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Chapter 9

Ridge Suction Drives Plume-Ridge Interactions

Y. Niu - R. Hekinian

9.1
Introduction

Geological processes are consequences of the Earth’s thermal evolution. Plate tec-
tonics, which explain geological phenomena along plate boundaries, elegantly
illustrate this concept. For example, the origin of oceanic plates at ocean ridges,
the movement and growth of these plates, and their ultimate consumption back
into the Earth’s interior through subduction zones provide an efficient mechanism
to cool the Earth’s mantle, leading to large-scale mantle convection. Mantle plumes,
which explain another set of global geological phenomena, cool the Earth’s deep
interior (probably the Earth’s core) and represent another mode of Earth’s ther-
mal convection (e.g., Davies and Richards 1992). Plate tectonics and plume tec-
tonics are thus genetically independent from each other. However, when the rising
plumes approach the lithospheric plates, interactions between the two inevitably
result. Such interactions are most prominent near ocean ridges, where the litho-
sphere is thin and the effect of mantle plumes is best revealed. “Plume-ridge inter-
action” has been a hot topic in recent years, and much effort has been expended
in this area aimed at understanding the geological, geochemical, and geodynamic
consequences (Schilling et al. 1983, 1994, 1995, 1996, 1999; Schilling 1991; Feighner
and Richards 1995; Ito and Lin 1995a,b; Ito et al. 1996; Kincaid et al. 1995, 1996;
Ribe 1996; Sleep 1996; Haase and Devey 1996; Hekinian et al. 1996, 1997, 1999; Pan
and Batiza 1998; Niu et al. 1999; Graham et al. 1999; Maia et al. 2000; Georgen et al. 2001;
Haase 2002).

In this study, instead of reviewing details of existing models, we present
our new perspectives on the geochemical and geological consequences of plume-
ridge interactions in the form of schematic models. These models differ from
most common perceptions, but are consistent with observations and comply
with simple physics. We focus on first-order observations and stress the impor-
tance of several fundamental concepts and variables required to fully under-
stand the “expression” and “intensity” of plume-ridge interactions. These in-
clude: (1) what mantle plumes are; (2) the nature and composition of plume
sources; (3) the actual role of ocean ridges; (4) the effect of plate separation rate;
and (5) plume-ridge distance. We illustrate these concepts/variables with repre-
sentative examples.
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9.2
Concepts

9.2.1
Mantle Plumes:
Deep-Rooted Hot Materials or Wet Shallow Mantle Melting Anomalies?

The theory of plate tectonics, by its definition, explains tectonic activities along plate
boundaries between two adjacent plates. For example, volcanism at ocean ridges and
overlaying subduction zones is the consequence of plate tectonics. However, volcanism
occurring away from plate boundaries cannot be explained by plate tectonics theory.
This “intraplate” volcanism is often interpreted as resulting from hotspots or mantle
plumes. Volumetrically large and temporally long-lived intraplate volcanism represented
by the islands of Hawaii in the Pacific, the Azores in the Atlantic and the Kerguelen pla-
teau in the southern ocean may indeed be hotspots genetically associated with deep-
rooted mantle plumes (Morgan 1971, 1981; Duncan and Richards 1991). However, other in-
traplate volcanism such as Cenozoic volcanic activities widespread in eastern Australia
(e.g., Johnson ed. 1989) and eastern China (Deng et al. 1998; Zhang et al. 1998), the well-
known Cameroon volcanic line (Halliday et al. 1988) and numerous seamounts scattered
throughout much of the Earth’s ocean floor (Batiza 1982) away from any plate bound-
aries are likely to be melting anomalies resulting from easily melted fertile mantle source
materials (enriched in volatiles, alkalis and other incompatible elements) in the shallow
asthenosphere. The latter may be more appropriately termed “wet spots” (e.g., Green and
Falloon 1998). We must emphasize, however, that we do not yet at present have sufficient
data to draw a clear distinction between “hot-spots” and “wet spots”. It is possible that some
or many of the so-called hotspots may prove to be wet spots when more relevant data
become available. In the following discussion, we simply use the terms “hotspots” or
“mantle plumes” as widely used in current literature for convenience. The key is that the
greater the heat/mass flux a plume has, the greater the effect of the plume-ridge interac-
tion will be for a given plume-ridge distance and a given plate separation rate (see below).

9.2.2
Nature of Plume Materials

Compared to most Mid-Ocean Ridge basalts (MORBs), ocean-island basalts (OIB) are
highly enriched in incompatible elements. Hofmann and White (1982) proposed that
mantle plumes are from ancient oceanic crust. Many subsequent studies of OIB and
enriched MORB favor this proposal, although some form of mantle metasomatism is
clearly needed (Sun and McDonough 1989; Halliday et al. 1995; Niu et al. 1996 1999).
Following the suggestion by Niu et al. (2002), Niu and O’'Hara (see Sects. 7.4.2 and 7.5)
using knowledge based on well-understood petrology, geochemistry and mineral phys-
ics demonstrate that ancient recycled oceanic crust cannot be the source material sup-
plying OIB. Instead, they show deep portions of oceanic lithosphere that are the best
candidates for mantle plume sources (Niu et al. 2002). These deep portions of oceanic
lithosphere are filled with dykes or veins enriched in volatiles, alkalis,and all the other
incompatible elements as a result of low-degree melt metasomatism at the interface
between the low velocity zone and the cooling and thickening oceanic lithosphere. The
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Fig. 9.1. a Schematic illustration of the concept of two-component fertile mantle sources, which in-
clude easily melted metasomatized dykes/veins of variable size and shape enriched in volatiles, alkalis
and other incompatible elements dispersed in the refractory and predominantly depleted peridotite
matrix. b Schematic illustration of the geochemical consequences of melting such a two-component
mantle. The enriched dykes/veins have lower solidus temperatures and preferentially melt first. Conse-
quently, the enriched component dominates the composition of the melt produced in the early stages
and decreases with further melting as a result of dilution. Concurrently, the source region is progressively
depleted in the enriched dykes/veins, and further melting of this depleted source material can only pro-
duce melts progressively depleted in volatiles and incompatible elements. ¢ Three representative geochemi-
cal diagrams after Niu and Batiza (1997), showing apparent geochemical “mixing” as a consequence of the
melting of a two-component mantle (or “melting-induced mixing”) (Niu et al. 1999, 2002). But, this is
often mistakenly interpreted as “mixing” relationships between two singular melts or solids in the source
regions of melt generation. The arrows in Part c point to the direction of increasing extents of melting
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key is that plume sources (1) are peridotitic in bulk composition and (2) contain in-
compatible element-enriched dykes/veins of metasomatic origin. In other words, fer-
tile OIB sources are composite lithologies with two components: an easily melted com-
ponent enriched in volatiles, alkalis and other incompatible elements dispersed in the
predominantly more refractory peridotitic matrix (Fig. 9.1a).

The concept of two-component fertile mantle sources favors the two-stage melting
model for OIB and MORB (Phipps Morgan and Morgan 1999) and is consistent with
observations in MORB from the eastern Pacific (Batiza and Vanko 1984; Batiza and
Niu 1992; Zindler et al. 1984; Langmuir et al. 1986; Hekinian et al.1989,1995; Sinton et al.
1991; Niu et al. 1996, 1999, 2002; Niu and Batiza 1997; Niu and Hekinian 1997a; Regelous
et al. 1999; Wendt et al. 1999) and the Mid-Atlantic Ridge (Niu and Batiza 1994; Niu
et al. 2001; Regelous et al. 2001). In other words, both OIB and MORB sources have two
such components, but the enriched dykes/veins are far more abundant in source re-
gions of OIB than beneath ocean ridges (Niu et al. 1999). Figure 9.1b shows schemati-
cally that melting such a two-component mantle will produce more enriched melt
during the early stage of melting not just because of the commonly perceived low-de-
gree melting of a uniform source, but largely because of the greater contributions of
the enriched easily melted component. With continued melting, the source region is
progressively depleted in this enriched component, leading to a progressively more
depleted melt. This is important in understanding the spatial variation of lava com-
position in the context of plume-ridge interactions (see below). The geochemical con-
sequence of melting such a two-component mantle is to produce melting-induced mix-
ing relationships (not true mixing between two singular end-members) in geochemi-
cal diagrams (Niu et al. 1996, 1999, 2002; Niu and Batiza 1997) (Fig. 9.1c).

This two-component fertile plume source model differs from the popular plume dis-
persion model (e.g., Schilling 1991). The latter model (1) assumes compositional and iso-
topic distinction between plume material and fertile MORB source material and (2) in-
terprets the geochemical data as mixing between the two singular materials in the form
of melt or in the source regions prior to the major melting events (Schilling 1991; Schilling
et al. 1994, 1995, 1999; Kingsley et al. 2002). In our opinion, a dispersion model that re-
quires an invasion of the plume material into the MORB source is physically difficult.

9.23
Ocean Ridges:
Ridge Suction - The Active Driving Force for Plume-Ridge Interactions

Ocean ridges are mostly passive features in the sense that mantle upwelling is largely
causedby plate separation (McKenzie and Bickle 1998). This passive upwelling brings
hot material from depths to melt by decompression (Fig. 9.2a,b). Continued plate sepa-
ration leads to continued mantle upwelling, decompression melting, and crust forma-
tion. Furthermore, the oceanic lithospheric mantle, which thickens by cooling, is
accreted fastest near ridges, with >50% of the full thickness achieved within the first
~17-18 Myr (Fig. 9.3a). All these factors require a continued asthenospheric material
supply towards ocean ridges to form the lithosphere (crust plus lithospheric mantle).
The entirety of the process is continuous, because the newly formed lithosphere is
continuously moved away from the ridge. In other words, the asthenospheric mantle
beneath ocean ridges represents the regions of lowest pressure in the entire mantle,
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Fig. 9.2. a Cartoon showing plate separation-induced passive upwelling of the asthenospheric mantle and the
resultant decompression melting beneath ocean ridges; b schematic illustration of the processes described
in Part a in a P-T space. Passive upwelling brings hot mantle material to rise adiabatically and melt when
encountering the solidus. Melting continues with upwelling until the upwelling mantle reaches the cold ther-
mal boundary layer as a result of conductive heat loss to the surface (Niu 1997; Niu and Hekinian 1997b)

Fig. 9.3.a Assuming an oceanic
plate reaches its full thickness
(~95km) after ~70 Myr (e.g.,
Stein and Stein 1997), ~50% of
the lithospheric thickness is
achieved in the first ~17.5 Myr
(i.e., t,;, = (0.5 % 702)?), This,
plus crust formation at ridges,
requires ridgeward material
supply. b As mantle viscosity is
the lowest in the asthenosphere,
in particular in the seismic low
velocity zone (LVZ), at depths
<~250 km, and increases expo-
nentially with depth (Phipps
Morgan et al. 1995; Lambeck
and Johnston 1998), it is physi-
cally straightforward that the
ridgeward mass flows must be
mostly asthenospheric and
horizontal. ¢ Consequently, the
regions of asthenosphere
beneath ocean ridges have the
lowest pressure that drives
asthenospheric flows (i.e., ridge
suction). This suggests that the
spreading lithospheric plates
are necessarily decoupled from
the sublithospheric flow. The
square at the ridge axis approx-
imates the size of Fig. 9.2a
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which creates pressure gradients and sucks asthenospheric materials towards ocean
ridges (Phipps Morgan et al. 1995; Niu et al. 1999). This argues that while ocean ridges
are mostly passive features in the context of plate tectonics, they play an active role in
dictating sublithospheric mantle flows.

The materials could either be supplied from below at great depths or transported later-
ally. As the mantle viscosity increases exponentially with depth beyond the low velocity
zone (LVZ) (Fig. 9.3b after Phipps Morgan et al. 1995), it is physically straightforward that
much of the material needed to create oceanic crust and oceanic lithosphere must be
supplied by lateral sublithospheric flow through the LVZ (Niu et al. 1999). Mantle plume
materials in the asthenosphere are generally hot (or “wet”), enriched in volatiles, and
thus have the lowest viscosity. Consequently, mantle plume materials in the LVZ have the
greatest tendency to flow and supply ridges because of the material needed beneath ocean
ridges to form crust and lithospheric mantle (Niu et al. 1999). This is in fact apparent
from mantle topographic studies (Zhang and Tanimoto 1993; Phipps Morgan et al.1995).
An inevitable conclusion of this analysis based on simple physics and mass conserva-
tion suggests that the lithospheric plate motion and the sublithospheric flow are nec-
essarily decoupled (Fig. 9.3¢), which is in fact seismically detected (Silver and Holt 2002).

9.24
Ridge Suction Increase with Increasing Spreading Rate

The amount of material required per time unit to form oceanic lithosphere (crust plus
lithospheric mantle) near ocean ridges increases linearly with an increasing spreading
rate. This linear relationship is better understood if we consider the oceanic lithosphere
that has reached its full thickness of ~95 km after 70 Ma (Stein and Stein 1996). As the full
thickness is independent of spreading rate, the volume of the lithosphere (L) formed per
time unit per length unit parallel to the ridge would be the product of the half spreading
rate (R,j,) and the full thickness (Tgy): L = R, Ty As Ty is constant, L is linearly pro-
portional to R,;, with Ty, being the simple proportionality. A less straightforward, but
equally valid and more relevant scenario is what is taking place in the vicinity of ocean
ridges where oceanic lithosphere is being created. Figure 9.4a shows that within the first
1 Myr, the lithospheric mantle reaches a thickness of 11 km due to conductive cooling
(L = 11£°3; see Fowler 1990). For a fast spreading ridge with R,;, = 60 mmyr~!, the 1 Myr
isochron is 60 km away from the ridge axis, but for a slow ridge with R,,, =10 mmyr~!,
the 1 Myr isochron is 10 km from the ridge axis. The shaded areas are the lithospheric
mantle thus far formed per unit length (per km along the ridge axis). For a half space, the
volume of the lithospheric mantle formed per unit length in the first 1 Myr is 440 km®
beneath the fast ridge, but is only 73.33 km? beneath the slow ridge. Again, a factor of 6 in
volume, 440 / 73.33 = 6 is the same as the factor in spreading rate: 60 / 10 = 6.If the width
of the active upwelling zone beneath ocean ridges is proportional to the spreading rate
(Turcotte and Phipps Morgan 1992; Forsyth 1992) and is about the width equivalent to 1 Myr
isochron, then the total material flux towards the ridge can be calculated. Figure 9.4b shows
the total material flux (in volume, km®) required to form the lithosphere on both sides of
the ridge is linearly related to the spreading rate. Scenario A considers the material required
to form the lithospheric mantle due only to conductive heat loss: ® (km?) = 14.667R, ,
(km Myr™). Scenario B also includes a 5 km thick crust: @ (km®) = 24.667R,, (km Myr™).
Note that for simplicity it is assumed that the crust thickness is the same for both slow-



Chapter 9 - Ridge Suction Drives Plume-Ridge Interactions

291

Fig. 9.4. a Comparison of materials (in km®) required to produce the lithospheric mantle on one side
of the ridge in the first one million years between fast (e.g., R,;, = 60 mmyr; shaded area times per
unit ridge parallel length in km) and slow (e.g., R,,, = 10 mmyr-; area with zebra pattern times per
unit length) spreading ridges. The volumes per unit length are calculated by simple integration of the
shaded area: CI: xdx, where x is the distance (km) from ridge axis a = o to b of interest (60 km, and
10 km respectively here) and ¢ = 116-2 (km"?). Note that the materialrequirement is linearly propor-
tional to the spreading rate, i.e., 440/73.33 (volume ratio) = 60/10 (speed ratio) = 6. b Indeed, the
mass fluxes required to form the lithosphere are linearly related to spreading rate. Plotted are the
total mass (km?) requirements across the ridge in the first one million years against half spreading
rate. The total mass required to form the lithospheric mantle as a result of conductive cooling is
® (km?) =15R,;, (km Myr™), and it becomes @ (km?) = 25R,, (km Myr!) if an average of 5 km thick
crust is also considered. The important conclusion is that ridge suction force or ridgeward material
flux is significant and increases with increasing spreading rate. Note that the calculations neglect the
effect of density changes on the volume, but this effect is <2% and will not affect the conclusion here.
Also note that the unit of the slope (~15 and 25 respectively) is km? Myr

and fast-spreading ridges here, which is incorrect in reality (Niu and Hekinian 1997b),
but will not affect the conclusion here. This simple analysis indicates that the ridgeward
mass flux, thus the ridge suction force, increases linearly with increasing plate-spread-
ing rate. @ (km®) = 25R,, (km Myr™!) is a good approximation (assuming a ~5 km thick
igneous crust) for the material flux to the ridge in the first 1 Myr.
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9.2.5
The Effect of Plume-Ridge Distance

Mantle plumes, by definition, are columnar ascending flows derived from the lower
mantle (Morgan 1971,1981). The lower-mantle derived plume materials melt by decom-
pression in the asthenosphere (Campbell and Griffiths 1990) while spreading later-
ally away from plume centers beneath the lithosphere (Hill et al. 1992). The actual dis-
tance of lateral flow or spread is unknown, but is inferred to be less than 2 000 km
from the geochemistry of volcanics and topographic expression in the context of
plume-ridge interaction studies (Schilling 1991; Ito and Lin 1995; Ribe 1996; Sleep 1996).
This inference is not unreasonable if plume materials are compositionally distinct from
the shallow mantle materials as reflected in MORB and if plume materials are indeed
significantly hotter than the ambient asthenospheric mantle. However, any further
conclusions derived from such an inference can be dangerous without understanding
(a) the very nature of plume materials; (b) the driving force for lateral sublithospheric
flow; and (c) the possible differentiation of plume materials during the lateral flow. It
is in fact very likely that plume materials may flow as far as physically possible, per-
haps in excess of several thousands of km (see Niu et al. 1999). The important point
here is the relative roles of ridges and plumes. If the plume-ridge distance is short, the
interaction would be intense, to which plumes would contribute significantly in both
mass and heat. On the other hand, if the plume is far from the ridge, the interaction
would be weak, but the ridge would play a more important role in creating the pres-
sure gradient needed to drive the ridgeward flow (Figs. 9.3a-3¢c and 9.4a-b).

9.3
Examples

9.3.1
“Proximal” Versus “Distal” Plume-Ridge Interactions

Iceland and Hawaii are presently the largest volcanically active mantle plumes/hotspots
detected on modern ocean floor. The Iceland hotspot is centered on the very axis of
the Mid-Atlantic Ridge (MAR), whereas the Hawaiian hotspot is a typical intraplate
hotspot on the Pacific Plate some ~5 000 km away from the East Pacific Rise. If there
are some kinds of plume-ridge interactions in both cases, then the style, intensity and
both geological and geophysical consequences must be different.

MORB along the Reykjanes Ridge show incompatible element enrichment with an
amplitude increasing systematically from N-type MORBs at deep ridges to enriched
MORBs and even OIB compositions at shallow ridges toward Iceland (Sun et al. 1975;
Schilling et al. 1983; Taylor et al. 1997). The along-ridge depth and the geochemical
variations, which are the thermal and chemical consequences of plume ridge interac-
tions (Schilling 1991; Ito and Lin 1995; Ito et al. 1996; Ribe 1996; Sleep 1996), reflect the
along-ridge asthenospheric flow of plume materials (Fig. 9.5a). According to the popu-
lar plume dispersion model (Schilling 1991), the along-ridge variation in lava compo-
sitions would indicate the spatial extent of plume-ridge interactions. For example,
geochemical signals of Iceland plume material in Reykjanes Ridge axial lavas decline
and approach the level of N-MORB some ~1500 km south of Iceland, which is thought
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a "Proximal” plume-ridge interaction: Iceland Plume and Reykjanes Ridge
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enriched component in the flowing two-component plume mantle. This plume mantie depletion by “flow
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Fig. 9.5. Cartoons, modified from Niu et al. (1999), showing different consequences of plume-ridge
interactions as a function of plume-ridge distance. If the plume is close to a ridge, for example, Ice-
land plume-Reykjanes Ridge, the buoyant upwelling and melting of the hot plume produces shallow
ridge topography and enriched OIB-like basalt. The ambient sub-ridge mantle upwelling allows the
plume material to flow laterally and to melt because of decompression, producing basalt whose ex-
tent of enrichment declines in the flow direction as the amount of the enriched component in the
flowing plume mantle diminishes. The flow continues, but the enriched geochemical signals in the
basalt do not. If the plume is far from a ridge, for example, Hawaiian plume-EPR, the low-viscosity
Hawaiian plume material may flow laterally toward the EPR in response to the elevated ridge suction
force beneath the fast-spreading EPR (Fig. 9.3a-3c and 9.4a,b). As the lateral flow is largely horizon-
tal, decompression melting does not take place during flow, which allows the Hawaiian plume mate-
rials (both enriched and depleted) to survive long-distance transport to the EPR mantle

to be the maximum extent of the along-ridge effect of Iceland mantle plumes (e.g.,
Schilling 1991; Ito et al. 1996). This notion may be erroneous, since the depleted com-
ponent of the plume material is likely to flow continuously. It is conceptually impor-
tant to note that the declining geochemical enrichment in erupted lavas away from



294

Y. Niu - R. Hekinian

Iceland is not the result of a simple dispersion or dilution effect, but the consequence
of decompression melting during sub-ridge passive mantle upwelling, which prefer-
entially melts and depletes the easily melted component within the remaining flow-
ing plume material, leading to geochemically more depleted lavas erupted (Fig. 9.1b).
The “residual” plume source materials depleted in enriched lithologies may continue
to flow, but the “familiar” enriched geochemical signatures of plumes in erupted basalts
diminish and are eventually replaced by “normal” depleted MORB.

Niu et al. (1999) termed this phenomenon as “flow differentiation” of an initially
two-component plume mantle in a sub-ridge environment where the lithosphere is
young and thin and decompression melting is possible because of the ambient pas-
sive mantle upwelling beneath the ridge (Fig. 9.5a). The increasing axial depth away
from Iceland is the consequence of loss in both heat and mass (sub-ridge melting and
cooling) of the plume material. The concept of a two-component plume source and
“flow-differentiation” that we present here is physically straightforward and differs
from the plume dispersion models (Schilling 1993; Ito et al. 1996; Schilling et al. 1999).
The latter models, which require an “invasion” of enriched plume materials in the pre-
existing depleted N-MORB mantle and a geochemical mixing between the two end-
members, has space problems that are physically difficult to resolve.

Niu et al. (1999) showed that some enriched EPR MORBs define trends with the
enriched end isotopically pointing to the field of Hawaiian lavas. This geochemical
observation, plus mantle tomographic observation (Zhang and Tanimoto 1993; Phipps
Morgan et al. 1995), led Niu et al. (1999) to suggest a sublithospheric flow of the Ha-
waiian mantle plume material towards the EPR (Fig. 9.5b). They termed such a physi-
cal scenario as “distal” plume-ridge interaction (versus the “proximal” interaction as
in the case of Iceland-Reykjanes Ridge). This proposal would seem to be counter-in-
tuitive because it requires some ~5000 km sublithospheric flow in the LVZ against
the vector of Pacific Plate motion. However, such lithosphere-asthenosphere decoupled
flow in the LVZ is in fact physically straightforward (see above and Fig. 9.3a-c) be-
cause of ridge suction forces as a result of the material needs to form the crust and
lithospheric mantle at ocean ridges. This is particularly the case beneath the fast-
spreading EPR as the ridgeward mass flux increases with the increasing spreading rate
(Fig. 9.4a,b). In contrast to the along-ridge flow of Iceland plume materials, which is
focused along the ridge, the flow of Hawaiian mantle plume materials towards the EPR
is more dispersed, which is unlikely to generate any significant thermal effect on the
sea floor. However, as the asthenospheric flow is largely horizontal with essentially no
decompression to cause melting, Hawaiian mantle plume materials (both enriched
components and the depleted refractory peridotitic matrix) can survive a long dis-
tance travel to the EPR where they will melt by decompression and produce geochemi-
cally Hawaiian-like MORB (Niu et al. 1999).

9.3.2
Spreading Rate Directs Plume Flows

Figure 9.4 demonstrates that the ridge suction force or material needs/mass flux to-
wards ridges increase with an increased spreading rate. As a result, plate-spreading
rate plays a dictating role in both the direction and mass flux of plume material in the
context of plume-ridge interactions. This explains many observations.
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9.3.2.1
Cases of Ridge-Centered Hotspots

The along-ridge flow of Iceland plume material to both the north and south of Iceland
(Mertz et al. 1991; Schilling et al. 1999) is asymmetrical. The apparent chemical and ther-
mal effect of plume-ridge interaction extends more than ~1500 km along the Reykjanes
Ridge to the south (Schilling 1991; Ito et al. 1996), but it is no more than ~400 km along
the South Kolbeinsey ridge north of Iceland (Schilling et al. 1999). The total spreading rate
along the Reykjanes Ridge increases from >20 mmyr~ southward, whereas the total
spreading rate north of Iceland decreases from <20 mmyr~! northward. Therefore, the
Icelandic plume materials prefer to flow along the Reykjanes ridge to the south of Iceland
rather than to the north (Fig. 9.6) because of the greater material demand beneath the
faster-spreading Reykjanes ridge than the slower-spreading Kolbeinsey ridge north of Ice-
land (Fig. 9.4). This asymmetrical effect of the Iceland plume, which we believe results from
spreading rate differences, has been overlooked in all models of plume-ridge interactions.

Fig. 9.6. Schematic represen-
tation of topography (bottom
panel) and geochemical trends
of MORB along the North Mid-
Atlantic Ridge to illustrate the
asymmetrical effects of Iceland
plumes. Geochemically, the
Iceland plume has greater
influence on the Reykjanes
Ridge (RR) to the south both
in amplitude and distance
than on the South Kolbeinsey
Ridge (SKR) to the north. The
large topographic gradient
from Iceland down to the Gibbs
transform reflects the large
thermal effect of the Iceland
plume. The apparent shallower
depth along the SKR is likely
due to the thermal effect of
the Jan Mayen plume to the
north. We interpret the asym-
.metrical Iceland plume effect
results from the greater
spreading rate (>20 mmyr-!
full spreading rate) along the
RR than the SKP, where the full
spreading rate is <20 mmyr.
Greater spreading rate requires
greater mass supply to form
the lithosphere (Fig. 9.4). The
schematic lava compositional
variation is based on data given
by Schilling et al. (1983, 1999)
and Hanan et al. (2000)
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Another example is the Amsterdam/St. Paul hotspots and their interactions with
the Southeast Indian Ridge (Graham et al. 1999). Away from the hotspots, the plume-
influenced topographic expression extends >3 000 km along the Southeast Indian
Ridge down to the Australian-Antarctic Discordance, where the full spreading rate is
on average >70 mmyr~!. However, the topographic expression is rather weak to the
northwest, where the full spreading rate is <65 mmyr.. A systematic sampling and
large geochemical database with good spatial coverage is needed to evaluate the
geochemical consequences.

9.3.2.2
The East Pacific Rise-Mid-Atlantic Ridge “Paradox”

What is important in the context of plume-ridge interaction is the first-order differ-
ences between the fast-spreading EPR and the slow-spreading MAR. There are many
topographically and geochemically identifiable mantle plumes/hotspots near the axis
of the MAR (e.g., Iceland, Azores, 14° N anomalies, Ascension, Tristan, Gough, Shona,
Bouvet and others), but the identifiable hotspots/plumes along the entire EPR are few,
notably, the Easter hotspot at ~27° S on the Nazca plate. Such apparent unequal hotspot
distribution would predict that enriched E-type MORB must be more abundant at the
MAR than at the EPR. This is, however, not observed. In fact, along the MAR, away
from those on- and near-axis hotspots/plumes and a few “wet” spots (e.g., Niu et al.
2001), the ridge segments are deep with depleted N-type MORB. In contrast, the EPR
axis is generally shallow and enriched E-type MORBs occur along much of the axis
where samples are available (Langmuir et al. 1986; Hekinian et al. 1989; Sinton et al.
1991; Batiza and Niu 1992; Reynolds et al. 1992; Perfit et al. 1994; Mahoney et al. 1994;
Niu et al. 1996, 1999; Regelous et al. 1999). The EPR MORB and MAR MORB are com-
pared in terms of average abundances of incompatible trace elements (Fig. 9.7a) and
Sr, Nd and Pb isotopes (Fig. 9.7b) derived from the LDEO global MORB database
(Lehnert et al. 2000). The statistically significant (>99.9% confidence level) linear
correlation with close to unity slope (1.0229) (Fig. 9.7a) suggests that the mean abun-
dance of incompatible trace elements in EPR and MAR MORB are quite similar. The
highly incompatible elements such as Ba, Rb, Nb, Th, U, and Ta are plotted below the
1:1 line, suggesting that these elements are indeed slightly more abundant in MAR
MORB than in EPR MORB while other elements are less so. However, as none of these
elements deviate significantly from the 1:1 line, the overall abundance difference is
insignificant. Note that the slope of 1.0229 suggests that on average EPR MORB have
about 2% more incompatible elements as a whole than the MAR MORB, which is con-
sistent with the greater extent of fractional crystallization in EPR MORB than in MAR
MORB (Morel and Hekinian 1980; Natland 1980; Sinton and Detrick 1992). Figure 9.7b
shows that isotopically the mean compositions of EPR and MAR MORB are identical.
The relatively smaller variability (RSD% = 10/ mean x 100) of EPR MORB below the
1:1is also consistent with the EPR MORB being more uniform in composition as a re-
sult of a greater extent of homogenization during melt aggregation in the mantle and
magma chamber processes in the crust (Batiza 1984; Niu et al. 1996, 1999, 2002} at the
fast-spreading ridges (Fig. 9.7b inset).

The similar mean MORB composition of EPR to that of MAR suggests similar ex-
tents of mantle plume contributions to EPR MORB. We consider the apparent rarity
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of near-ridge hotspots along the EPR results from fast-spreading. The fast spreading
creates large suction forces (Figs. 9.3¢ and 9.4) that do not allow the development of
surface expressions of mantle plumes as such, but draw plume materials to a broad
zone of sub-ridge upwelling, giving rise to abundant E-type MORB and elevated and
smooth axial topography. This scenario applies to the Louisville hotspot-ridge inter-
action at the Pacific-Antarctic Ridge in the southern Pacific, where the exact location
of the current Louisville hotspot center is difficult to identify (Lonsdale 1988) because
of the significant ridge suction effect. However, both the thermal effects (shoaling axis:
<2000 m below sea level) and geochemical consequences (abundant E-MORB and
alkali basalts in near-ridges seamounts) of the plume-ridge interaction are conspicu-
ous (Castillo et al. 1998).
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The extensive EPR suction of plume materials is well expressed on the flanks of the
southern EPR in the MELT region (Southern East Pacific Rise at 13° S-18° S; Forsyth et al.
1998), where both bathymetry and gravity display a conspicuous asymmetry across the
axis with the Pacific Plate flank being much shallower, low in gravity, and importantly
having many parallel volcanically active seamount chains perpendicular to the EPR axis.
Some of these seamounts are volcanically active up to 150 km away from the EPR axis
(Shen et al. 1995; Scheirer et al. 1996). We interpret these seamount chains as resulting
from EPR suction of small mantle plumes (either hotspots or “wet” spots) beneath the
Pacific Plate. These low viscosity plume materials must travel to the EPR because of the
greater suction due to the high spreading rates in the area. The suction drives the flow to
take the shortest path - perpendicular to the EPR axis. As the off-axis lithosphere is thin
beneath the fastest spreading ridge and it is progressively thinner towards the axis, there-
fore the ridgeward flow of the plume materials has a component of decompression, which
leads to decompression-melting and seamount formation. Predictably, (1) these seamounts
must all be volcanically active, (2) most of these seamount lavas must be relatively enriched
in volatiles, alkalis and other incompatible elements,and (3) the relative enrichment in lavas
should decrease in seamounts closer to the axis because of progressive depletion of the
easily melted components in the flowing plume material (Fig. 9.1b) as is the case along the
Reykjanes Ridge (Fig. 9.5a). Petrological and geochemical data on samples with good spatial
coverage are needed to test these predictions. In fact, the existing data along the Easter
Seamount chain and the Foundation hotline elegantly illustrate this concept.

9.3.23
Geochemical Expression of Plume-Ridge Interactions Along the Easter Seamount Chain

The Easter Seamount chain (ESC) is located between Easter and Sala y Gémez islands and
the East Rift of the Easter Microplate in the South East Pacific. This region has been well
sampled and studied in recent years with the aim of understanding source compositions
of the Easter mantle plume and the thermal and compositional linkage with the nearby
EPR spreading center, which in this case is the East rift zone of the Easter microplate (Hanan
and Schilling 1989; Fretzdorff et al. 1996; Haase and Devey 1996; Hekinian et al. 1996; Pan
and Batiza 1998; Kingsley and Schilling 1998; Haase 2002; Kingsley et al. 2002). The ESC,
also called Easter hotline, is composed of many volcanically active seamounts in a band
with a width of ~150 km extending from the southern end of the East rift zone to the east
for about ~900 km (Fig. 9.8a,b). Along the hotline are two conspicuous topographic
anomalies marked by the Easter Island and the Sala y Gémez Islands, respectively about
400 km and 800 km away from the East Rift zone. The excess topography is propor-
tional to the amount of melt delivered to the surface for volcanic constructions, and

>

Fig. 9.8. a Lava geochemical systematics along the Easter Seamount chain as a function of distance to
the East Rift of the Easter Microplate. While scattered, most data define systematic trends as high-
lighted by the shaded bands. b Cartoon illustrating that the observed lava geochemical variation is the
consequence of progressively melting a two-component plume material. Ridge suction requires the hot
(or“wet”) plume material to flow towards the ridge with an upwelling component that causes decompres-
sion melting of the flowing plume material. The enriched dykes/veins with low solidus temperatures are
progressively depleted during the ridgeward flow, thus leading to progressive melting of more depleted
residual material and producing more depleted lavas towards the ridge (Fig. 9.1b,c). The geochemical data
are from Pan and Batiza (1998), Kingsley et al. (1998, 2002),and the cartoon is modified from these authors
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the amount of melt delivered to the surface is often considered to be the greatest over
the hotspot center. Consequently, there has been a dispute about whether the present
Easter hotspot is located beneath Easter Island (Haase and Devey 1996; Fretzdorff et al.
1996; Haase 2002) or is actually marked by the Sala y Gémez Islands (Hanan and Schilling
1989; Kingsley et al. 1998; Pan and Batiza 1998; Kingsley et al. 2002). Given the fact that ridge
suction is the primary force that drives asthenospheric flow, it becomes physically
straightforward to see that the ultimate hotspot source region must be located beneath
the Sala y Gémez Islands or even to the east. If the hotspot source were beneath Easter
Island, then an asthenospheric flow away from Easter Island to feed the volcanism of
Sala y Gémez Islands is needed; however, there is no driving force for this flow direc-
tion. In fact, the systematic lava compositional variation (Pan and Batiza 1998; Kingsley
et al. 1998, 2002) along the ESC as a function of distance to the East Rift zone supports
the hypothesis that the actual hotspot is located beneath the Sala y Gémez Islands.

The scattered yet systematic declining in the enriched component towards the East
Rift as indicated by geochemical parameters such as 2%Pb/?*Pb and [La/Sm], (Fig. 9.8a;
Also K/Ti, Na,0, K,0, and CaO/AL,0,, but not shown) is expectedly the consequence of
“flow differentiation” discussed above (Figs. 9.1b and 9.5a). Note that a total spreading
rate of this part of the EPR is about 160 mm yr~'. As the Easter microplate rotates clock-
wise (Naar and Hey 1991), the East rift at the southeast corner (where the ESC meets)
has a total spreading rate close to 160 mm yr!, thus having the greatest suction force
for driving the asthenospheric flow of the Easter plume material. As the lithosphere is
thinning towards the rift, this ridgeward asthenospheric flow also has a component of
decompression (Fig. 9.8b). The latter inevitably leads to the partial melting of the flowing
plume material beneath the lithosphere. The enriched dykes/veins of the plume source
have lower solidus temperature, and will thus preferentially melt first, producing highly
enriched lavas on the islands of Sala y Gémez. Decompression melting of the flowing plume
material that is progressively depleted in the enriched and easily melted dykes/veins
will produce melts that are progressively depleted in enriched components towards the
East Rift as seen in erupted lavas (Fig. 9.8a). The physical mechanism is the same as
described for lava geochemical signals along the Reykjanes Ridge - “flow differentia-
tion” within the plume material that is flowing and melting. The ridgeward increase in
MgO, which is proportional to eruption temperatures, results from composition-depen-
dent melt evolution (Niu et al. 2002). Enriched melts are enriched in alkalis and volatiles
that lower both the liquidus and solidus temperatures of silicate melts. Consequently,
enriched melts cool to a lower liquidus temperature and crystallize to a greater extent
(thus lower MgO) than depleted melts before solidification.

Our “flow-differentiation” model differs from the interpretations of a binary mixing
between a distinctive (singular) plume source and the distinctive MORB source (Schil-
ling 1991; Schilling et al. 1983, 1994, 1999; Kingsley et al. 1998, 2002). We emphasize that
such ridgeward geochemical depletion in erupted lavas is an inevitable consequence
of interaction between off-ridge mantle plumes and fast-spreading ridges. The same is
also well expressed along the Foundation hotline volcanics (Hekinian et al. 1997, 1999)
(see below). Note that the ridgeward flow of plume materials and the excess heat pro-
vided do not allow the normal development of the lithosphere by conductive cooling,
thus leading to the thin lithosphere. This process is not the same as “thermal” erosion
(Schilling 1991; Kincaid et al. 1995), which requires the pre-existence of a “perfect”litho-
sphere (as indicated by the dashed line) followed by erosion or channelization.
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9.3.24
Geochemical Expression of Plume-Ridge Interactions Along the Foundation Hotline

The Foundation Seamount chain is a fairly recent discovery (e.g., Mammerickx 1992; Devey
et al. 1996; Hekinian et al. 1997, 1999) that extends northwestward for >1700 km from the
inferred present-day location of the Foundation hotspotat ~36° §,114° W (Devey et al. 1996;
Hekinian et al. 1997,1999; O’Connor et al. 1998, 2001; Maia et al. 2000, 2001). The nature
of the hotspot track is verified by the along-chain lava age progression (O’Connor et al.
1998, 2001) that is consistent with the notion that the Pacific Plate has spread northwest-
ward at a speed of ~91+2 mmyr™! for the last 21 Ma (O’Connor et al. 1998; see Sect. 11.5).
The Foundation hotspot is inferred to be located in between ~35°45' S,114° W and 37°35' S,
114°20' S with a radius of ~200 km (Maia et al. 2001), and is about 400 km from the Pa-
cific-Antarctic Ridge axis at ~37°45' S, 111°7.5' W (Hekinian et al. 1999; Maia et al. 2001).
The volcanically active seamounts between the PAR axis and the hotspot volcanoes form
elongated volcanic ridges (Hekinian et al. 1997, 1999; O’Connor et al. 2001). These vol-
canically active ridges reveal a vivid expression of plume-ridge interaction between the
Foundation hotspot and the Pacific-Antarctic Ridge. The systematic variation in the com-
position of these volcanics as a function of distance to the ridge axis shown in Fig. 9.9a
is identical to that along the ESC (Fig. 9.8a) and is readily explained by the same pro-
cess — ridge suction of the Foundation plume material that melts by decompression,
and produces progressively more depleted lavas as a result of progressive depletion of
easily melted dykes/veins in the ridgeward flowing plume material (Fig. 9.9b).

9.4
Summary and Conclusion

The main points of this contribution are listed below:

1. Plate tectonics and mantle plumes are genetically unrelated, but when the ascend-
ing mantle plumes approach lithospheric plates, interactions between the two oc-
cur. Such interactions are most prominent at or near ocean ridges, where the litho-
sphere is thin and the effect of mantle plumes is best revealed.

2. In order to fully understand plume-ridge interactions and their geophysical and
geochemical expressions, some basic concepts must be understood and some vari-
ables must be considered. These include (a) the nature and composition of plume
materials; (b) the actual role of ocean ridges; (c) the effect of plate spreading rate;
and (d) plume-ridge distance.

3. Mantle plume materials are necessarily heterogeneous, and are likely to have two
components: metasomatized, easily melted dykes/veins enriched in volatiles, alka-
lis and other incompatible elements dispersed in the more refractory, predomi-
nantly peridotitic matrix. Partial melting of such a two-component mantle pro-
duces geochemically enriched melts in its early stages, but progressive melting will
produce progressively depleted melts because of progressive depletion of the en-
riched dykes/veins in the source regions. This is best manifested by systematic varia-
tions in lava composition (a) along the Reykjanes Ridge away from the Iceland,
(b) along the Easter Seamount chain towards the East Rift, and (c) along the Foun-
dation hotline volcanic ridges towards the Pacific-Antarctic Ridge.
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4. While ocean ridges are mostly passive features in the context of plate tectonics, they
play an active role in terms of plume-ridge interaction. This active role is mani-
fested by the fact that the low velocity zone beneath ocean ridges represents regions
of low pressure that allow asthenospheric flow (i.e., ridge suction). The ridge suc-
tion results from a need for material to form the oceanic crust and oceanic lithos-
pheric mantle in the broad zone of upwelling beneath ocean ridges. The ridge suc-
tion or mass flux towards ocean ridges is linearly proportional to spreading rate.

5. Because the LVZ has the lowest viscosity that increases exponentially with depth,
the mass flow towards ocean ridges is largely horizontal beneath the lithosphere. It
follows that the spreading lithospheric plates must necessarily be decoupled from
the sublithospheric flow. The degree of the decoupling increases with increasing
plate spreading rate, because of the spreading-rate dependent material demand/
flow towards the ridge.

6. The commonly interpreted geochemical “mixing” between compositionally dis-
tinct enriched plume material and depleted “MORB” source in the context of plume-
ridge interaction is misleading. The apparent mixing relationship in geochemical
diagrams is NOT a physical mixing either in the solid state or in the melt form, but
the consequences of melting a two-component mantle. In other words, the so-called
geochemical mixing is physically a differentiation of the two components from a
composite lithology through partial melting.

7. The commonly perceived plume dispersion model, i.e., invasion of distinctively
enriched plume materials into the depleted MORB mantle, has physical difficulties
in making space available for the invasion. However, the “flow differentiation” model
we present here in a sub-ridge or near-ridge environment is physically straightfor-
ward. Ridge suction requires that plume material flow towards the ridge. This
ridgeward flow has a decompression component that induces partial melting of
the flowing plume material, which in turn will generate volcanic activities between
hotspots and the nearby ridges (e.g., the Easter Seamount chain and Foundation
hotline volcanic ridges). The ridgeward flowing and melting plume material is pro-
gressively depleted in the enriched dykes/veins, resulting in the subsequent melts
being progressively more depleted towards the ridge.

8. Because ridge suction increases with increasing spreading rate, ridge-centered
mantle plumes, such as in Iceland, will have a greater thermal and compositional
effect on the faster-spreading (>20 mmyr™) Reykjanes Ridge than the slower-
spreading (<20 mm yr~!) South Kolbeinsey Ridge to the north. The similar mean
abundance of incompatible elements and identical mean Sr-Nd-Pb isotopic ratios
between EPR MORB and MAR MORB suggest statistically similar plume material
contributions to MORB melts in these two ocean-ridge systems. In contrast to the
MAR, the rarity of near-ridge plumes along the EPR are due to its fast-spreading,

Fig. 9.9. a Geochemical systematics along the Foundation hotline volcanic ridges as a result of interac-
tions between the Foundation plume and the Pacific-Antarctic Ridge near 37°S, 111° W. The stippled
columns mark the approximate location of Foundation hotspot seamounts. The data are from Hekinian
et al. (1997, 1999) and Devey et al. (1997) with evolved samples (andesites, dacites and rhyolites having
$i0,> 52 wt.%) excluded. The data systematics and interpretations are the same as for the Easter hotline
in Fig. 9.8a. Note that, in contrast to the systematics-defined by major and trace element data shown here,
Pb isotopic data by Maia et al. (2001) show no systematics at all, which also contrasts with Pb isotopic
systematics along the Easter hotline (Fig. 9.8a). b Cartoon showing essentially the same as in Fig. 9.8b
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which results in extensive ridge suction forces or ridgeward mass flow and does
not allow the development of surface expressions of small mantle plumes but in-
corporates them into the broad zone of mantle upwelling and fast oceanic crust
accretion at the EPR.
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