restricts SSC-volcanism to regions with low mantle viscosities of ~3·1018 Pa·s (cf. chapter 4). 
Alternatively, PX- and EC-melting may sustain voluminous volcanism in regions with high 
contents of fertile lithologies (i.e., ~20%) and with mantle viscosities of ~1·1019 Pa·s (cf. 
chapter 5). Furthermore, lateral density heterogeneity [cf. Phipps Morgan and Morgan, 1999] 
likely reduces the requirements in terms of viscosity by reducing onset ages of SSC [Huang et 
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al., 2003; Dumoulin et al., 2005; 2008]. All these conditions (low mantle viscosity, fertile 
source composition, and strong density heterogeneity) are likely to be satisfied in mantle 
beneath the S-Pacific as influenced by a Superplume [Staudigel et al., 1991], and analogously 
in the W-Pacific during the Cretaceous [McNutt and Fisher, 1987; Wolfe and McNutt, 1991]. 
In other oceanic basins (e.g., Atlantic, Indic), the effective asthenospheric viscosities might be 
instead insufficiently high, since low plate velocities limit the weakening effects of 
dislocation creep and dynamic recrystallization. 

Our most robust model results explain key geochronological and geochemical 
observations at some volcano chains in the Pacific. Volcanism formed above a ‘hot line’ is 
predicted to display complex geographic age systematics with ages plotting within fields of 
width ~1500 km vs. distance (instead of plotting on a line as for a hotspot). These predictions 
reconcile previously enigmatic geochronological observations at the Wakes, Marshalls, 
Giberts, Cook-Australs, Line Islands, and Pukapuka ridges. Furthermore, radiogenic isotope 
trends predicted for volcanism along a ‘hot line’ and shifts predicted for temporal variations 
in mantle temperature in the underlying Superplume [McNutt and Fisher, 1987; Bonneville et 
al., 2006] are sufficient to explain geochemical variability at the Wakes, Marshalls, Gilberts, 
and Cook-Australs. Thus, invoking strong intermediate-scale source heterogeneity [e.g., 
Konter et al., 2008] is not necessarily required. 
 
 

6.2  What should be explored next? 
 

6.2.1 Effects of dislocation creep and dynamic recrystallization 
 
In this thesis, we ignored the rheological effects of dynamic recrystallization, and we 

crudely simplified the rheological effects of dislocation creep by applying a Newtonian 
rheology with low activation energy (cf. section 2.4.1). This approach is unable to resolve the 
dependencies of viscosity on stress, grain-size, and lattice preferred orientation [Durham and 
Goetze, 1977; Goetze, 1978; Karato, 1984; Christensen and Yuen, 1989]. Each of these 
rheological dependencies has been shown to be important for the vigor, geometry, and onset 
age of SSC [Hall and Parmentier, 2003; van Hunen et al., 2005; Lev and Hager, 2008a]. 
Thereby, higher stresses in the asthenosphere as imposed by higher plate velocities favor 
deformation by dislocation creep (and dynamic recrystallization), and therefore crucially drive 
convective instability [Hall and Parmentier, 2003; van Hunen et al., 2005].  

Furthermore, deformation in the regime of dislocation creep implies temporal evolution 
of grain size and dislocation density in each parcel of the mantle. These shifts provide an 
important positive feedback mechanism that is not accounted for by our simple 
parameterization (cf. section 2.4.1) [e.g., Christensen and Yuen, 1989]. Resolving the 
complex interactions of increases in dislocation density in the regime of dislocaiotn creep, 
subsequent dynamic recrystallization or polygonization (i.e., subgrain formation), and grain 
growth in the regime of diffusion creep require a composite rheology approach with 
parameterizations for grain-size evolution and for lattice preferred orientation [e.g., Hall and 
Parmentier, 2003; Marquart et al., 2007; Lev and Hager, 2008a; 2008b]. 

 The intrinsic time dependency related to these feedback mechanisms may yield 
oscillations in onset age of SSC therefore further complicating age-distance patterns, and 
prolonging the apparent length-scale of SSC-volcanism. Furthermore, models with stress-
dependent rheology are crucial to understand the distinct dynamics of SSC and the related 
potential to drive partial melting beneath different oceanic plates. Finally, comparison of 
predictions from models with composite rheology to observables such as the geoid, dynamic 
topography, and seismic anisotropy may constrain asthenospheric rheological properties. 
Thus, we identify modeling of SSC with composite rheology as a promising future target. 
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6.2.2 SSC in the regional geodynamic context of the South Pacific 
 

Our numerical models neither include the MOR nor a superplume (i.e., the East Pacific 
Rise (EPR) and the South Pacific Superplume, respectively), while both features may have 
important effects on SSC and related magma generation. As for the melting zone beneath the 
EPR, along-axis variations of melt production, and secondary off-axis melting may emerge 
from compositional instability [Sparks and Parmentier, 1993; Sparks et al., 1993; Jha et al., 
1994; Barnouin-Jha et al., 1997]. Off-axis melting instabilities may account for volcanism in 
close proximity to the EPR such as observed at the Rano Rahi seamounts, the Sejourn and 
Hotu Matua ridges (Fig. 1.1). The resulting heterogeneity in density (e.g., variation of the 
thickness of the lithosphere) may act as a trigger for subsequent SSC [cf. Huang et al., 2003; 
Dumoulin et al., 2005; 2008].  

The Superplume introduces thermal and compositional heterogeneity by broadly injecting 
hot and fertile mantle material into the upper mantle. The resulting thermal gradient from the 
South Pacific Superswell region to the EPR drives a steady return flow towards the EPR 
[Hillier and Watts, 2004]. Such a situation likely accounts for the observed asymmetry of the 
melting zone beneath the EPR [Conder et al., 2002; Toomey et al., 2002; Hammond and 
Toomey, 2003]. In case the return flow is not diffuse but rather channelized (cf. section 1.1), it 
may drive both along-axis variations of melt production and off-axis melting instabilities at 
the EPR. Furthermore, density heterogeneity as injected by the Superplume may act as a 
trigger for subsequent SSC, as well. 

A regional model that includes a superplume and the EPR therefore self-consistently 
including the above mechanisms (return flow, off-axis melting instabilities) may reveal 
processes that account for some of the observations at the Pukapuka ridges and the Cook-
Austral Islands. On the one hand, ages collected along Pukapuka may be explained by 
volcanism above a ‘hot line’ that has a fixed location relative to the EPR (cf. section 4.5.2.2). 
On the other hand, age-distance patterns (Fig. 4.11d) may alternatively be explained by 
propagation of a ‘hot line’ or a similar anomaly towards the EPR. Furthermore, the 
easternmost ridges of Pukapuka were built on seafloor that is younger than predicted by our 
homogeneous numerical models (i.e., ~10 Myrs [Sandwell et al., 1995]). The same 
discrepancy applies ‘earlier episode’ of volcanism at the Cook-Australs (cf. section 4.5.2.3) 
with some seamounts  built on seafloor as young as 12-20 Myrs [Bonneville et al., 2006]. 

We propose two mechanisms to account for these observations. First, density 
heterogeneity as provided by off-axis melting instability at the EPR may cause later thermal 
and compositional heterogeneity that locally reduces onset ages of small-scale convective 
instability. Second, return flow (either channelized, or diffuse), and density heterogeneity 
traveling with the return flow may drag the onset of SSC towards the MOR. Return flow may 
also mediate between SSC and off-axis melting, such that the three mechanisms actually 
interact. Investigating these complex interactions would be the target of a more regional 
model including the EPR and some kind of return flow (that is either crudely imposed, or that 
naturally develops from the thermal boundary conditions that simulate a Superplume). The 
interactions should be further sensitive to rheology, something that calls for consideration of 
composite rheology (section 6.2.1). 

As for the case of SSC being triggered by a superplume, such a regional model would 
further be able to constrain where SSC preferentially occurs relative to the South Pacific 
Superswell (as in the analogue models of Griffiths and Campbell [1991]). Does it occur at its 
edges, where the heterogeneity is greatest, or rather in its center, where temperatures are 
highest, and hence the upper mantle is weakest? Resolving this question would have 
important implications on the origin of the distinct types of volcano chains above the South 
Pacific Superswell (SSC vs. plumelets [Davaille, 1999; Schubert et al., 2004]). 
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6.2.4 Interaction of SSC with mantle plumes 
 
SSC and mantle plumes may interact in two different ways depending on the age of the 

lithosphere that is hit by the plume. If this age is lower than the onset age of SSC, the plume 
may act to trigger SSC in the first place by providing low viscosity mantle material, and 
(thermal and compositional) density heterogeneity [cf. Richter and Parsons, 1975; Huang et 
al., 2003]. Given that this age is sufficiently young, such a situation might give rise to two 
stages of volcanism, of which one is related to the plume itself, and the other to SSC. If the 
age of the lithosphere hit by the plume is instead sufficiently old, SSC is already developed 
before the arrival of the plume with important effects on plume-lithosphere interaction. Such a 
situation may be applicable to the Hawaiian plume, which hits a mature lithosphere of age  
~90 Ma. 

The Hawaiian plume has so far been presumed to be steady-state and symmetric with a 
‘pancake’ of hot mantle deflected by the overriding lithosphere, and a downwelling curtain 
that surrounds it [Ribe and Christensen, 1994; 1999; Zhong and Watts, 2002]. Many 
observations at Hawaii, however, are not straightforwardly reconciled with this standard 
version of plume theory including (1) variations of melt volume flux [van Ark and Lin, 2004; 
Vidal and Bonneville, 2004], (2) lateral asymmetry of melting (from geochemical and 
geophysical observables) [Frey and Rhodes, 1993; Abouchami et al., 2005; Markee et al., 
2007; Tanaka et al., 2008], (3) the origin of secondary volcanism (arch volcanism and 
rejuvenated volcanism) [Ribe and Christensen, 1999; Bianco et al., 2005], and (4) 
lithospheric thinning downstream of the hotspot [Li et al., 2004; Ribe, 2004; Thoraval et al., 
2006]. A possible explanation for many of these observations altogether is interaction of the 
plume with SSC, a mechanism that is inherently time-dependent and that adds asymmetry, 
whenever neither a SSC-downwelling nor a SSC-upwelling comes to lie directly along the 
plume axis. Furthermore, convective instability likely develops also within the pancake of the 
plume (hereinafter termed: plume pancake convection, PPC) with important effects on plume-
lithosphere interaction [Moore et al., 1998; 1999; Thoraval et al., 2006; Schenker et al., 
2007]. The physics of PPC are very similar to those of SSC with PPC being predominantly 
advanced by the low viscosity in the ‘pancake’ as associated with the hot plume [Herzberg et 
al., 2007].  

(1) Melt volume flux variations with factor 2-3 amplitude variations and a typical 
timescale of ~15 Myrs have been reported for the Hawaiian plume [van Ark and Lin, 2004; 
Vidal and Bonneville, 2004]. Possible explanations include oscillating plume tail tilting 
[Steinberger, 2000], and buoyancy flux oscillations [van Hunen and Zhong, 2003]. However, 
none of these mechanisms considers any effects of plume-lithosphere interaction as 
dominated by SSC. Whereas the above mechanisms presume oscillations, time-dependency is 
inherent to SSC. Therefore, SSC may indeed account for a great fraction of the observed melt 
volume flux variations.  

(2) Volcanism at Hawaii manifests itself as a double volcano chain (Kea- and Loa-chain) 
with asymmetric geochemistry, a geometry that terminates at Murray fracture zone (i.e., at 3 
Ma). Isotope compositions indicate that the line of volcanoes that make up the Loa chain 
samples a source that has greater enrichment of incompatible elements compared to the source 
sampled by volcanoes that make up the Kea chain [e.g., Frey and Rhodes, 1993; Abouchami 
et al., 2005; Bryce et al., 2005; Tanaka et al., 2008]. Many of the explanations put forward for 
these distinct trends presume radial or lateral zoning of the plume inherited from the core-
mantle boundary or from entrainment of ambient mantle during ascent. However, results of 
the Plume-Lithosphere Undersea Melt Experiment (PLUME) around Hawaii reveal that the 
geometry of the melting zone is asymmetric itself (Markee et al. [2007]; C. J. Wolfe, pers. 
comm. [2009]). Hence, it appears to be likely that geochemical asymmetry is (at least 
partially) of asthenospheric origin. Geochemical studies typically project surface observations 
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more or less directly to the source region in the mantle [Hofmann and White, 1982; Weaver et 
al., 1986; Hofmann, 1997; Konter et al., 2008], an approach that has been shown to be 
inaccurate on one level or another. A geodynamic model of magma generation is rather 
essential in order to represent the melting processes in a multi-lithological mantle [Phipps 
Morgan, 2001; Ito and Mahoney, 2005a; 2005b]. Such a geodynamic study has been 
conducted by Bianco et al. [2008] for a steady-state Hawaiian plume. Assuming that the two 
subchains sample the plume asymmetrically (with the Kea-chain sampling a more peripheral 
part of the plume than the Loa-chain), they are able to reconcile model predictions in terms of 
geochemical trends with observations. While asymmetric sampling of a symmetric plume 
seems unlikely, symmetric sampling of an asymmetric plume is a straightforward alternative. 
Moreover, the latter scenario is compatible with seismic observations from PLUME. The 
underlying mechanism for asymmetry of the melting zone in the asthenosphere may be 
interaction of SSC with the plume. Thereby, the sensitivity of SSC on lithospheric structure 
such as Murray fracture zone [Huang et al., 2003; Dumoulin et al., 2005] may explain the 
apparent intermittency of geochemical asymmetry, something that is not satisfactorily 
explained by previous models (e.g., Abouchami et al. [2005]). 

(4) Another enigmatic piece of the puzzle is the origin of secondary volcanism at Hawaii 
(i.e., rejuvenated volcanism (on-axis) and arch volcanism (off-axis)). Alkalic rejuvenated 
stage volcanism succeeds shield stage volcanism after an episode of typically 1-2 Myrs of 
quiescence and is active for another ~2 Myrs. Arch volcanism occurs 300-500 km both to the 
North and to the South of the hotspot with volcanic ages similar to those of rejuvenated 
volcanism. Erupted volumes of rejuvenated stage are ~2 orders of magnitude smaller than 
those of shield stage. Lateral spreading of the pancake [Ribe and Christensen, 1999] and 
flexural uplift [Bianco et al., 2005] have been suggested to account for decompression 
melting downstream of the Hawaiian hotspot. However, these models clearly underpredict 
erupted volumes according to recent estimates of these volumes [Gandy et al., 2008; Garcia 
et al., 2008]. Moreover, they do not account for 1-2% melt retention along the triple junctions 
of the mantle mineral assemblage [Faul, 2000], something that would likely reduce the 
predicted volumes significantly (maybe to zero). PPC as invoked by Moore et al. [1998; 
1999], Ribe [2004], Thoraval et al. [2006], and Schenker et al. [2007] is a realistic candidate 
for sufficient decompression melting downstream of the hotspot. Furthermore, off-axis PPC-
upwellings cross the solidus for fertile and hydrous peridotite (with ~400 wt.-ppm water). 
Melting of such lithological components (similar to EC, cf. chapter 5) may be compatible 
with trace element geochemistry of arch volcanism (G. Ito, pers. comm. [2008]). Finally, PPC 
likely gives an explanation for lithospheric thinning beneath the older Hawaiian Islands as 
constrained by receiver functions [Li et al., 2004; Ribe, 2004]. 

We hypothesize a sole mechanism to account for the above set of observations (1-4) 
unexplained by standard plume theory: interaction of small-scale convection beneath the 
lithosphere with the plume that hits it. SSC is a natural feature to occur in models less 
restricted (in terms of effective viscosities in the asthenosphere and the size of the model 
domain) than those conducted by Ribe and Christensen [1994, 1999] and Zhong and Watts 
[2002]. Preliminary results from numerical modeling with similar methods as those described 
in chapter 1 (but with somewhat different melting law, activation energy, and boundary 
conditions) show that melt volume flux variations, asymmetry of the melting zone, 
rejuvenated volcanism, off-axis volcanism, and lithospheric thinning might indeed be 
explained by interaction of SSC with the Hawaiian plume, and by PPC (cf. Fig. 6.1). 
However, future research (perhaps including composite rheology, cf. section 6.2.1) is needed 
to investigate the involved processes quantitatively, and to test them with geophysical and 
geochemical data. 
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