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Mantle plumes and passive upwelling beneath ridges represent the two dominant 
modes of mantle transport and thermalkhemical fluxing between the Earth’s deep interior 
and the surface of the Earth. While it is evident that plumes and ridges independently 
contribute to the crustal accretion process, it is becoming increasingly clear that the two 
modes of mantle flow interact and that the dispersion of plumes within the upper mantle 
is strongly modulated by mid-ocean ridges. The simplest mode of interaction, when the 
plume is centered on the ridge, has been well documented geomorphologically, 
geochemically and geophysically and been modeled using both laboratory and 
computational methods. 

A difficult remaining question is how plumes and ridges interact thermally, 
chemically and dynamically when the plume is located off-axis, due either to its initial 
location or  because the ridge has migrated away from such a ridge-centered 
configuration. On the basis of tracks of constructional volcanism on  the seafloor, 
Morgan suggested that in this case a pipeline-like flow from the off-axis plume to the 
ridge axis at the base of the rigid lithosphere may develop. Additional geochemical 
studies indicate that mid-ocean ridges migrating away from hot mantle plumes can be 
affected by plume discharge over long periods of time and ridge migration distances 
reaching as much as 1200 km. The salient feature of this conceptual flow model is that 
off-axis plumes communicate with the ridge through a channel resulting from the 
refraction and dispersion of an axi-symmetric plume conduit along the base of the sloping 
lithosphere. 

To test the dynamics of this model, we have conducted a series of numerical and 
laboratory dynamical experiments on the problem of a fixed ridge and an off-axis 
buoyant upwelling. Experiments include both local buoyancy driven plume flow and 



large-scale plate driven upper mantle flow. The goals are to test the feasibility, in a 
physical sense, of the plume channel model and, specifically, to determine what physical 
aspects of the system are most important in modulating the initial development and 
longer term evolution of plume channels. 

Results of both 3-D laboratory and 2-D numerical experiments support the 
dynamic feasibility of the plume channel model and highlight the time variable nature of 
plume-ridge communication. Laboratory Experiments: In the lab, mylar sheeting is 
dragged across the surface of a concentrated sucrose working fluid, to generate a 
divergent, plate-driven flow. A disk-shaped resistance heater is used to generate a 
buoyant plume. The fluid surface is also cooled from above. Results of the fully 3-D, 
variable viscosity laboratory experiments indicate that the preservation of an upper 
rheological boundary layer (RBL) that thins toward the ridge axis is the primary 
requirement for communication between an off-axis mantle plume and a nearby 
spreading center. The greater the RBL slope, the more effectively it diverts the buoyant 
low-viscosity plume material to the ridge. Extremely hot plumes however, may erode the 
RBL thus precluding the plume from feeding the ridge. Our laboratory results show that 
the plume signal at the ridge is narrow, suggesting that communication is through a 
confined conduit such as conceived through previous observations. Ongoing laboratory 
experiments are investigating the effects of larger RBL slopes and wider ranges in plume 
buoyancies and plate velocities on plume-ridge dynamics. It is important to note that in 
cases where ridges have migrated away from ridge-centered plumes, the dynamics of 
interaction may be effected by the track of thin lithosphere which is left behind. To 
address this issue, the laboratory apparatus is also being employed in a study of stationary 
plumes interacting with migrating ridges and plumes beneath ridge-transform offsets. 

Numerical Experiments: While the 2-D numerical experiments lack the realistic 
geometry of the lab experiments, they are extremely useful for quantifying the role of a 
larger number of physical parameters on plume-to-ridge flux. Simple 2-D numerical 
fluid models which incorporate both free and forced convective aspects of the upper 
mantle system also support the feasibility of the mantle source-spreading ridge sink 
model previously developed on the basis of observables such as sea floor morphology 
and gravity, isotope geochemistry and tomographic imaging. In a gross sense, flow 
patterns observed in the numerical experiments are remarkably similar to those initially 
envisioned in Schilling's flow model and anomalous seismic velocity patterns obtained 
from surface wave tomography. For choices of realistic, and somewhat modest, values 
for plate spreading and plume buoyancy we  find that a range in plume-ridge 
communication scenarios are possible and that upper mantle rheology structure strongly 



modulates initial channel development and the longer term connection between the off- 
axis plume conduit and the ridge axis. Plume channel evolution and transport is also 
characterized by two distinct stages. One is an initial pulse of material associated with 
the plume head and the second is the long term flow associated with the plume conduit. 
The initial transient occurs regardless of the upper mantle rheology structure. Even in 
constant viscosity cases a very small amount of material from the radially spreading 
plume head is briefly sampled at the ridge, although no plume conduit material reaches 
the ridge axis in these cases. An important result is that the presence of the sloping RBL 
is a necessary condition for conduit material to establish a channel-like connection with 
the spreading ridge axis. A sloping thermal boundary layer alone is not sufficient for 
channel development. Moreover, if we assume an upper mantle activation energy of 
roughly 500 kJ/mole, these experiments predict the existence of robust plume-to-ridge 
flow between off-axis plume conduits situated within 400-500 km of slow-intermediate 
spreading ridges. 

Results of these experiments also clearly indicate the tracer signal reflecting 
plume-to-ridge transport and mixing is characterized by a strong time variability. In 
cases with the sloping RBL, sampling of plume material at the ridge axis associated with 
longer term, channeled flow from the conduit is expected to show either a gradual decay 
for weaker plume flow, due either to a more gradually sloping RBL or lower plume 
buoyancy (Le. potential temperature), or a sinusoidal variation in time about some fixed 
mean plume signal for cases with more vigorous plume flow through the refracted 
conduit due either to steeper RBL slopes, reduced plume viscosity and/or increased 
plume buoyancy; 

Plume-ridge communication regimes (N-no,T-transient,S-stready) are defined 
based on plate spreading versus plume buoyancy, which includes plume density and 
viscosity and RBL slope. Increased plume-ridge separation distances tend to limit plume- 
to-ridge flow. For moderate plume-ridge separation distances long term communication 
seems possible over a large range in plate velocities and reasonable ranges in plume flux 
parameters. Based on these results it is interesting to speculate that systems such as Circe 
Hotspot - Mid Atlantic Ridge have been, and are currently, interacting via a robust, sub- 
horizontal plume channel. As separation distance increases to >600km, only slow 
spreading ridges are predicted to be able to experience plume-to-ridge communication 
unless plume viscosities are 2-3 orders of magnitude less viscous than surrounding 
mantle. Indeed, for intermediate to fast half rates, only short transient pulse are recorded 
for plumes which have intrinsic viscosities which are a factor of 100 lower than ambient 
mantle. Experiments with thermal plumes show that more enhanced erosion of the plate 



due to diffusion hinders long term plume-ridge communication so the difficulty in 
maintaining connections over large separations is enhanced. This might be partially 
alleviated if the plume is initially ridge centered and the ridge subsequently migrates 
away from the plume, as in Schilling's original model, because the plume should be able 
to establish a thermal groove in the plate. 

Continued 2-D numerical and 3-D numerical experiments and ongoing 3-D 
variable viscosity laboratory experiments are exploring more fully the role of plate 
velocity versus plume buoyancy on plume-ridge interaction and the effects of migrating 
ridges, segmented ridges and three-dimensional flow on the evolution of plume-ridge 
channels. 

Results from the numerical experiments have been presented at AGU meetings 
and the recent PLUME 2 meeting held in Germany and a manuscript by Kincaid, 
Schilling and Gable has been accepted for publication in Earth and Planetary Science 
Letters. Results of the laboratory experiments have also been presented at AGU 
meetings and PLUME 2, and a manuscript documenting these results has recently been 
published in Nature. A detailed list of publications is as follows: 
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