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1. Introduction

ABSTRACT

In historical basalts from a wide range of tectonic settings, !°Pb is often found to have an activity deficit
relative to its predecessor 22°Ra. Several processes have been hypothesized as causes of 21°Pb deficits in
basalts. In subduction zone and ocean island environments, 2'°Pb deficits have often been attributed to
shallow magmatic degassing. At mid-ocean ridges, !°Pb deficits have been inferred to result from mantle
melting, limiting the time between melt production and eruption to 100 years or less. Here we present an
alternative mechanism for producing 2'°Pb deficits in magmas, by diffusive exchange between a melt and
cumulate minerals (plagioclase and/or clinopyroxene) in the crust. The deficit in >!°Pb develops in response
to its decay toward secular equilibrium with ?2°Ra within the mineral grains; decay provides an internal sink
for 219Pb that drives continuous diffusive exchange with the melt. Deficits in 2'°Pb develop under a broad
range of conditions, in enriched and depleted melts and during interaction with young or old cumulate
minerals. The magnitude of the deficit depends mainly on the equilibrium mineral/melt partition coefficients
for Pb and Ra and on the melt/rock ratio during diffusive interaction, and is only weakly dependent on the
relative diffusivities of Ra and Pb in the minerals or the trace element disequilibrium between the melt and
cumulate minerals. Plagioclase in the crust has greater leverage on the 2!°Pb-?2°Ra system than any silicate
mineral present during mantle melting, and is capable of inducing significant 2!°Pb deficits in the melt even
at melt fractions above 50%. Its influence on the melt is also rapid, with a substantial 2!°Pb deficit developing
in less than a year and approaching a steady state value after several decades or less. The strong control
crustal cumulates are capable of exerting on 2'°Pb-22°Ra fractionation in melts indicates that they may have a
significant role in a wide range of tectonic environments, and suggests caution in interpreting 2'°Pb deficits
as a signature of mantle melting, or as a product of ?22Rn degassing.

© 2009 Elsevier B.V. All rights reserved.

2000; Bourdon and Sims, 2003; Lundstrom, 2003). Radioactive
disequilibria involving 2'°Pb, with a half-life of only 22 years, have

The 228U decay series includes a number of intermediate nuclides that
have proven useful in constraining the processes and timing of melt
generation, differentiation and transport in Earth's mantle and crust. In a
region of mantle or crust that has remained closed for ~10° years the
decay series reaches a steady state, known as secular equilibrium, in
which the activities of all intermediate daughter nuclides are equal to that
of the parent. During partial melting, or any other process that leads to
chemical fractionation among the members of the decay chain, the steady
state is disrupted and the activities of all members of the chain are no
longer equal. Following such an event, an intermediate daughter returns
to secular equilibrium with its predecessor on a timescale governed by its
decay rate. Secular disequilibria involving the relatively long-lived
intermediate nuclides 2*°Th (t;/,=75,000 yr) and *?°Ra (t;,=
1600 yr) have received the most attention, and have provided many
important constraints on mantle melting parameters (e.g. McKenzie,
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been measured less frequently but have the potential to yield tighter
bounds on rates of magma generation and transport, provided that the
processes creating secular disequilibrium are known.

Disequilibrium (?'°Pb)/(??°Ra) activity ratios have been reported in
recently erupted volcanic rocks associated with subduction zones
(Oversby and Gast, 1968; Rubin et al., 1989; Gill and Williams, 1990;
Condomines et al.,, 1995; Gauthier and Condomines, 1999; Turner et al.,
2004), intraplate oceanic islands and seamounts (Oversby and Gast,
1968; Rubin and Macdougall, 1989; Rubin et al., 2005; Sigmarsson et al.,
2005; Reagan et al., 2008; Sims et al., 2008) and mid-ocean ridges
(Sigmarsson, 1996; Rubin et al., 2005; Bergmanis et al., 2007). In all
tectonic settings, most volcanic samples that exhibit 2'°Pb disequilib-
rium have (?1°Pb)/(#2°Ra) <1, referred to here as a 2!°Pb deficit. Partial
melting of the mantle is capable of creating a 2!°Pb deficit in basalts,
because the solid/melt partition coefficient for Pb is greater than for Ra
(Blundy and Wood, 2003). Shallow magmatic differentiation processes
also are able to produce 2'°Pb deficits. Crystallization of plagioclase or
Fe—Ni sulfide, both of which preferentially incorporate Pb, and degassing
of 222Rn, a short-lived (t;,,=3.8 days) precursor to 2!°Pb in the 23U
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decay chain, may produce a 2'°Pb deficit in the melt. Long-term
degassing has been suggested as the cause of 2°Pb deficits in ocean
island lavas (Rubin and Macdougall, 1989) and in subduction zone lavas
(Gauthier and Condomines, 1999; Turner et al., 2004). At mid-ocean
ridges, however, 2'°Pb deficits are not readily attributed to shallow
magmatic differentiation processes. In the Vestmannaeyjar volcanic
system in Iceland the largest 21°Pb deficits are found in the least
differentiated lavas (Sigmarsson, 1996). Similarly, in mid-ocean ridge
basalts from the Juan de Fuca ridge and East Pacific Rise, 2!°Pb deficits are
greatest in the least differentiated samples, and the deficits are anti-
correlated with geochemical indices of plagioclase and sulfide fractiona-
tion (Rubin et al, 2005). 2'°Pb deficits in these samples are also
correlated with 2?°Ra excesses, which are often interpreted to be
generated during mantle melting. These correlations led Rubin et al.
(2005) to conclude that 2!°Pb deficits in these samples were likely
produced by partial melting in the mantle. If so, this would place an
upper limit of ~100 years on the time between melt production, at tens
of kilometers depth, and eruption at the surface.

Such rapid melt transport is not easy to reconcile with physical
considerations. Because members of the 223U decay series are highly
incompatible in the minerals present during mantle melting, and thus
quickly lost to the melt when melting takes place in local equilibrium,
they are likely to be fractionated significantly only when the melt
fraction is small, and when melt is distributed in grain-scale porous
networks. Flow in such fine networks is far too slow to deliver 21°Pb
disequilibria to the surface within the required timeframe of 100 years
or less (Richardson and McKenzie, 1994; Kelemen et al., 1997). Coarser
melt channels are capable of transporting melt at sufficient rates (e.g.
McKenzie, 2000); however, time is required to gather melts from the
grain-scale porous networks in which U-series disequilibria are
produced into the much coarser channel networks required for
rapid transport, and although this time is not well constrained it
appears unlikely to be short enough to allow 2'°Pb deficits to survive.
Hart (1993) hypothesized a fractal root system to transfer melts from
grain-scale networks to high-velocity channels, but even in this highly
efficient hypothetical system it appears difficult to move melts from
the grain scale, where Pb and Ra are fractionated, to high-speed
channels within less than 100 years.

A possible alternative mechanism for creating (*'°Pb)/(??°Ra)
disequilibrium is through the diffusive interaction of melts with
cumulate minerals in the crust. Saal and Van Orman (2004) and Van
Orman et al. (2006) showed that diffusive exchange with plagioclase
and/or clinopyroxene cumulates could significantly fractionate >?°Ra
and 23°Th. During diffusive exchange, either an excess or a deficit in
226Ra can be produced, depending on the incompatible trace element
enrichment of the melt relative to that of a melt in partitioning
equilibrium with the cumulate. A relatively depleted melt absorbs both
226Ra and 23°Th from cumulate minerals, with 22°Ra entering the melt
more rapidly due to its higher (estimated) diffusivity, thus producing
excess ?°Ra in the melt. A relatively enriched melt, on the other hand, in
general loses 22°Ra and 22°Th to the cumulate minerals, and develops a
226Ra deficit, again due to the more rapid diffusivity of Ra. Rubin et al.
(2005) argued that diffusive exchange with cumulates in the crust is
unlikely to lead to 2'°Pb deficits under the same conditions that lead to
226Ra excesses, and is therefore unlikely to explain the negative
correlation between (2'°Pb)/(??°Ra) and (*?°Ra)/(*3°Th) in mid-ocean
ridge basalts from Juan de Fuca and the East Pacific Rise. In plagioclase,
Pb, Ra and Th are all incompatible and the diffusion coefficients are
expected to decrease in the order Dpy,>Dg,>Drp, (Saal and Van Orman,
2004). Therefore, it is argued that interaction of a relatively depleted
melt with plagioclase would produce both 22°Ra and 2'°Pb excesses in
the melt, while interaction of an enriched melt with plagioclase would
lead to deficits in both (Rubin et al., 2005). In clinopyroxene, on the other
hand, Pb and Ra are expected to diffuse at similar rates and hence it is
argued that clinopyroxene would not alter significantly the (>'°Pb)/
(?25Ra) activity ratio in the melt (Rubin et al., 2005).

An implicit premise of these arguments is that the behavior of
219ph during diffusive interaction can be approximated without
considering its simultaneous radioactive production and decay. The
behavior of 2!°Pb during diffusive interaction between melt and
cumulate minerals is significantly different from that of 2°Ra due to
its much faster rate of decay. The rapid decay of 2'°Pb provides a
substantial driving force for diffusive exchange and hence cannot be
treated separately from diffusion. In this paper we show that diffusion
induced by the adjustment of 2!°Pb toward secular equilibrium with
226Ra is a primary control on changes in the (2'°Pb)/(??°Ra) activity
ratio when melts interact with minerals. Regardless of the relative
enrichment of the interacting melt or the precise values of the
diffusion coefficients, we find that the (2!°Pb)/(?2°Ra) activity ratio in
the melt drops significantly during diffusive interaction with
plagioclase and/or clinopyroxene cumulates.

2. Model

The objective of the simple modeling presented here is to
investigate the influence of diffusive interaction with cumulate
minerals on the 2'°Pb-?2°Ra activity ratio of a melt that is passing
through the crust. For this purpose, we use the finite difference model
presented by Van Orman et al. (2006) to calculate the evolution with
time of (?38U), (#3°Th), (**°Ra) and (*!°Pb) in an idealized system
consisting of spherical mineral grains interacting with a finite
reservoir of melt that begins in secular equilibrium. Simulation results
are presented both for very simple systems in which melt interacts
with a single mineral, and more complicated systems that contain
both plagioclase and clinopyroxene. The single-mineral simulations
are even simpler than those modeled by Saal and Van Orman (2004),
in that the melt is assumed to be in trace element partitioning
equilibrium with the minerals; i.e. the long-lived parent nuclide 238U
is distributed homogeneously throughout each mineral, and is in
partitioning equilibrium with the melt. These single-mineral simula-
tions, although far simpler than diffusive interactions that are likely to
take place under natural conditions, provide a useful illustration of the
controls on 21°Pb-?2°Ra fractionation during melt-cumulate interac-
tion. The more complicated two-mineral simulations are similar to
those presented in Van Orman et al. (2006), and involve interactions
with melts that are both more enriched and more depleted than a
melt in partitioning equilibrium with the cumulate minerals. In all
cases, diffusive interaction is assumed to take place at constant
temperature and pressure, with constant diffusion and partition
coefficients (Table 1).

Table 1
Partition and diffusion coefficients used in the simulations.*

Mineral/melt partition Diffusion coefficients

coefficients (m?/s)

Cpx Plag Cpx Plag
u 0.018 0.0006 2.1e-21 3.1e-21
Th 0.021 0.002 3.2e-21 3.1e-21
Ra 4e-05 0.049 1.3e-18 6.9e-19
Pb 0.009 0.66 2.2e-18 2.1e-17

* The partition coefficients for U, Th and Ra are from Saal and Van Orman (2004). The
value used for Ra is similar to the experimental value obtained for partitioning between
anorthite and basaltic melt at 1400 °C (Miller et al., 2007). The partition coefficient for
Pb between plagioclase and melt is based on the experiments and revised
parameterization of Bindeman et al. (1998, 2007), and the value for clinopyroxene/
melt is the average of experimental values determined by Lundstrom et al. (1994) and
Salters et al. (2002). All diffusion coefficients correspond to a temperature of 1200 °C.
Values for U and Th in clinopyroxene are from Van Orman et al. (1998), for diffusion
parallel to the c axis, with fo, at the quartz-fayalite-magnetite buffer. The diffusion
coefficient for Pb in clinopyroxene is the average of values determined by Cherniak
(1998, 2001) for specimens of different composition. The diffusion coefficient for Pb in
plagioclase is from Cherniak (1995), for diffusion in labradorite parallel to the c axis.
Diffusion coefficients for Ra, and for U and Th in plagioclase, are estimated values from
Saal and Van Orman (2004).
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Throughout each simulation, partitioning equilibrium is maintained
at the interface between each mineral grain and the melt, and the liquid
is assumed to rehomogenize continuously. These are reasonable
assumptions, since the typical equilibration time for mineral/melt
interface reactions is less than a second (Zhang et al.,, 1989) and the
diffusional homogenization time for melts residing in grain-scale porous
networks is on the order of minutes (with melt tubules along mineral
triple junctions having effective radii of ~ 10 pum, for 1 mm grain size and
1% porosity; Hart, 1993). The exchange of nuclides between the minerals
and melt is controlled by diffusion through the minerals, in response to a
concentration gradient between the mineral interior and rim that may
result from initial chemical disequilibrium with the melt and/or from
radioactive decay within the mineral. The differential equations that
describe simultaneous diffusive exchange and radioactive decay in this
idealized system are given in Van Orman et al., 2006 (their Egs. (5)-(7)),
and the corresponding finite difference equations are solved numeri-
cally using an implicit Crank-Nicolson method. At each time step in the
simulation, the change in concentration of a nuclide within a radial
element of the mineral grain depends on its local decay within that
element, local production due to decay of its parent (except in the case of
238(J, which has no parent), and diffusive transfer of the nuclide to or
from the adjacent radial elements. Likewise, in the melt the change in
concentration of a nuclide at a given time depends on the production
and decay of the nuclide within the melt and on diffusive transfers to or
from each mineral.

In the simulations presented here, the mineral/melt interface
is assumed to remain static; dissolution and precipitation of minerals
are not considered. Although in general the melt percolating through
a cumulate pile is unlikely to be in equilibrium with the minerals,
dissolution and precipitation are unlikely to have a large influence on
the results. For a melt fraction of a few percent or less, it can be
shown through a simple mass balance argument that dissolution of
clinopyroxene or plagioclase has only a small influence compared to
diffusive exchange, even if the melt dissolves an amount equal to its own
mass (see Saal and Van Orman, 2004, Section 3.6). Dissolution and
precipitation may have more influence when the melt fraction is large;
however, at very large melt fractions the cumulate minerals have little
leverage on the composition of the melt, regardless of whether the
exchange is controlled by diffusion or by dissolution/precipitation.

Gas and sulfide phases are not considered in the modeling
presented here, although they may be important in real systems;
our focus is on the effects of diffusive interaction between melts and
gabbroic cumulates. Very short-lived intermediate nuclides, including
222Rp, also are not considered. Instead 2!°Pb is treated as though it
were the immediate daughter of 2?°Ra, and short-range transport by
diffusion of the intermediate nuclides (including *2Rn) and by alpha
recoil are neglected. Including these effects would enhance the
effective diffusivity of 21°Pb (and also of 22°Th and %?Ra), but probably
by a very small factor. Diffusional transport of 22Rn during its lifetime
of several days would be significant compared to 2!°Pb diffusion on the
timescales of interest only if Rn diffusion were many orders of
magnitude more rapid than Pb. Alpha recoil, assuming randomly
oriented jumps each with a length of 40 nm, produces transport
equivalent to diffusional transport of Pb in clinopyroxene or
plagioclase over a time of less than an hour. These effects, although
expected to be small, can nevertheless be addressed in an approx-
imate way by increasing the effective diffusivity of Pb. As discussed
below, in Sections 3.1 and 3.2, even large variations in the diffusivity of
Pb do not fundamentally alter the model results.

3. Results
3.1. Melt-clinopyroxene interaction

Two simple end-member cases of closed-system melt-clinopyroxene
exchange illustrate the behavior of 2!°Pb in this simple system. In both

cases the entire clinopyroxene crystal and melt are in partitioning
equilibrium with respect to 223U, but the intermediate daughters 23°Th,
226Ra and 2'°Pb have two different initial distributions. In the
“partitioning equilibrium” case, illustrated in Fig. 1a, the intermediate
daughters also begin in partitioning equilibrium with the melt, as would
be the case if clinopyroxene had precipitated from the melt without
undergoing any subsequent evolution (i.e. “young” clinopyroxene). In
the “secular equilibrium” example (Fig. 1b), the intermediate daughters
within the clinopyroxene grain begin with activities equal to that of 238U,
as would be the case if the clinopyroxene had evolved in chemical
isolation for several hundred thousand years (i.e. “old” clinopyroxene)
before beginning to interact with the same melt again. In this case, while
2381 is in partitioning equilibrium with the melt, its intermediate
daughters within the interior of the mineral grain are far from being in
partitioning equilibrium. In both examples illustrated in Fig. 1, and in
most of the other examples shown in this paper, the fraction of melt in
the system is 1% and the mineral grains have radii of 0.25 mm. This melt
fraction is within the range inferred from seismic investigations of the
crust-mantle transition zone beneath the EPR (Dunn et al., 2000, 2001;
Dunn and Forsyth, 2003). Varying the melt fraction does not
fundamentally change the behavior of the system, but has a strong
influence on the magnitude of 2!°Pb-?2°Ra fractionation; the greater the
melt fraction the less leverage the mineral has on the activity ratios in
the melt. The influence of variations in melt fraction on 2°Pb-??°Ra
fractionation is discussed below, in Section 3.4. Variations in the grain
size are discussed near the end of this section.

Radium is much more incompatible in clinopyroxene than Pb, and
Pb is slightly more incompatible than Th. Accordingly, in the
“partitioning equilibrium” case shown in Fig. 1a, 22°Ra initially has
the lowest activity in clinopyroxene and 2*°Th the highest. With time
the activity of 22°Ra within the interior of the clinopyroxene grain
increases toward secular equilibrium with 22°Th, but only slightly on
the timescale of 100 years considered in this simulation. Ingrowth
leads to a slowly increasing core-to-rim gradient in 2*°Ra concentra-
tion, which results in outward diffusion to the melt. While the activity
of 22°Ra in the interior of the grain slowly rises, the activity of 2!°Pb
decreases rapidly toward secular equilibrium with ?2°Ra. This results
in an inward gradient of 21°Pb concentration, and hence diffusive
uptake of 2'°Pb from the melt. Thus, the 22°Ra activity slowly rises in
the melt while the 2'°Pb activity decreases (Fig. 1c), producing a !°Pb
deficit that gradually increases with time (Fig. 1d).

In the “secular equilibrium” case shown in Fig. 1b, both #2°Ra and
219ph begin with high activities in clinopyroxene, relative to their
values at partitioning equilibrium, and thus when the simulation
begins both diffuse outward to the melt. Without considering the
effects of decay, the diffusive fluxes of (*2°Ra) and (*'°Pb) would be
similar, with the slower diffusivity of Ra being compensated by its
higher concentration gradient near the grain edge. However, as in the
case considered above, the decay of 2!°Pb toward secular equilibrium
with #2°Ra has a strong influence on its behavior. At the grain edge,
219pp js constrained to be in partitioning equilibrium with the melt.
Just inward of the grain edge, the activity of 2'°Pb is depressed because
it decays toward secular equilibrium with 2?°Ra. The result is that the
gradient near the edge is lower than it would be in the absence of
radioactive decay, and the flux of 2!°Pb out of the clinopyroxene is
correspondingly diminished. After thirty years the concentration
gradient has actually reversed its slope near the grain edge (Fig. 1b),
and the transfer of 2!°Pb from clinopyroxene to melt reverses. This
happens because 2*°Ra continuously diffuses to the melt, driven by its
initial high activity in the clinopyroxene, leading to a continuously
increasing 22°Ra activity in the melt, and a corresponding increase in
219ph in the melt due to *°Ra decay (Fig. 1c). The concentration of
219ph at the clinopyroxene rim must therefore increase, to maintain
partitioning equilibrium with the melt. Meanwhile, in the interior of
the clinopyroxene, 2!°Pb decays (or grows in, depending on location)
toward secular equilibrium with 2°Ra; this causes (>'°Pb) to be drawn
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down just inward of the interface with the melt, and this ultimately
produces a reversed gradient. The net decay of 2'°Pb within the
clinopyroxene prevents (?!°Pb) in the melt from keeping pace with
(?%°Ra) as it diffuses out of the crystal. Thus, as in the very different
case considered above, interaction with clinopyroxene leads to a 2!°Pb
deficit in the melt. In the two different examples modeled here the
activities in the melt evolve along quite different trajectories (Fig. 1c),
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but the magnitude of the 2!°Pb deficit produced after several decades
of interaction is similar (Fig. 1d).

Simulations in which the diffusion coefficient for Pb or Ra is varied
from the values shown in Table 1 demonstrate that the (?'°Pb)/
(??°Ra) activity ratio of the melt following diffusive interaction is not
very sensitive to variations in the diffusion coefficients. This may seem
counterintuitive, but results from the strong control of 2!°Pb decay on
its diffusive flux. The rapid decay of 2'°Pb toward local secular
equilibrium with 22°Ra in a loose sense “buffers” the diffusive fluxes
against variations in diffusivity. We performed simulations in which
the diffusion coefficient for Pb was factor of ten larger or smaller than
the value given in Table 1. This range of diffusion coefficients for Pb is
considerably greater than the estimated uncertainty in Dpy,; the values
determined by Cherniak (2001) for clinopyroxene crystals with a wide
range of composition span about an order of magnitude under the
conditions of interest. For “old” clinopyroxene beginning in internal
secular equilibrium, increasing Dp,, by a factor of ten decreases the
(?1°Pb)/(?2%Ra) activity ratio slightly, from 0.75 to 0.73 after 100 years
of interaction, and decreasing Dpp, by the same factor increases the
activity ratio slightly to 0.79. For “young” clinopyroxene initially in
partitioning equilibrium with the melt, increasing or decreasing Dpy,
by a factor of ten changes the (21°Pb)/(?2°Ra) activity ratio of the melt
from 0.73 to 0.63 or 0.84, respectively, after 100 years of interaction.
The diffusivity of Ra in clinopyroxene is much less well known than
the value for Pb, having been estimated based on a model for the
dependence on ionic radius (Van Orman et al., 2001; Saal and Van
Orman, 2004), and therefore we examined an even wider range of
variation in Dg,. Increasing or decreasing Dg, by a factor of 100
changes the (2'°Pb)/(??°Ra) activity ratio of the melt by only a few
percent relative, except when the clinopyroxene is “old” and Dg, is
reduced by a factor of 100. In this case a small excess in 2!°Pb develops
in the melt, with (?'°Pb)/(??°Ra) = 1.13 after 100 years of interaction.

Varying the grain size is equivalent to varying the diffusivities of all
species simultaneously; increasing the grain size by a factor of two is
equivalent to reducing the diffusion coefficients by a factor of four.
Changing the grain radius has an influence on the magnitude of the
210ph_226R3 fractionation, but not on the direction. A 2'°Pb deficit in
the melt develops regardless of the grain size. Increasing the grain size
by a factor of two increases the (?'°Pb)/(%?°Ra) activity ratio by ~0.1
after 100 years of interaction, whether the clinopyroxene is “old” or
“young”, and decreasing the grain size decreases the activity ratio by a
similar factor.

From the simple simulations above, two important conclusions can
be drawn regarding the interaction between clinopyroxene and melt:

(1) Interaction with clinopyroxene leads to a decrease in the
(?°Pb)/(*?°Ra) ratio of the melt, which is similar in magnitude
whether the clinopyroxene is “young” or “old”; and

(2) Chemical disequilibrium between the mineral and melt is not a
requirement for generating 2'°Pb-22°Ra fractionation; 2'°Pb
deficits in the examples shown above are generated in the absence
of trace element disequilibrium between the clinopyroxene and

Fig. 1. Simulation results for diffusive exchange with simultaneous radioactive decay in
clinopyroxene-melt systems containing 1% melt that is in trace element (**8U)
partitioning equilibrium with the clinopyroxene and is initially in secular equilibrium.
In (a) the intermediate daughters within the clinopyroxene also begin in partitioning
equilibrium with the melt (“young” cpx). Radial activity profiles across the
clinopyroxene grain are shown after 10, 30 and 100 years of diffusive exchange with
the melt. In (b) the intermediate daughters within the clinopyroxene are initially in
secular equilibrium with 2**U (“old” cpx), and thus far from partitioning equilibrium
with the melt. Panels (c) and (d) show 2!°Pb and ?2°Ra activities (in arbitrary units; the
absolute values have no bearing on the model results), and the (?'°Pb)/(??°Ra) activity
ratio in the melt, respectively, as functions of the diffusive interaction time. The
activities of '°Pb and 22°Ra in the clinopyroxene and the melt follow different paths
depending on the initial condition, but in both cases the (>'°Pb)/(?2°Ra) activity ratio
evolves to a similar value after ~100 years of diffusive interaction.
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melt, resulting instead from the decay of '°Pb toward secular
equilibrium with 22°Ra within the clinopyroxene.
3.2. Melt-plagioclase interaction

Diffusive exchange between melt and plagioclase was simulated
for the same two end-member initial conditions described above for
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clinopyroxene, with the same melt fraction (1%) and grain radius
(0.25 mm). The results are shown in Fig. 2. Melt-plagioclase
interaction is different from melt-clinopyroxene interaction mainly
in that Pb and Ra are more compatible than Th and U in plagioclase.
Lead diffusion in plagioclase is also an order of magnitude faster than
in clinopyroxene. Beginning from either of the initial conditions,
“partitioning equilibrium” or “secular equilibrium”, the melt develops
a (?'%Pb)/(*?Ra) activity ratio <0.2 after 100 years of interaction with
plagioclase (Fig. 2d). The major difference between the two examples
is that the 2'°Pb deficit develops much more rapidly when the
plagioclase is “old” and initially in internal secular equilibrium. In this
“secular equilibrium” case, 2'°Pb and ?2°Ra initially have the same
activities as 223U and thus have concentrations in plagioclase far below
their values at partitioning equilibrium (Fig. 2b). They diffuse in from
the melt to bring them closer to partitioning equilibrium, with 21°Pb
being absorbed from the melt more rapidly due to its larger diffusion
coefficient, and larger (initial) concentration gradient. When the
plagioclase is “young” and in partitioning equilibrium with the melt
initially, 2'°Pb and ??®Ra are also drawn from the melt into the
plagioclase, in this case due to the decay of each toward secular
equilibrium with its predecessor within the mineral interior. The
uptake of these nuclides from the melt is controlled primarily by their
rates of decay. As with clinopyroxene-melt interaction, after several
decades the 2!°Pb deficit that develops in the melt is nearly the same
regardless of the initial condition, and this deficit develops without
any chemical disequilibrium between the plagioclase and melt. For the
examples considered here, where the melt fraction is 1%, the 2'°Pb
deficit is significantly greater when the melt interacts with plagio-
clase. The primary reason is that Pb and Ra have much larger partition
coefficients in plagioclase than in clinopyroxene, which gives
plagioclase more leverage on the activity ratios in the melt.

As in the clinopyroxene-melt systems considered above, the
results are not highly sensitive to variations in the diffusion
coefficients. The (?'°Pb)/(?2°Ra) activity ratio in the melt is less
than or equal to 0.15 after one hundred years of plagioclase-melt
interaction, even if Dpy, is varied by a factor of ten in either direction or
Di, is varied by a factor of one hundred in either direction. Varying the
grain size by a factor of two in either direction changes the (*'°Pb)/
(?2°Ra) activity ratio by less than 0.02 after 100 years of interaction,
whether the plagioclase is “old” or “young”.

3.3. Melt-gabbro interaction and the influence of relative melt enrichment

Here we consider more complicated scenarios in which a cumulate
consisting of both clinopyroxene and plagioclase interacts with melts
that are enriched or depleted in incompatible trace elements relative
to a melt in equilibrium with the cumulate minerals. Similar scenarios
were modeled by Van Orman et al. (2006), but without considering
21%ph, The gabbro crystallizes in partitioning equilibrium with an
average MORB melt and continues to interact with fresh batches of the
same melt until steady state distributions of 2!°Pb and ??°Ra in
plagioclase and clinopyroxene are established. The average MORB
melt is then replaced by a more enriched or more depleted melt, and
the resulting diffusive exchange is simulated for a period of 100 years.

Fig. 2. Simulation results for plagioclase-melt systems with 1% melt, with initial
conditions analogous to those shown in Fig. 1 for clinopyroxene-melt systems. In (a) the
intermediate daughters in the plagioclase are initially in partitioning equilibrium with
the melt (“young” plag), and radial activity profiles across the plagioclase grain are
shown after 10, 30 and 100 years of diffusive exchange with the melt. In (b) the
intermediate daughters within the plagioclase are initially in secular equilibrium with
238(J (“old” plag). Panels (c) and (d) show '°Pb and ??°Ra activities (in arbitrary units),
and the (*'°Pb)/(?*°Ra) activity ratio in the melt, respectively, as functions of the
diffusive interaction time. As in the clinopyroxene-melt system, the (*'°Pb)/(*?°Ra)
activity ratio in the melt evolves toward a similar value beginning from the two very
different initial conditions.
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When a relatively depleted melt is introduced to a gabbroic
cumulate (Fig. 3a), 22°Ra diffuses out of the minerals and its activity in
the melt thus increases. 2*°Th also diffuses from the minerals to the
melt, but much more slowly; as a result the melt develops a high
(?2°Ra)/(?3°Th) activity ratio. In contrast to the other nuclides, 2'°Pb
maintains an almost constant activity in the depleted melt. The melt is
depleted in 21°Pb compared to the melt that crystallized the gabbro,
and if decay were neglected it would diffuse rapidly into the melt, thus
increasing its concentration. However, as illustrated in the simpler
examples described above, this tendency to diffuse from the minerals
into the melt is countered by the decay of ?!°Pb toward secular
equilibrium with 22°Ra within the plagioclase. This draws down the
210pp activity near the plagioclase rim and keeps the 2'°Pb activity in
the melt almost constant. With >?°Ra in the melt rising, this resultsina
219ph deficit in the melt.

For an enriched melt (Fig. 3b) the behavior is somewhat similar to
the simpler case shown in Fig. 2b. Plagioclase absorbs both #2°Ra and
219pp from the melt, 2'°Pb at a greater rate because it diffuses more
rapidly, and because its activity in the plagioclase is drawn down by
decay toward (*?°Ra). Clinopyroxene also removes 21°Pb from the melt
in preference to 22°Ra, but plagioclase has the dominant influence on
the activity ratio due to its much greater capacity for absorbing Pb and
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Fig. 3. Simulation results for gabbro-melt systems with 1% melt. The gabbro consists of
40% clinopyroxene, 30% plagioclase and 30% olivine and begins with daughter activity
profiles that have reached a steady state during continuous interaction with fresh
batches of an average MORB melt. Panels (a) and (b) show the 2'°Pb and ??°Ra activities
(in arbitrary units) in enriched and depleted melts, respectively, during diffusive
interaction with the gabbro. Panel (c) shows the (*?°Ra)/(**°Th) and (*'°Pb)/(*?°Ra)
activity ratios in the enriched and depleted melts as functions of the diffusive
interaction time. The (?2°Ra)/(?3°Th) activity ratio after 100 years of interaction
depends strongly on the depletion or enrichment of the melt relative to the gabbro, with
depleted melts acquiring large 22°Ra excesses and enriched melts acquiring small 2°Ra
deficits. In contrast, 2!°Pb deficits are produced in both enriched and depleted melts
during interaction with the gabbro, with each melt reaching a similar (2'°Pb)/(?*°Ra)
activity ratio after 100 years of interaction.
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Fig. 4. Influence of melt fraction on the (*'°Pb)/(?2°Ra) activity ratio of the melt after
diffusive exchange with clinopyroxene, plagioclase, and clinopyroxene-plagioclase
mixtures (with 3% and 43% plagioclase). The plotted activity ratios are the steady-state
values in the melt, which are achieved after 500 years of diffusive interaction between
the melt and cumulate minerals with spherical radii of 0.25 mm.

Ra. The enriched melt rapidly develops a 2'°Pb deficit, which is very
close to the deficit that develops in the depleted melt after 100 years
of interaction with the same gabbro. The only substantial difference in
result between the enriched and depleted cases is the rate at which
the (?°Pb)/(??°Ra) activity ratio changes during diffusive interaction.
When the melt is relatively enriched, (>!°Pb)/(*2°Ra) falls very steeply
and reaches a near-steady value within a few years; when the melt is
depleted, (?'°Pb)/(?2°Ra) falls more gradually, over a few decades
(Fig. 3c).

Why does the (>2°Ra)/(>3°Th) ratio of the melt depend strongly on
its enrichment or depletion relative to the gabbro, while the (?1°Pb)/
(?*5Ra) ratio, after several decades of interaction, does not? For 2?°Ra,
chemical disequilibrium between minerals and melt provides the
primary driving force for diffusion; on the timescale of interest, decay
does not provide a strong driving force because the decay constant for
226Ra is fairly small. The much more rapid decay of 2!°Pb provides a
strong control on its diffusive exchange between minerals and melt.
Decay within plagioclase and clinopyroxene provides an internal sink
for 2'°Pb that enhances its diffusive uptake from an enriched melt, and
counteracts its diffusive loss to a depleted melt. 2'°Pb attains a near
steady state with ??°Ra within one hundred years, whereas the
(?*5Ra)/(?*°Th) ratio continues to evolve for a much longer time.

3.4. Influence of melt-rock ratio

The magnitude of (*'°Pb)/(??°Ra) disequilibrium in the melt
during diffusive interaction with plagioclase and/or clinopyroxene
depends significantly on the fraction of melt in the system. The
smaller the melt fraction, and the larger the solid/melt partition
coefficients, the more leverage the minerals have on the activity ratio
of the melt. Simulations were performed over a large range of melt
fraction for melts interacting with clinopyroxene, plagioclase, or
mixtures of both minerals, with results shown in Fig. 4. Each curve
shows (?1°Pb)/(*?°Ra) in the melt after 500 years of interaction, at
which time a steady state has been established and the activity ratio is
independent of the initial conditions. At very small melt fractions, for
the cpx-melt and plag-melt systems, the (21°Pb)/(??°Ra) activity ratio
approaches the inverse ratio of the mineral/melt partition coeffi-
cients; ie. as F—0, (*'°Pb)/(?*°Ra)—Kdmin/melt)gqmin/melt  pje]t
interacting with clinopyroxene approaches this limit only at very
small melt fractions, <<10~*, because of its small partition coefficients
for Pb and Ra, which give it strong leverage on the melt, and the
capability of inducing large '°Pb deficits, only at small melt fractions.
Melts interacting with plagioclase, however, maintain a (?'°Pb)/
(?*°Ra) activity ratio near the limiting value at melt fractions as high
as 1%, and have significant 21°Pb deficits even at very large melt
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fractions (>50%). Plagioclase has a much greater capacity than
clinopyroxene to induce (2'°Pb)/(??°Ra) disequilibria in the melt at
large melt fractions because of its higher partition coefficients for Pb
and Ra.

With reference to Fig. 4, two important points can be made
regarding the influence of diffusive exchange with crustal cumulates
on (>'°Pb)/(*2°Ra) disequilibria.

1) The influence of plagioclase on (?'°Pb)/(??Ra) disequilibria is
generally much larger than the influence of clinopyroxene.
Interaction with plagioclase-bearing rocks at any point during a
melt's ascent toward the surface may rapidly overprint (*!°Pb)/
(?*°Ra) disequilibria produced by interaction with clinopyroxene
during melt-wehrlite interaction, melt-lherzolite interaction, or
mantle melting.

Plagioclase may induce significant (>'°Pb)/(*2°Ra) disequilibrium
not only during melt percolation through cumulates at low
porosities, but possibly also during magma chamber processes,
where the melt fraction is large. For example, the liquid in a
magma with 20% plagioclase phenocrysts would have a steady-
state (2'°Pb)/(?*°Ra) activity ratio of ~0.89.

N
—

4. Discussion

4.1. Origin of a negative correlation between (*'°Pb)/(**°Ra) and
(??5Ra/?*°Th) in MORB

An important feature of the Rubin et al. (2005) data set for mid-
ocean ridge basalts is a negative correlation between (?'°Pb)/(*?°Ra)
and (?*°Ra)/(?*°Th). The samples cover a wide geographic range, from
the Juan de Fuca fracture zone to the southern EPR, suggesting that
this correlation may have global significance. Saal and Van Orman
(2004) and Van Orman et al. (2006) found that diffusive interaction of
relatively enriched and depleted melts with wehrlite, gabbro or
troctolite cumulates (originally crystallized from a melt intermediate
in composition) could produce a negative correlation between
(?*°Ra)/(**°Th) and (?3°Th)/(%*8U). However, a negative correlation
between (*>'°Pb)/(*2°Ra) and (?*°Ra)/(?*°Th) does not arise from
simple interaction of variably enriched melts with plagioclase- or
clinopyroxene-bearing cumulates under the same conditions. Diffu-
sive exchange with a cumulate intermediate in composition leads to
low (??°Ra)/(**°Th) in a relatively enriched melt and high (**°Ra)/
(?3°Th) in a relatively depleted melt, but both melts have similar 2!°Pb
deficits after one hundred years of interaction (Fig. 3c). Thus, no
significant correlation between (?'°Pb)/(??°Ra) and (*?®Ra)/(*3°Th)
would be expected if the interaction time is ~100 years or more. For
significantly shorter interaction times, a relatively depleted melt
would acquire a smaller deficit in 2!°Pb than a relatively enriched melt
(Fig. 3c), leading to a positive rather than a negative correlation
between (2'°Pb)/(?*°Ra) and (**Ra)/(?3°Th). A negative correlation
could be produced if there were systematic differences in the porosity,
cumulate mineralogy, or residence time for melts on either end of the
observed correlation. For example, the interaction of relatively
enriched melts at higher porosity or velocity, or with wehrlitic rather
than gabbroic or troctolitic cumulates, would lead to less 2'°Pb-?2°Ra
fractionation and smaller 2!°Pb deficits in the melts.

The Rubin et al. (2005) data set for MORB shows correlations not
only between (>'°Pb)/(?*°Ra) and (?*°Ra)/(**°Th) but between 2!°Pb
deficits and various geochemical indicators of magmatic differentia-
tion, including Mg# and various compatible element ratios. The basalts
with the smallest 2!°Pb deficits are more differentiated than their
counterparts with larger 2'°Pb deficits. As Rubin et al. (2005)
suggested, these trends can be explained by mixing between a young
melt with high 22°Ra excess melt and a relatively large 2'°Pb deficit, and
an older melt, with lower ?*°Ra excess, which has lost its 2'°Pb deficit
due to decay. In this model, the 21°Pb deficits and 2?°Ra excesses are

created prior to magmatic differentiation, and the negative correlation
between them results from a systematic difference in “aging” between
the basalts with higher and lower 22°Ra excesses, during melt transport
and/or magma chamber differentiation. Rubin et al. (2005) suggested
that the 2!°Pb deficits (and 22°Ra excesses) were created during mantle
melting, but the model applies equally well if these are produced in the
crust by diffusive interaction with cumulates, prior to their accumula-
tion and mixing in magma chambers.

4.2. 219pp excesses

Although most young volcanic samples that exhibit 2'°Pb-??°Ra
disequilibria have 2'°Pb deficits, some seamount (Rubin et al., 2005) and
subduction zone lavas (e.g. Turner et al., 2004) have 2!°Pb excesses.
Rubin et al. (2005) noted that 21°Pb excesses are difficult to produce by
mantle melting; we have found that they are also difficult to produce
during diffusive interactions in the crust. When melt that is depleted in
incompatible trace elements interacts with gabbroic cumulates that
crystallized from a more enriched melt, there is a very short period
(~two months) during which a small excess in 2!°Pb develops in the
melt, due to the more rapid diffusion of Pb from the plagioclase, relative
to Ra. However, it is the relatively depleted samples in the Rubin et al.
(2005) data set that have the largest 2'°Pb deficits; the samples with
210pp excesses are somewhat more enriched in trace elements. Diffusive
interaction with plagioclase or clinopyroxene thus seems unlikely to
explain '°Pb excesses in natural samples.

Plagioclase accumulation has been suggested as a hypothetical
explanation for 21°Pb excesses (Rubin et al, 1989, 2005). When
plagioclase, or clinopyroxene, crystallize from or diffusively exchange
U-series isotopes with a melt, these minerals develop an excess of 2!°Pb
that is complementary to the 2!°Pb deficit that develops in the melt.
Dissolution of either plagioclase or clinopyroxene might, therefore,
produce excess 21°Pb in a melt. However, the dissolution would have to
be quite fast if the melt is to avoid simultaneous diffusive exchange with
the minerals, which would arrest or erase the development of a 2'°Pb
excess in the melt. Because significant 2!°Pb deficits develop quite
rapidly during diffusive interaction with plagioclase or gabbroic
cumulates, often on timescales significantly less than a year, this
mechanism for generating 2'°Pb excesses also seems rather unlikely.

Another way 2'°Pb excesses may be produced is by the accumula-
tion of 222Rn-enriched vapor bubbles that diffusively exchange 2'°Pb
with the melt (Turner et al, 2004). ?*2Rn, a noble gas and the
immediate daughter of 22°Ra, will partition strongly into any gas phase
that exsolves as a magma ascends. If the vapor bubbles rise
significantly faster than the magma, they will carry with them excess
222Rn which decays over a few days to 2'°Pb. Diffusion of 2!'°Pb from
the bubbles to the melt may then produce excess 2!°Pb in the melt. In
this way, magmas that have experienced a net loss of vapor may
develop a 2"°Pb deficit, and those that have experienced a net
accumulation of gas bubbles (presumably at higher levels within the
magma plumbing system) may develop a 2'°Pb excess. Such a bubble
accumulation process seems a plausible hypothesis for the 2'°Pb
excesses observed in some subduction zone lavas (Turner et al., 2004)
and at Axial seamount (Rubin et al., 2005).

4.3.21%ph deficits in subduction zone lavas

Historical lavas from subduction zones commonly have substantial
219ph deficits, with (21°Pb)/(%2°Ra) ratios as low as 0.24 (Turner et al.,
2004). The lack of correlation of these deficits with geochemical
indicators of fluid addition or partial melting, and the presence at
some volcanoes of lavas with both ?'°Pb excesses and 2'°Pb deficits,
suggest that degassing has played a role in generating the 2'°Pb-2?°Ra
disequilibria (Turner et al., 2004). Gauthier and Condomines (1999)
presented a model for the evolution of (*'°Pb)/(?>?°Ra) during
degassing of 22?Rn from of a magma, and showed that significant
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210pp deficits could be produced if 222Rn loss is efficient, the magma
recharge rate is not very high, and the degassing duration is
sufficiently long relative to the timescale of 2'°Pb decay. Turner et al.
(2004) applied this model to an extensive data set for subduction
zone lavas and found that to produce the lowest observed (2'°Pb)/
(??°Ra) activity ratios by degassing alone requires continuous
degassing for at least 47 years, assuming perfect 222Rn loss and no
magma recharge. Although degassing likely plays an important role in
210pp_226R; fractionation in subduction settings, as indicated by the
presence of 2!°Pb excess in some lavas, the results presented in this
paper suggest caution in interpreting 2!°Pb deficits in terms of
degassing alone. Diffusive interaction of melts with plagioclase
cumulates or phenocrysts is capable of generating 2!°Pb deficits on
much shorter timescales than can be achieved by degassing. By this
mechanism, 2'°Pb deficits can be produced even if degassing is
inefficient and magma recharge rates are high. Hence, large 2'°Pb
deficits are not necessarily indicative of long-term, continuous
degassing from a magma chamber with sluggish magma recharge.

5. Conclusions

Diffusive exchange with cumulate minerals in the crust may exert a
strong control on 23°Th-?26Ra-21Pb disequilibria in basaltic melts.
Diffusive fractionation between 2?°Ra and *°Th depends strongly on
the trace element disequilibrium between the melt and cumulate,
with 22°Ra excesses developing in the melt under many circumstances
but 226Ra deficits also possible (Saal and Van Orman, 2004; Van
Orman et al., 2006). In contrast, diffusive exchange with clinopyrox-
ene and/or plagioclase cumulates is expected to produce 2'°Pb deficits
in the melt in virtually every circumstance. The contrasting behavior
of 22Ra and 2!°Pb results mainly from the difference in their rates of
decay. For ?2°Ra, decay is relatively slow and diffusive exchange in
many cases is driven by chemical disequilibrium between the melt
and cumulate. Diffusive exchange of 2!1°Pb, on the other hand, tends to
be governed by its rapid decay toward secular equilibrium with 22°Ra.

Plagioclase in the crust has a greater capacity to fractionate 2'°Pb from
226Ra than any silicate mineral present during mantle melting. Diffusive
exchange with plagioclase leads to significant 2!°Pb deficits in the melt
even after very short interaction times (less than a year) and even when
the melt fraction is above 50%. The 2'°Pb deficits found in mid-ocean ridge
basalts can be explained by diffusive exchange with plagioclase- or
clinopyroxene-bearing cumulates, and do not require melt to be
transported rapidly (in less than 100 years) to the surface from
distributed grain-scale porous networks in the mantle. In subduction
zones, 21°Pb deficits do not necessarily imply long-term continuous
degassing from magma chambers with low rates of recharge, but may
result in part from diffusive interactions with minerals in the crust.
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