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Insights into the dynamics of mantle
plumes from uranium-series geochemistry

Bernard Bourdon't, Neil M. Ribe?, Andreas Stracke’t, Alberto E. Saal* & Simon P. Turner®

The long-standing paradigm that hotspot volcanoes such as Hawaii or Iceland represent the surface expression of mantle
plumes—hot, buoyant upwelling regions beneath the Earth’s lithosphere—has recently been the focus of controversy.
Whether mantle plumes exist or not is pivotal for our understanding of the thermal, dynamic and compositional evolution of
the Earth's mantle. Here we show that uranium-series disequilibria measured in hotspot lavas indicate that hotspots are
indeed associated with hot and buoyant upwellings and that weaker (low buoyancy flux) hotspots such as Iceland and the
Azores are characterized by lower excess temperatures than stronger hotspots such as Hawaii. This direct link between

buoyancy flux and mantle temperature is evidence for the existence of mantle plumes.

The existence of mantle plumes has recently been questioned on the
basis of geophysical, petrological and geochemical arguments"’.
Following McKenzie®, we use the term ‘plume’ in a strictly fluid-
dynamical sense, that is “a buoyant upwelling or downwelling whose
buoyancy results from the material in the plume being hotter or
colder than the surrounding mantle with no implications whatsoever
about the depth to which the circulation extends, or about whether or
not relative motion between different plumes occurs, or whether the
thermal buoyancy is associated with compositional or isotopic var-
iations”. According to this definition, evidence for the existence of
mantle plumes should come mainly from fluid-dynamical argu-
ments. The persistent difficulty of demonstrating that hotspots are
the surface expressions of mantle plumes is due to a number of
factors: the poor resolution of geophysical methods, the inability of
geophysical and petrological data to show unambiguously that the
mantle beneath hot spots is anomalously hot, and the absence of direct
geophysical constraints on the velocity of the upwelling mantle.
Recently, however, it has been shown that U-series disequilibria in
young hotspot lavas*® provide a relative measure of mantle upwel-
ling velocity beneath ocean islands. Thus, geochemical data provide
important complementary information that is not available from
geophysical and petrological data alone. Admittedly, constraining
mantle upwelling velocities with U-series data requires that the influ-
ence of inter-hotspot differences in the major-element composition
of the mantle source during melt production can either be corrected
for*™"" or is relatively minor. While the role of source heterogeneity
on U-series has sometimes been clearly identified (for example, the
Sao Miguel island in the Azores region®), Stracke et al.'? argue that the
role of source heterogeneity on trace-element partitioning during
melting beneath ocean islands is subordinate relative to other effects
such as variation in mantle upwelling velocity. However, these
authors'? also show that the large variability in mineral/melt par-
tition coefficients for U-series nuclides precludes any definite con-
clusion on the effect of source heterogeneity® on partitioning
behaviour. Accordingly, in the models presented below we assume
that the effects of source heterogeneity can be neglected relative to the
effects of other key parameters. Our results demonstrate that U-series

data in ocean island lavas provide constraints on mantle upwelling
velocity, mantle temperatures (which control the degree of melting)
and the horizontal length scale of mantle upwelling, thereby estab-
lishing U-series data as a unique link between geochemical and geo-
physical constraints on mantle dynamics.

U-series systematics in ocean island basalts

The database we have assembled includes new U-Th—Pa mass spec-
trometry data from the Azores®'*'*, Pitcairn (B.B. et al., manuscript
in preparation), the Galapagos islands (A.E.S. et al., manuscript in
preparation), and Iceland'"'" in addition to published data from
Hawaii®", the Canary islands'®, the Afar region'” and Iceland’.
Other data are from a compilation by Chabaux and Allegre'®. All
the samples we consider are lavas from either historical or dated
eruptions, so that the effect of radioactive decay since eruption can
be either neglected or corrected for. The measurements upon which
our analysis is based are the ‘activity’ ratios (**°Th/***U) and
(3'Pa/**U), where the ‘activity’ of each nuclide (3°Th, >*¥U, *'Pa,
or **°U) is the product AN of its radioactive decay constant A and
its population (number of atoms) N in the sample. As a consequence
of the exponential law for radioactive decay, the activity ratio for any
two nuclides in a given series is equal to unity if the system isin ‘secular
equilibrium’ (that is, there is a constant population of each nuclide), as
is the case in the mantle source before melting. Activity ratios
(P°Th/?*8U) and (**'Pa/***U) in basalts that differ from unity there-
fore provide a direct measure of melting-induced fractionation
between U-Th and U-Pa, respectively.

On a global scale, there are some remarkable correlations between
the U-series data in hotspot lavas and two important geophysical
parameters: the buoyancy flux B of the hotspot (essentially the prod-
uct of the speed, the cross-sectional area, and the density anomaly
of the upwelling) and the distance r from the sample to the centre of
the hotspot. First, there is a negative correlation between excess
*Th in the lavas and B (Fig. la), first noted by Chabaux and
Allegre'®, who proposed that it reflects variations in the degree of
melting (see discussion below). Our new data reveal that there is a
similar inverse correlation between *’'Pa excess and B (Fig. 1b).
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Second, parent—daughter activity ratios (for example, **'Pa/**°U,
#°Th/***U) show a positive trend with r for several hotspots, includ-
ing Hawaii®, Iceland” and 231pa/33>U in the Azores® (Fig. 2) and the
Galapagos (A.E.S. et al., manuscript in preparation). In these dia-
grams, the centre of the hotspot is estimated from geophysical data
for Iceland" and Hawaii* and from He isotope data®' for the Azores
(Fig. 2a). (By contrast, there is no clear trend for the Canaries, where
plume-lithosphere interaction may affect the U-series systematics'®).
The correlations shown in Figs 1 and 2 are intriguing because they
directly relate the geochemical characteristics of erupted lavas to
geophysical parameters of the underlying mantle (for example, man-
tle temperature, upwelling velocity, and possibly the degree of melt-
ing'®). We now propose a model to quantify the influence of these
parameters on the U-series systematics of erupted lavas.

Inferences of temperature and upwelling velocity beneath hotspots
To model theoretically the relationship between U-series disequili-
bria and buoyancy flux (Fig. 1), we make two reasonable simplifying
assumptions. First, we suppose that the melt productivity (percent-
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Figure 1| U-series activity ratios versus buoyancy fluxes for recent
hotspot lavas. (>*°Th/?*3U) (a) and (**'Pa/**°U) (b) activity ratios versus
buoyancy fluxes for recent hotspot lavas. The mean for each hotspot is
shown by a black circle and the range by a vertical line. Both diagrams show a
negative trend, despite relatively large uncertainties in the estimation of
buoyancy fluxes. This trend can be explained by variation in upwelling
velocities. Other possibilities are discussed in detail in the text. Buoyancy
fluxes are taken from ref. 38 when available, except for Hawaii where the
estimates of both ref. 38 and ref. 28 are given. Curves in a and b are labelled
with viscosity at the axis of the plume. The model curves were calculated with
a dynamic melting model with constant melt productivity, constant viscosity
and excess temperature (see Supplementary information for description of
the model).
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age melt per kbar) is constant, which implies that the mantle upwel-
ling velocity is linearly related to the melting rate (in kg of melt per
cubic metre per year). Second, we assume that there exists a simple
quantitative relationship between B and the mantle upwelling velo-
city W (for example, B oc W?; ref. 4). In this case, melting models>'®**
that include the melting rate and assume that melt is extracted from
the matrix once a critical porosity is reached predict that activity
ratios (such as (**'Pa/*>°U) or (¥*°Th/?**U)) in the melt should be
inversely related to the upwelling velocity (Fig. 3) . On this basis, we
used the dynamic melting equation given in ref. 22 to calculate the
activity ratios (P'Pa/*>U) or (¥*°Th/**®U) in the melt as a function
of buoyancy flux, assuming that the melting rate, excess temperature,
viscosity and total extent of melting are all constant. This model
predicts that (¥'Pa/***U) in the melt decreases as B increases, reach-
ing a value of unity for very large B. This first-order approach
supports the idea that variations in the magnitude of U-series dis-
equilibrium are mainly controlled by variations in mantle upwelling
rates. This differs from the conclusion of ref. 18 that the controlling
factor is the degree of melting F.,... However, variations in F,,,,
while they may cause some dispersion in the observed relationships,
cannot explain the overall trend shown on Fig. 1, because the Hawaii,
Iceland and Afar samples include both high-degree and low-degree
melts (tholeiites and alkali basalts, respectively) while the Canaries,
Azores, Samoa and Pitcairn samples are exclusively low-degree melts
(alkali basalts).

Although the simple melting model used above lends plausibility
to the hypothesis that U-series systematics are controlled by the
upwelling velocity, it neglects important thermal aspects of the prob-
lem such as differences of mantle temperature beneath different hot-
spots, the temperature-dependence of mantle viscosity, and the fact
that weaker plumes (those with lower B) cool more than stronger
plumes as they ascend®. Accordingly, we now test the robustness of
our preliminary conclusion using a more sophisticated plume
model* that properly incorporates thermal effects. According to this
model, the excess temperature ATy, at the top of a plume (that is,
just beneath the lithosphere) can be calculated as a function of the
excess temperature 4 Tyoom at the plume’s depth of origin by:

4mtko
z
pC,B

where Bis the buoyancy flux, f§ is a parameter describing the depend-
ence of viscosity on temperature, and the remaining parameters are
defined in Supplementary Table 1. Although equation (1) neglects
the dependence of thermal conductivity (k) and thermal expansivity
(o) on pressure, its predictions are similar to those of more realistic
models®, and it can therefore be used to calculate the relationships
among B, 4T, and 4 Tottom (Supplementary Fig. 1). For a given
buoyancy flux B, 4T, depends strongly on A Tyom, except for low
buoyancy fluxes where 4T}, is relatively low and less dependent on
the initial 4 Tyopom- According to ref. 25, mantle plumes may be of
different types with different values of 4T} 0m> depending on the
depth where the plume originates and on the volume of the hot
boundary layer that it samples. In applying equation (1), therefore,
we treated ATyoom and B as variable input parameters and then
calculated the U-series signature in the erupted melt using a dynamic
melting model (see Supplementary information). The model
accounts for the fact that upwelling material that is hotter begins
to melt at a greater depth, and also (by extension) for the fact that
the degree of melting is larger for greater initial depths of melting.
The results of the calculations (Fig. 4) show that the observations
are well explained by moderate (50-200 °C) values of the top excess
temperature 4 T,p. According to Supplementary Fig. 1, these values
of ATy, correspond to values of A Ty,om that are much smaller than
the temperature jump across the boundary layer at the core—mantle
boundary, which may be as much as 1,300 °C (ref. 26). This would
indicate that only the upper part of the thermal boundary layer is

4 Ttop =4 Thottom exp |:_ (1)
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Figure 2 | U-series activity ratios as a function of distance from the centre
of hotspots. a, (**'Pa/***U) activity ratios plotted as a function of the
distance from the centre of the Azores hotspot (data from ref. 6).

b, (P*°Th/*®U) activity ratios plotted as a function of the distance from the
centre of the Iceland hotspot (data fromref. 7). c, (P°Th/>**0) activity ratios
plotted as a function of the distance from the centre of the Hawaii hotspot
(data as in ref. 5). The curves are calculated using a dynamic melting model
and an analytical model for an axisymmetric plume?. The bottom panels
show the profiles of excess temperature (black symbols) and upwelling
velocity (white symbols) predicted by the model, normalized to their

being sampled by those plumes that originate from the core-mantle
boundary®.

The calculations also show that the dependence of (**'Pa/*>°U)
and (P°Th/*®U) on AT}ouom is weak and has little influence on the
model curves on Fig. 4. These curves further show that the observa-
tions can be explained by initial excess temperatures 4 Tp,oiom in the
range 100-300 °C, which is consistent with geophysical inferences®
and geochemistry””. Because plumes with low buoyancy fluxes
cool more during upwelling, 4Ty, is an increasing function of B
(50-70 °C for the Azores, more than 100 °C for Iceland, 200 °C for
Hawaii; see below and also Supplementary Fig. 1). The estimate for
Iceland is in good agreement with one obtained by comparing the
observed topography along the Reykjanes ridge with that predicted
by a three-dimensional convection model®. The larger estimate
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Figure 3 | Relationship between U-series activity ratios in erupted melts
and mantle upwelling velocity. Open circles represent (***Th/***U) and
solid circles represent (**'Pa/**>U). Model curves were calculated using the
dynamic melting model of ref. 18 assuming constant melt productivity (that
is, a linear dependence of the degree of melting on the upwelling velocity).
(**'Pa/**>U) activity ratios are more sensitive to mantle upwelling velocity
than (***Th/**®U) activity ratios. The model assumes partition coefficients
DV=34X103D™M=12%x103D"=7X10"7,a porosity

¢ =3 X107, and a maximum degree of melting F,,, = 0.05.
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maximum values at the plume axis. The excess temperature at the top of the
plume relative to the ambient mantle (numbers on curves) was adjusted to
give the best fit to the observations. The best fit to the Hawaii data was
estimated to be 200 °C based on the combined **°Th and **'Pa data set (not
shown). The degree of melting used in the model is a function of the initial
melting temperature. The melts are assumed to move vertically with no
lateral mixing. The radius of the plume (r,5) is defined by the distance from
the centre of the plume where W = 0.25W,, where Wj is the axial upwelling
velocity.

(4Top =180 °C) determined by ref. 31 using a different three-
dimensional convection model relies on the amount of water
present in the Icelandic mantle source, a parameter that is not well
constrained.

Several studies have shown that the melting process can be strongly
influenced by the presence of water in the mantle source of hot spot
lavas’?"*. To take this added complexity into account, we have
included the effect of water in the model (see Supplementary
Information) by decreasing the initial melting rate and increasing
the initial temperature of melting. Although these effects shift the
model curves slightly (by at most 10-15%), the overall shape of the
curves and the ranges in (**°Th/***U) and (**'Pa/***U) are not much
affected.

The presence of water can also affect the mechanical properties of
the source region where melting occurs. In particular, melting results
in rapid dehydration of the source material, which can increase its
viscosity by a factor of seven and thereby reduce its upwelling velo-
city””'. Yet, as shown by Asimow et al.”, the concurrent increase in
melt productivity (by a factor of 30) largely compensates for the
changes due to viscosity. Taken together, the above points confirm
that the observed trends of U-series activity ratios as a function of
buoyancy flux (Fig. 2a and b) are mainly due to variations in upwel-
ling velocity.

An important consequence of our modelling is that the mantle
upwelling velocities can be estimated and compared with the surface
plate speeds, which in turn should be comparable to upper mantle
convection velocities. For plumes with low buoyancy flux (0.5
2Mgs™') the calculated upwelling velocities range from 2 to
6cmyr ', which is similar to spreading rates at mid-ocean ridges.

The width of mantle plumes

Because the analytical model of Olson et al.** predicts radial profiles
of the vertical velocity and the excess temperature across an upwelling
plume, it can be used in conjunction with the trends shown on Fig. 2
to estimate the radii of the Iceland, Azores and Hawaii plumes at the
depth where melting occurs. The calculation comprises two steps.
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First, we have used the analytical solution for axisymmetric mantle
plumes derived by Olson et al.** to infer the temperature and vertical
velocity field using the buoyancy flux and excess temperature as input
parameters (see Supplementary information). Second, these para-
meters were used to calculate 2*Th- and **'Pa-excess in the melt
using a dynamic melting model'’. The excess temperature AT,
was then adjusted to match the observed increase of **°Th- and
#1pa-excess as a function of distance to the centre of the hotspot
(Fig. 2).

For the sake of comparison, we define the radius of the plume as
the radius (= r,5) for which the upwelling velocity is 25% of its value
on the plume axis. On the basis of Fig. 2, r,5 =220 * 40km,
280 * 40 km and 290 = 50 km for Hawaii, Iceland and the Azores,
respectively (see Fig. 2 legend). The radius determined for Iceland
compares well with the estimate of ref. 30, based on a three-dimen-
sional convection model. Because these radii are values at the depth
of melting (60—-100 km), they cannot be compared directly with the
width of a plume conduit, because a plume impinging on the base of

161 1

(230Thy238U))

(231Pa/235())

Buoyancy flux, B (Mg s7)

Figure 4 | Models of U-series activity ratios versus buoyancy flux for
recent hotspot lavas. a, (**°Th/?*3U). b, (**'Pa/>*>U). U-series data sources
are given in the section ‘Inferences of temperature and upwelling velocity
beneath hotspots’. The plotted data represent an average of published data
(data source as in Fig. 2). The vertical bars represent the dispersion of the
data, that is, a 1o standard deviation calculated based on all existing data. See
caption of Fig. 1 for source of buoyancy fluxes. The model curves are labelled
with the excess temperature in the boundary layer generating the plume
(100, 300 and 500 °C). The melting rate /" in percentage of melt per kbar is
assumed to depend on pressure® as I'= e F*~ "), where f is an
adjustable parameter (see also ref. 6) and P is the pressure in kbar. We
assume that /"= 3 and 0.15% kbar ' at P = 7 and 30 kbar, respectively,
similar to the values in ref. 6. Partition coefficients for U, Th and Pa are as in
ref. 6.
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the lithosphere broadens as it decelerates. Nevertheless, our estimates
are not inconsistent with estimates from seismology’**® based on
inversion of body waves (at a depth of 300 km). Because the viscosity
of mantle materials depends strongly on temperature, the radius of
the thermal halo is significantly greater than r,5 (the radius of the
region of fast upwelling). If the mantle surrounding the plume con-
duit melts owing to conductive heating (for example, along a mid-
ocean ridge in the case of near-ridge hotspots) and the melts rise
vertically, our model predicts that the radius of the compositional
and bathymetry anomalies observed around hotspots should be
broader than the upwelling velocity profile depicted in Fig. 2.

In the case of the Azores, there is fairly clear evidence that the
geochemical anomaly is broader than the inferred zone of extensive
upwelling (see Fig. 5 and ref. 36), despite the paucity of U-series data
for distances greater than about 300 km away from the plume centre.
For Iceland, there is a limited data set for the Reykjanes ridge®*,
which also suggests that the radiogenic isotope anomalies (Sr, Nd,
Pb) extend beyond approximately 500 km, whereas the U-series sig-
nal probably tapers off at about 300-400 km away from the plume
centre”’*. While a more detailed examination of this issue awaits
more comprehensive data sets, the available data are at least consist-
ent with the model prediction.

The correlations between U-series disequilibria in ocean island
lavas and buoyancy fluxes can be explained by coupled variations
in mantle temperature and upwelling velocities. Our modelling pro-
vides evidence that hotspots are associated with increased buoyancy
and temperature of the upwelling mantle: that is, they correspond to
mantle plumes as defined above. The mantle upwelling velocities
associated with low-buoyancy-flux hotspots are comparable to sur-
face plate speeds, which implies that plumes are likely to be affected
by upper mantle convection. It is thus possible that the position of
low-buoyancy-flux plumes is not fixed.

In addition, our modelling provides constraints on the lateral
extent of mantle upwelling for the Azores (220 = 40 km), Hawaii
(280 = 40km) and Iceland (290 == 50km). These are greater than
some earlier estimates but comparable to estimates from seismology.
The predicted temperature excesses at the top of the upwelling
mantle column are 200 °C (Hawaii), 70-80 °C (Iceland) and 50 °C
(Azores), respectively. At least in the case of the Azores and Iceland,
the thermal halo surrounding the mantle plumes is wider than the
region of intense upwelling. Unfortunately, our model calculations
are not highly sensitive to the excess temperature in the boundary
layer from which the upwelling mantle originates, making it difficult
to determine the depth of this layer in the mantle.

206pp/204Pp

1 1 1 1 1
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Distance to centre of hotspot (km)
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Figure 5 | 2°°Pb/2%%Pb as a function of the distance from the centre of the
Azores hotspot. Although there is considerable spread in this data set, there
is a marked decrease of **°Pb/***Pb for distances up to 600 km, beyond
which the variation is limited. For data sources, see text.
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