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Abstract

Measurements of the concentrations of the 238U decay series isotopes (234U, 230Th, 226Ra) have been used to
estimate the rates at which magma is generated and transported in the mantle. The usual assumption is that solid
mantle minerals are in radioactive equilibrium prior to melting. However, if one or more of the nuclides in the chain is
strongly concentrated by a minor mineral, and if the diffusivity of that nuclide is large enough, steady-state
radioactive disequilibrium can result in the solid phase. It can be inferred from available data that radium is strongly
concentrated in minor hydroxyl-bearing mantle minerals (phlogopite and amphibole) relative to Th, and Ra diffusion
in clinopyroxene is fast relative to the typical grain diameter at ca. 1100‡C. Consequently, we show with simple
analytical models that a steady-state Ra deficiency in clinopyroxene (cpx), accompanied by a complementary steady-
state Ra excess in neighboring phlogopite (phlog) or amphibole (amph), is likely to be the normal situation in hydrous
mantle peridotite with average clinopyroxene grain radii of ca. 1 mm. The steady state (226Ra/230Th) (parentheses
indicating activity ratio) in the hydrous mineral is limited roughly by the mass ratio with clinopyroxene (i.e. cpx/phlog
or cpx/amph) and could be as high as 10^100. The exceptionally high (226Ra/230Th) of some island arc lavas could
therefore be a result of preferential contribution of phlogopite or amphibole during partial melting of hydrous mantle.
This effect may ease time constraints for source-to-surface melt migration at island arcs. Incipient melting of hydrous
minerals from channel walls during melt transport and/or late-stage incorporation of phlogopite or amphibole into
arc magmas may also contribute to generating high (226Ra/230Th). Steady-state (226Ra/230Th) disequilibrium due to
diffusive loss of 226Ra from clinopyroxene is also important for melt/solid and fluid/solid partitioning, and must be
incorporated into models relating isotopic disequilibrium to melt and fluid transport rates. Diffusive effects could be
important for other U-series nuclides in some circumstances.
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1. Introduction

Measurements of the intermediate decay prod-
ucts of 238U, such as 234U, 230Th, 226Ra, have
become an essential tool for understanding the
generation and transport of magma in the Earth
(e.g. [1^4]). The relatively short-lived nuclide
226Ra (t1=2 =V1.6 ka) is particularly interesting
in that, if present in excess in lavas, it implies
that melting and magma transport in the mantle
take place on a time scale of less than a few thou-
sand years. Although melt transport processes
may extend the duration of disequilibrium [3],
the degree of 226Ra excess is limited by the min-
eral/melt partition coe⁄cient. Early alpha- and
gamma-spectroscopic studies of arc lavas [5^7],
and more recently improved mass spectrometric
techniques for 226Ra measurement ([8^16], etc.)
have prompted the collection of a large body of
data over the past several years, from which in-
teresting and puzzling features have emerged. In
particular, observed excesses of 226Ra relative to
230Th in igneous rocks are typically larger than
expected based on mineral/melt partition coe⁄-
cients for Ra and Th. The largest excesses have
been observed in island arc lavas [7^8], and lesser
but notable excesses have been observed in mid-
ocean ridge basalts (MORB) [9^10]. Ocean island
lavas generally have smaller 226Ra excesses more
consistent with 230Th excesses [11] (Fig. 1). The

large excesses of 226Ra in island arc lavas have
been interpreted as an indication that magma is
transported from subduction zone depths (ca. 100
km) to the surface in only a few hundred years
[8,12]. Recently, however, the usefulness of U-se-
ries isochrons for determining time scales of melt
generation and migration at subduction zones has
been called into question [18]. Attempts to explain
the decoupling of Ra isotopes from those of Th at
arcs involve interaction of the mantle with slab-
derived aqueous [8,12] or carbonatitic [16] £uids,
and are based on the inferred geochemical behav-
ior of Ra. Direct experimental investigation of the
behavior of Ra has proven di⁄cult due to its high
radioactivity, and in situ measurement of 226Ra is
di⁄cult due to its low concentration (V1^10 fg/g)
in most naturally occurring minerals. However,
since radium is chemically similar to barium, it
is thought to be £uid-soluble in contrast to the
extremely insoluble Th. Consequently, in subduc-
tion zones, where £uids are abundant, there is a
greater likelihood of producing more extreme Ra/
Th fractionation than in other magma generation
settings.
In this paper we investigate a previously unrec-

ognized mechanism for producing large Ra/Th
fractionation in island arc magmas. The e¡ect
stems from competition between radioactive and
chemical equilibrium. When a crystal grows in
chemical (dynamic) equilibrium with its surround-
ings, trace elements, including parent and daugh-
ter nuclides, are incorporated into the crystal ac-
cording to their equilibrium partition coe⁄cients
(for the purposes of this paper, K is used instead
of the conventional D to denote the partition co-
e⁄cient in order to avoid confusion with the dif-
fusion coe⁄cient). The relationship between the
parent-to-daughter elemental concentration ratios
in two mineral phases at chemical equilibrium is
given by:

½p�i
½d�i

¼ ½p�j
½d�j

W
Ki=j

p

Ki=j
d

ð1Þ

where the square brackets denote concentration,
i is the crystalline phase of interest, j is any phase
(liquid or solid) in equilibrium with i, and K is the
equilibrium partition coe⁄cient between the two
phases.

Fig. 1. (226Ra/230Th) vs. (230Th/238U) for basalts. IAB data
from [8,12,14,17]; MORB data from [9,10]; and OIB data
from [11].
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If the two elements are part of the same ura-
nium decay series, however, one being the parent
of the other, the ratio of parent-to-daughter at
radioactive or secular equilibrium would be the
same in both mineral phases, and given by:

½p�i
½d�i

¼ V d

V p
ð2Þ

where V is the radioactive decay constant. The
expected parent/daughter ratios dictated by Eqs.
1 and 2 can di¡er by several orders of magnitude.
If di¡usive exchange between mineral phases is
very slow, or negligible, each mineral grain will
be a ‘closed system’ and Eq. 2 will apply to all
mineral grains. However, if di¡usive exchange be-
tween mineral grains is fast relative to the radio-
active mean life of the parent nuclide, Eq. 1 will
apply. In general, natural minerals have parent/
daughter ratios somewhere between the values
speci¢ed by Eqs. 1 and 2. The precise values are
determined by the di¡usion coe⁄cients of the el-
ements involved in the minerals of interest, the
radioactive mean life of the parent, and the size
of the mineral grains.
Strong fractionation of Ra from Th is expected

between some solid phases in the Earth’s mantle.
In particular, hydroxyl-bearing minerals, such
as phlogopite and amphibole, strongly concen-
trate Ba (and by inference Ra) in preference to
Th. Hence, in solid mantle rocks at high tem-
peratures, there is a tendency for 226Ra to accu-
mulate in hydrous minerals, even though its
parent isotope, 230Th, is housed mainly in clino-
pyroxene. The accumulation of 226Ra in the
hydrous minerals is mainly limited by the di¡usiv-
ity of Ra in clinopyroxene, and can result in both
clinopyroxene and the hydrous minerals main-
taining signi¢cant steady-state radioactive dis-
equilibrium. The predicted pronounced radioac-
tive disequilibrium in the solid state has not
heretofore been recognized or incorporated into
magma generation models. Solid-state disequilib-
rium may provide an explanation for certain large
observed 226Ra excesses, may ease the time restric-
tions for melt generation and transport for island
arc lavas, and may have implications for the in-
terpretation of 226Ra excesses in other settings as
well.

2. Origins of phlogopite- and amphibole-bearing
peridotite

Phlogopite and amphibole form when aqueous
£uid or hydrous melt interacts with normal man-
tle peridotite. Interactions of this sort are com-
monly associated with subduction zone processes.
As the oceanic plate is subducted and subjected to
increasing pressures and temperatures, aqueous
£uids and/or hydrous melts are driven out of the
slab. The £uids or melts then migrate into the
overlying mantle wedge, where they may induce
melting directly, or may react with the mantle to
form new, hydrous mineral-bearing assemblages
[19]. Wyllie and Sekine [20] proposed that a hy-
drous silicate melt leaving the slab and migrating
into the overlying mantle wedge will react with
peridotite to form phlogopite R enstatite R quartz,
expelling aqueous £uid in the process. A beautiful
example of phlogopite- and amphibole-bearing
peridotite is found at the Finero peridotite massif
in the Ivrea^Verbano zone in northern Italy [21].
Phlogopite- and amphibole-bearing peridotite
nodules are found in lavas throughout the world,
including Siberia and Mongolia [22,23], Eifel,
Germany [23], Victoria, Australia [24], and Ker-
guelen [25].

3. Trace element partitioning in phlogopite,
amphibole, and clinopyroxene

Barium is similar to Ra in charge (2+) and
ionic radius (1.61 AU vs. 1.70 AU in 12-coordination
[26]), and therefore serves as a model for predict-
ing Ra chemical behavior. Although accounting
for the e¡ect of the di¡erence in radii between
Ra and Ba on the partition coe⁄cients for these
elements is signi¢cant in certain scenarios [13], the
correction is small in relation to the several orders
of magnitude di¡erence between Ba and Th par-
titioning, and is smallest when the trace elements
substitute for K (1.64 AU in 12-coordination), as is
the case for phlogopite. Available experimental
data (Fig. 2) suggest that Ba is strongly concen-
trated in phlogopite and amphibole relative to cli-
nopyroxene (averageV30 000U andV600U, re-
spectively, due to the large A-sites in micas and
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amphiboles). Thorium, by contrast, has a parti-
tion coe⁄cient ofV1 between the hydrous phases
and clinopyroxene. In selecting data for Fig. 2,
preference was given to experimental data from
a single experiment. The remaining experimental
data are ratios of mineral/£uid or mineral/melt
partition coe⁄cients (e.g. phlog/£uid:cpx/£uid,
phlog/melt:cpx/melt) determined in separate ex-
periments. In the latter case, £uids and melts
with similar compositions were chosen for con-
structing the ratios. The ratios determined from
experimental data are consistent with in situ and
mineral separate analyses of minerals in natural
rocks. Many of the natural rock analyses yield
amph/cpx partition coe⁄cients for Ba that are
considerably higher than the experimental data,
suggesting that the KBa (and resultant KRa) used
in our amphibole calculations may be lower
boundary values.
The experimental data on mineral/melt and

mineral/£uid partitioning for Ba2þ and other cat-
ions (Sr2þ, Ca2þ, Naþ, Kþ, Rbþ) can be used to
make quantitative estimates of Ra2þ partitioning
using the elastic strain model of Blundy and
Wood [32,33]. The model is an extension of the
Brice equation [34], which describes strain on a
lattice site due to elemental substitution as a func-
tion of the Young’s modulus (E) and the radius of
the substituting cation (ri) relative to the optimum
(unstrained) ionic radius (ro). The partition coef-
¢cient of element i (Ki), de¢ned as the ratio of
concentration in the mineral to concentration in
the £uid phase, is predicted by:

Ki ¼ Koexp
34ZENA

ro
2
ðri3roÞ2 þ

1
3
ðri3roÞ3

� �
RT

2
664

3
775 ð3Þ

where NA is Avogadro’s number, R is the gas
constant, and T is temperature in Kelvin. Ko is
the ‘strain-compensated partition coe⁄cient’ that
describes the strain-free substitution of a hypo-
thetical cation whose ionic radius is equal to ro.
Ko, ro, and E are determined by ¢tting Eq. 3 to
the partitioning data from an isovalent set of el-
ements. Table 1 lists calculated Ra and measured
Ba and Th partition coe⁄cients and model pa-
rameters for minerals in equilibrium with melt

Fig. 2. (a) Phlogopite/clinopyroxene and (b) amphibole/clino-
pyroxene partitioning of trace elements from experimental
data and natural rocks. Large closed symbols connected by
bold lines represent experimental data, which are given prev-
alence in our calculations; circles are minerals in equilibrium
with aqueous £uid (phlog: [27], amph and cpx: [28]), dia-
monds are minerals in equilibrium with melt (phlog and
amph: [29], cpx: [30]). Small open symbols represent in situ
or mineral separate analyses of phlog or amph and cpx coex-
isting in natural rocks; circles are lherzolite xenoliths from
Mongolia [22], diamonds are harzburgite and squares are py-
roxenite from the Finero peridotite massif [21], and crosses
are a lamprophyre from Newfoundland [31].
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or £uid. All ro, E0, and KRa/KBa are in agreement
with the values presented by Blundy and Wood
[35]. The average phlog/cpx ratio for Ra is
V5U105, and the average amph/cpx is V500.
These values for KRa between clinopyroxene and
the hydrous minerals are similar in magnitude to
the measured KBa values shown in Fig. 2. The
existing data and models clearly indicate that
the equilibrium Ra/Th ratio of both phlogopite
and amphibole should be far higher than that of
coexisting clinopyroxene.

4. Di¡usion of Ra and Th in clinopyroxene

Di¡usion data for Th and U [36], in conjunc-
tion with elastic strain modeling [37], provide a
means for comparing di¡usion coe⁄cients for
Ra, Th, and U [38]. The resulting calculated dif-
fusion coe⁄cients for clinopyroxene are shown in
Fig. 3. The di¡usivity of Ra (DRa) is apparently
about 1000 times greater than either DU or DTh,
and strongly temperature-dependent. Whenever
the di¡usion path length (i.e. grain radius) is
less than or equal to (DRa/VRa)1=2, a large fraction
of the radiogenic 226Ra will be able to leave the
crystal before it decays to 222Rn. At lower temper-
atures (V1000‡C), only the rim of the clinopyrox-

ene grain will lose 226Ra by di¡usion, whereas at
higher temperatures (V1250‡C), an entire 2 mm
radius clinopyroxene grain will be in disequilibri-
um due to di¡usive Ra loss. At temperatures be-
tween 1100 and 1200‡C, the calculation indicates
that most of the radiogenic 226Ra will di¡use out
of clinopyroxene crystals with diameters in the
range 0.5^2 mm. For both Th and U, the di¡u-
sion is too slow for any signi¢cant amount of
migration on the time scale of Ra decay.

Fig. 3. Di¡usion coe⁄cients for Ra, Th, and U in diopside.
Data for Th and U from [36], data for Ra from [38], pre-
dicted using elastic strain model of [37].

Table 1
Experimental Ba, Th partition coe⁄cients and calculated Ra partition coe⁄cients with parameters for elastic strain model

KBa KTh KRa KRa/KBa roa Ko E
(AU ) (GPa)

Phlog/meltb 3.68 1.4U1033 2.82 0.77 1.64 3.92 165
Phlog/£uidc 88.7 9.28 71.1 0.80 1.64 95.1 124
Amph/meltb 0.16 3.9U1033 1.49U1032 0.09 1.51 0.42 170
Amph/£uidd 0.51 0.93 3.89U1032 0.08 1.51 1.30 153
Cpx/melte 6U1034 1.2U1032 3.13U1035 0.05 1.05 1.16 157
Cpx/£uidd 1.94U1033 0.83^5.5 8.72U1035 0.05 1.05 4.85 114
a ro assumed to be constant for a given lattice site.
b All model parameters (ro, Ko, E) from [29], assuming substitution on A-site (12-coordinated). For amphibole, 85% of the Sr
was assumed to reside on the A-site, after [35].
c Ko and E calculated by linear regression of experimentally determined partition coe⁄cients for divalent elements (Ba and Sr)
[27], assuming substitution on A-site.
d Ko and E calculated by linear regression of experimentally determined partition coe⁄cients for divalent elements (Ba and Sr)
from [28]. For amphibole, 50% of the Sr was assumed to reside on the A-site in order to obtain reasonable values for E from
the regression.
e ro from [32], Ko and E calculated by linear regression of experimentally determined partition coe⁄cients for divalent elements
from [30], assuming substitution on M2-site (8-coordinated).
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5. Di¡usion^decay model

The primary issue for this problem is determin-
ing the boundary conditions for the di¡usion cal-
culation. In general, phlogopite grains present in
hydrous peridotite are not in direct contact with
clinopyroxene grains. Any Ra that can di¡use
out of clinopyroxene grains must migrate along
grain boundaries and then di¡use into phlogopite
grains. The problem is simpli¢ed if it is assumed
that the time scale for grain boundary di¡usion is
very short in comparison to intragranular di¡u-
sion. This should be a good approximation, as
typically grain boundary di¡usion is roughly 104

times faster than intragranular di¡usion [39]. As a
further approximation, we assume that no concen-
tration gradients of Ra exist in phlogopite grains.
This approximation should also be adequate be-
cause the phlogopite grains are likely to be signi¢-
cantly smaller than the average clinopyroxene
grains, and the di¡usivity of Ra (by analogy with
Sr and presumably other large alkaline earth ele-
ments) in phlogopite is V102^104 times greater
than in clinopyroxene [40,41]. Consequently, the
time scale for di¡usive homogenization of phlogo-
pite grains (a2/D, where a is the grain dimension)
is likely to be 100^1000 times shorter than that for
clinopyroxene. Hence for the model, the overall
assumption is that any Ra that di¡uses out
through the surface of a clinopyroxene grain
into the intergranular medium is instantaneously
added to a homogeneous nearby phlogopite grain.
This assumption reduces the problem to one of
calculating the di¡usion of Ra in clinopyroxene,
and conserving Ra atoms in the system that in-
cludes the clinopyroxene plus phlogopite.
The concentration of Ra at the surface of the

clinopyroxene grains is assumed to be such that
the clinopyroxene grain surface is always in equi-
librium with phlogopite (as well as with the sur-
faces of all other grains in the rock) with respect
to the concentrations of Ra and Th. Assuming
that the radius of the clinopyroxene grains is ‘a’,
then we specify that Ccpx226(a) =C

phlog
226 /K

phlog=cpx
Ra ,

where Ci
n is the concentration of nuclide n in

phase i, and Kphlog=cpxRa is the equilibrium partition
coe⁄cient of Ra between phlogopite and clinopy-
roxene (Kphlog=cpxRa = [Ra]phlog/[Ra]cpx at chemical

equilibrium). Finally, we assume that di¡usion
in clinopyroxene is isotropic [42], such that a
spherical grain will have a concentration gradient
of zero at the center. A schematic pro¢le of 226Ra
concentration from a clinopyroxene grain center,
including an adjacent phlogopite grain, is shown
in Fig. 4.
The concentration of 226Ra in clinopyroxene is

given by Fick’s second law modi¢ed to account
for radioactive ingrowth and decay. We present
here the equations for both spherical clinopyrox-
ene grains of radius a, as well as a simpler model
of the clinopyroxene grains as in¢nite slabs of
half-thickness a. In spherical coordinates the
equation is:

DCcpx226
D t

¼ DRa
D
2Ccpx226
D r2

þ 2
r
DCcpx226
D r

	 

þ

V 230C
cpx
2303V 226C

cpx
226 ð4aÞ

For the slab model, the equation is :

DCcpx226
D t

¼ DRa
D
2Ccpx226
D x2

	 

þ V 230C

cpx
2303V 226C

cpx
226 ð4bÞ

where we have replaced the radial coordinate ‘r’
with ‘x’ in the second equation to indicate the
one-dimensional nature of the second model. In
these equations all of the concentrations are func-
tions of time and position; and Ccpxn (r,t) (or
Ccpxn (x,t)) is the concentration of nuclide n in the
clinopyroxene at a radius r (distance x) from the
grain center at time t, DRa is the di¡usion coe⁄-
cient for Ra in clinopyroxene (a function of tem-
perature), and Vn is the decay constant of nuclide
n. The boundary conditions used in the solution
of Eq. 4a,b are:

at r ¼ 0; DC
cpx
226

D r
¼ 0 ð5Þ

at r ¼ a; Ccpx226 ¼
Cphlog226

Kphlog=cpxRa

ð6Þ

where r is the distance from the center of the cli-
nopyroxene grain (i.e. r= a represents the grain
boundary). Substituting x for r in Eqs. 5 and 6
gives the boundary conditions for the slab model.
In both models it is assumed that Ccpx230 is uniform
throughout the clinopyroxene grains.
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The concentration of 226Ra in the hydrous
phase is determined by the £ux of 226Ra out of
clinopyroxene, the relative masses of clinopyrox-
ene and phlogopite, the decay of 226Ra, and the
production of 226Ra by decay of 230Th in phlog-
opite. The mass balance equation for the spherical
clinopyroxene grain, including radioactive in-
growth and decay in phlogopite, is given by:

b
phlogVphlog

DCphlog226

D t
¼ 3b

cpx4Za2DRa
DCcpx226
D r

	 

r¼a

3b
phlogVphlogV 226C

phlog
226 þ b

phlogVphlogV 230C
phlog
230

where bi is the density of phase i and Vphlog is the
volume of phlogopite. This equation can also be
written in the form:

DCphlog226

D t
¼ 3

Mcpx

Mphlog

3DRa
a

DCcpx226
D r

	 

r¼a

3V 226C
phlog
226 þ V 230C

phlog
230 ð7aÞ

where Mcpx and Mphlog are the masses of clinopy-

roxene and phlogopite, respectively (per unit vol-
ume of rock). The equation for the slab geometry
is :

DCphlog226

D t
¼ 3

Mcpx

Mphlog

DRa
a

DCcpx226
D x

	 

x¼a

3V 226C
phlog
226 þ V 230C

phlog
230 ð7bÞ

In both Eqs. 4a,b and 7a,b, time dependence is
of little relevance to the model. Since the system
approaches steady state in a time period of a few
mean lives of 226Ra (1/V226), which is several thou-
sand years and hence geologically short, it is a
good assumption that mantle rocks will normally
be at steady state prior to the onset of melting. If
the system has not yet come to steady state, the
activity ratio in the hydrous phase will be higher
than that predicted by the steady-state model, be-
cause it will be closer to the dynamic equilibrium
ratio (as de¢ned by Eq. 1). Comparison of Eqs. 7a
and 7b shows that the essential di¡erence between
the spherical grain model and the slab model for
clinopyroxene is that for the spherical grain mod-
el, clinopyroxene loses more of its Ra by di¡usion
for the same characteristic grain dimension a.
Solutions to the simultaneous Eqs. 4a,b and

Fig. 5. Dimensionless di¡usion variable D/(a2V). For com-
mon upper mantle temperatures and clinopyroxene grain rad-
ii (i.e. 1100^1200‡C and 0.05^0.2 cm), indicated by the
dashed box, the value of this variable will be between V0.01
and 1.

Fig. 4. Calculated (226Ra/230Th) pro¢le through clinopyrox-
ene and neighboring phlogopite at 1200‡C. The clinopyrox-
ene grain radius is 0.2 cm and the mass ratio of clinopyrox-
ene to phlogopite (Mcpx/Mphlog) is 100. The activity ratio in
the phlogopite is determined by the activity ratio in clinopy-
roxene at the grain boundary and the equilibrium partition
coe⁄cients KRa and KTh, given the boundary condition
Cphlog =CcpxKphlog=cpx at r= a. Phlogopite thickness is not
shown to scale.
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7a,b are detailed in the Appendix1. The expres-
sion for the steady-state radium activity ratio in
the phlogopite is :

Rphlog226 ¼

1þ 3M
cpx

Mphlog

DRa
a2V 226

	 
1=2 1

Kphlog=cpxTh

coth
a2V 226
DRa

	 
1=2
3
3Mcpx

Mphlog

DRa
a2V 226

1

Kphlog=cpxTh

1þ 3M
cpx

Mphlog

DRa
a2V 226

	 
1=2 1

Kphlog=cpxRa

coth
a2V 226
DRa

	 
1=2
3
3Mcpx

Mphlog

DRa
a2V 226

1

Kphlog=cpxRa

ð8aÞ

or, for the slab geometry:

Rphlog226 ¼
1þ Mcpx

Mphlog

DRa
a2V 226

	 
1=2 1

Kphlog=cpxTh

tanh
a2V 226
DRa

	 
1=2

1þ Mcpx

Mphlog

DRa
a2V 226

	 
1=2 1

Kphlog=cpxRa

tanh
a2V 226
DRa

	 
1=2 ð8bÞ

Eq. 8a,b shows the dependence of the resulting
activity ratio (R226 =A226/A230, where A denotes
activity) on the mass ratio of clinopyroxene to
phlogopite (Mcpx/Mphlog), the partition coe⁄cients
Kphlog=cpxTh and Kphlog=cpxRa , and the dimensionless dif-
fusion parameter DRa/(a2V226). The dimensionless
di¡usion parameter is a measure of the e⁄ciency
of 226Ra redistribution, which increases with tem-
perature (i.e. DRa) and decreases with clinopyrox-
ene grain size. Values of DRa/(a2V226) for expected
ranges of temperature and grain size in the mantle
are shown in Fig. 5. The pro¢le of R226 in clino-
pyroxene is given by:

Rcpx226ðrÞ ¼

1þ Kphlog=cpxTh

Kphlog=cpxRa

Rphlog226 31

 !asinh r2V 226
DRa

	 
1=2

rsinh
a2V 226
DRa

	 
1=2 ð9aÞ

or, for the slab model :

Rcpx226ðxÞ ¼

1þ Kphlog=cpxTh

Kphlog=cpxRa

Rphlog226 31

 !cosh x2V 226
DRa

	 
1=2

cosh
a2V 226
DRa

	 
1=2 ð9bÞ

The calculated activity ratios for both phlogo-
pite and clinopyroxene are plotted in Fig. 6, for

di¡erent values ofMcpx/Mphlog and the dimension-
less di¡usion parameter. When Mcpx/Mphlog is
large, the activity ratio in the phlogopite increases
because the 226Ra generated in the clinopyroxene
is distributed throughout a smaller mass of phlog-
opite. The dimensionless di¡usion parameter de-
termines the total £ux of 226Ra between clinopy-
roxene and phlogopite, and consequently a¡ects
the activity ratios in both phases. Also shown
are the activity ratios for amphibole and clinopy-
roxene, demonstrating the dependence of 226Ra/
230Th on KRa. Because the value of K

phlog=cpx
Ra is

so large, the depletion of 226Ra in clinopyroxene is
quite pronounced regardless of the amount of
phlogopite present in the rock (also shown in
Fig. 4). When Kamph=cpxRa , which is somewhat small-
er than Kphlog=cpxRa , is substituted into Eqs. 8a,b and
9a,b, 226Ra depletion in clinopyroxene is variable
and dependent on Mcpx/Mamph. When the amount
of amphibole is small, the clinopyroxene loses less
of its 226Ra prior to decay, bringing the activity
ratio in the clinopyroxene closer to unity.

Fig. 6. (226Ra/230Th) in phlogopite and amphibole vs. clino-
pyroxene. Solid lines represent Mcpx/Mphlog, dashed lines rep-
resent D/(a2V). Heavy lines denote probable mantle condi-
tions (Mcpx/Mphlog = 100, D/(a2V) = 0.1). (a) Spherical model
for phlogopite. (b) Slab model for phlogopite. (c) Spherical
model for amphibole. (d) Slab model for amphibole.

1 See online version of this article.
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6. Melt and £uid phases in the mantle

The model can also be applied to a liquid phase
generated by partial melting of a mantle mineral
assemblage containing clinopyroxene with or
without hydrous minerals. Clinopyroxene, which
is the primary mantle mineral repository for Th,
discriminates between Ra (or Ba) and Th [28,30].
Partial melting of peridotite (lherzolite) in the
presence of residual clinopyroxene produces a sil-
icate liquid, which should have (at equilibrium)
Ra/Th that is somewhat elevated with respect to
the solids by a factor that depends on the melt
fraction (e.g. [3,4,11]). However, because both Ra
and Th are very incompatible in clinopyroxene
with respect to melt, the fractionation e¡ect is
minimized.
Eq. 8a,b above can be applied to the melt phase

by substituting Kmelt=cpxTh;Ra for Kphlog=cpxTh;Ra , if it is as-
sumed that the melt phase remains in contact with
the solid for a time period exceeding a few mean
lives of 226Ra. Steady percolation of melt through
solid will also produce the result described by Eq.
8a,b. The steady-state (226Ra/230Th) of melts and
£uids is shown in Fig. 7 as a function of the mass
ratio of melt or £uid to clinopyroxene. For melts,
the activity ratio is elevated by less than a factor
of 2 for melt fractions 100 times smaller than the
clinopyroxene abundance. Many authors have in-
vestigated in detail the generation of U-series dis-
equilibria in magmas by melting and transport
processes, equilibrium and disequilibrium melting,
porous and channelized £ow, etc. [3,4,11,18,43^
45]. Although the U-series systematics of MORB
and ocean island basalts (OIB) can be satisfacto-
rily explained by melting and transport phenom-
ena, it has proven di⁄cult to match the high
(226Ra/230Th) in arc lavas without the incorpora-
tion of an additional component.
For an aqueous £uid the e¡ect of discrimina-

tion by clinopyroxene is much stronger than for a
melt (Fig. 7b). A £uid trapped in isolated pockets
at grain boundaries due to incomplete wetting or
percolating through lherzolite under steady con-
ditions can achieve, and maintain during trans-
port, (226Ra/230Th) in excess of 100 due to the
preferential di¡usion of 226Ra out of clinopyrox-
ene. When high (226Ra/230Th) £uids migrate into

hotter regions of the mantle and cross the wet
solidus of peridotite, they will be incorporated
into a £uid-undersaturated melt, and will impart
a high activity ratio on the melt itself. Overall, our
calculations indicate that di¡usive e¡ects on
(226Ra/230Th) disequilibrium are important and
must be included in models relating (226Ra/
230Th) to magma and £uid transport rates.

7. Discussion

The calculations described above indicate that
at temperatures in the range 1050^1250‡C, the
presence of phlogopite and/or amphibole in the
mantle will mean that phlogopite, amphibole,
and clinopyroxene will have steady-state (226Ra/
230Th) that are di¡erent from the radioactive equi-
librium values by large factors. The implications

Fig. 7. (226Ra/230Th) in melt or aqueous £uid in equilibrium
with clinopyroxene for varying melt/cpx and £uid/cpx mass
fractions. Contours represent values of D/(a2V). (a) Melt;
(b) £uid.
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of this condition for the (226Ra/230Th) of magma
formed by partial melting of this heterogeneous
solid material depend on the conditions of melt
formation and extraction.

7.1. Melting of metasomatized mantle

The melting relations of phlogopite-bearing
mantle are more complicated and less well studied
than anhydrous mantle melting, but some aspects
of the process can be inferred. Phlogopite is stable
at temperatures up to 1250‡C at 3.0 GPa [46^48]
and 1100‡C at V0.1GPa [49]. Modreski and
Boettcher [46] investigated the stoichiometry of
the phlogopite breakdown reaction by adding ex-
cess water to synthetic ma¢c assemblages contain-
ing phlogopite, and found that phlogopite+diop-
side R enstatite R vapor react to form forsterite+
liquid between 1100 and 1250‡C at pressures
ranging from 0.5 to 3.0 GPa. In experiments run
with and without excess water, nearly all the
phlogopite was consumed while most of the clino-
pyroxene was retained. In essence, diopside be-
haved as a refractory phase at the onset of hy-
drous melting. The conclusions of Modreski and
Boettcher are supported by a number of studies
on similar phlogopite-bearing assemblages [48^
53]. Hence at small melt fractions, it is probable
that breakdown of phlogopite is the primary re-
action generating liquid. If (226Ra/230Th) is high in
the phlogopite, it is reasonable to believe that a
melt generated by the preferential breakdown of
phlogopite would likewise be enriched in 226Ra
over 230Th. However, the degree to which a melt
phase can re£ect the 226Ra enrichment that was
originally present in the phlogopite depends on
two factors: the amount that clinopyroxene con-
tributes to the initial liquid and the rate of sepa-
ration of the melt from the solid residue. Since the
clinopyroxene is depleted in 226Ra, any contribu-
tion to the melt from clinopyroxene will partially
o¡set the high (226Ra/230Th) of the phlogopite. If
the melt remains in contact with the solid residue
after phlogopite has been exhausted from the res-
idue, then eventually the melt phase will reach a
new steady state determined by the values of
Kcpx=meltRa and Kcpx=meltTh that characterize the solid^
liquid equilibrium (as in Fig. 7).

The calculated (226Ra/230Th) and Ba/Th in mag-
ma produced by melting phlogopite-bearing man-
tle is presented in Fig. 8a. For the calculations it
is assumed that mantle lherzolite contains 10%
clinopyroxene by weight, and hence for Mcpx/
Mphlog values of 10^1000, the modal abundance
of phlogopite is about 1^0.01%. The relative con-
tributions of phlogopite and clinopyroxene to the
liquid are determined by the degree of melting.
Following the experimental results of Modreski
and Boettcher [46], we assume that phlogopite
melts until it is exhausted, followed by clinopy-
roxene, which melts until it in turn is exhausted.
The incongruous breakdown of orthopyroxene to
olivine plus liquid is inconsequential as neither of
these phases contains signi¢cant Ba, Ra, or Th.
We ¢nd that the (226Ra/230Th) and Ba/Th of the
melt are dependent on both Mcpx/Mphlog and the
melt fraction. For a given melt fraction, however,
the 226Ra/230Th ratio is only marginally a¡ected
by Mcpx/Mphlog, due to the fact that the increasing
activity ratio in the phlogopite as Mcpx/Mphlog in-
creases (Fig. 6) is o¡set by the decreasing contri-
bution of phlogopite to the melt due to its lower
modal abundance. When the melt fraction is
equal to or less than the modal abundance of
phlogopite, the melt directly re£ects the isotopic
and elemental composition of the phlogopite. The
(226Ra/230Th) in the melt increases by roughly an
order of magnitude for each order of magnitude
decrease in melt fraction, and is quite large
(E10) for small melt fractions (V0.1% or less).
While phlogopite has the stronger in£uence

over Ba/Th and (226Ra/230Th) in melts of meta-
somatized mantle, amphibole still plays a signi¢-
cant role in determining (and in the absence of
phlogopite may dominate) these ratios. Pargasitic
amphibole has been shown to be stable to 1075‡C
at pressures of 1.8^2.5 GPa in MORB pyrolite
[54], and up to 1150‡C at 2.9 GPa in water-under-
saturated Hawaiian pyrolite [38]. All of the am-
phibole-bearing MORB pyrolite melting experi-
ments of Niida and Green [54] contain residual
clinopyroxene in the run products, indicating
that, like phlogopite, amphibole will be an early-
melting phase. The activity ratios expected for
melts of amphibole-bearing mantle are shown
for varying Ba/Th and melt fraction in Fig. 8b.
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The correlations between (226Ra/230Th), Ba/Th,
Mcpx/Mphlog, and melt fraction are similar to those
calculated for melting a phlogopite-bearing as-
semblage, with the exceptions that Ba/Th is lower
by about an order of magnitude and the activity
ratio is slightly more dependent on Mcpx/Mphlog.
We do not treat the separation rate issue fully,

but calculate instead the (226Ra/230Th) for the ini-
tial melt, assuming that this melt can be instanta-
neously separated from the residue. Because this
is an end-member case, the quoted (226Ra/230Th)
values are maxima. However, it is likely that the
model melt can separate relatively quickly, be-

cause under the conditions considered, the melt
will have both a high Mg content and a high
water content and hence a very low viscosity. In-
terestingly, if the melt were unable to separate
quickly, particularly in the presence of residual
phlogopite or amphibole, fractionation may take
place in the opposite sense, such that the melt
may acquire (226Ra/230Th)6 1 due to Ra retention
in the residual hydrous phases. This may be the
case for some continental and ocean island alkali
basalts [55,56], where the water content is lower
than in arc lavas.

7.2. 226Ra activity excess in arc lavas

Although moderate 226Ra excesses have been
measured in OIB ((226Ra/230Th)9 1.5 [11]) and
MORB ((226Ra/230Th)9 4 [9,10]), the strongest
excesses measured to date have been in island
arc lavas ((226Ra/230Th)9 8 [7,8])(Fig. 1). The
highest (226Ra/230Th) is found in the most primi-
tive arc lavas [8], indicating a mantle source for
high (226Ra/230Th) lavas. As Ra is £uid-soluble,
while Th is not, it may be reasonable to assume
that high (226Ra/230Th) could be the result of £uid
interaction in the mantle wedge. Correlations be-
tween (226Ra/230Th) and (238U/230Th), Ba/Th [8],
and 10Be/Be [15] have been noted in arcs world-
wide, suggesting that these enrichments may be
due to the addition of a single component, namely
a slab-derived £uid.
The idea that U-series disequilibria are im-

parted by a single £uid interaction, however, is
contradicted by the time scales given by the di¡er-
ent isochrons. Large radium activity excesses can-
not persist for more than 8000 yr, while (238U/
230Th) and (231Pa/235U) isochrons yield £uid addi-
tion ages of V60 ka for the Tonga^Kermadec
Arc [12,17] and V30 ka for the Mariana arc
[57]. Establishing a means by which enrichment
events seemingly separated by tens of thousands
of years could be correlated is di⁄cult. One ap-
pealing explanation involves a distillation of the
£uid, in which the ¢rst £uid released from the slab
contains all of the U but leaves behind the Th,
and later £uids contain only Ra that has grown in
from Th, but no U [12]. However, it is unlikely
that reality is so straightforward. For instance,

Fig. 8. (226Ra/230Th) vs. Ba/Th in melt generated from phlog-
opite- and amphibole-bearing peridotite. Melt ratios gener-
ated by combining phlogopite or amphibole and clinopyrox-
ene for the given values of Mcpx/Mphlog and melt fraction.
Solid lines indicate Mcpx/Mphlog and dotted lines indicate
varying melt percentage. Phlogopite, amphibole, and clinopy-
roxene (226Ra/230Th) is as given in Fig. 6a,c. Below the mini-
mum melt percentage denoted for each value of Mcpx/Mphlog,
the melt is essentially pure phlogopite or amphibole and the
activity and concentration ratios do not vary. For all calcula-
tions, D/(a2V) = 0.1. (a) Phlogopite-bearing assemblage;
(b) amphibole-bearing assemblage.
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the simplicity of this model is contra-indicated by
the persistence of garnet in the eclogitic residue,
which suggests that considerable U is retained
following the initial slab dehydration [28].
We propose that the (230Th/238U) and (226Ra/

230Th) disequilibria in arc lavas are the result of
a continuous dehydration process, but whereas
the (230Th/238U) records the age of the initial
slab dehydration, the (226Ra/230Th) develops sub-
sequently in the mantle wedge by the di¡usion
process described above. Water-rich £uid gener-
ated by dehydration reactions in the down-going
slab migrates into the mantle wedge and crystal-
lizes phlogopite and amphibole, resulting in a mo-
dally metasomatized peridotite mantle [19,20,58].
Uranium and thorium are fractionated by slab
dehydration processes [5], but not phlogopite or
amphibole crystallization [27^29], and both dif-
fuse slowly in clinopyroxene [36]. Consequently,
the measured (230Th/238U) in arc lavas re£ects
the original fractionation associated with slab de-
hydration, modi¢ed only by radioactive decay. It
takes only a few thousand years for (226Ra/230Th)
steady-state disequilibrium to develop in the min-
erals of the metasomatized mantle wedge, and this
isotopic signature is permanently available to be
imparted on small-degree melts. Therefore both
(230Th/238U) and (226Ra/230Th) disequilibria are
produced by the same £uid transfer event, but
by di¡erent mechanisms, and at the time of melt-
ing, the (230Th/238U) e¡ect has partially decayed
away but the (226Ra/230Th) e¡ect has not. The
correlation of (226Ra/230Th) with (230Th/238U),
Ba/Th and 10Be/Be is due to the high ratios of
these elements/isotopes in slab-derived £uids and
preserved by their relative compatibility in phlog-
opite and amphibole [27,28,59].
Alternatively, it has been suggested that (230Th/

238U), (226Ra/230Th), and (231Pa/235U) correlations
are determined by £uxing the mantle with a £uid
component enriched in Ra and U, but also carry-
ing some Pa and Th, and thus do not yield true
isochrons at all [18]. Similar results are obtained
by mixing an enriched melt generated by phlogo-
pite breakdown with a variably depleted, larger
volume mantle melt. The two magma end-mem-
bers originate as a result of phlogopite and/or
amphibole crystallization from slab-derived £uids

or hydrous melts. If the hydrous minerals are not
able to accommodate all of the H2O, the excess
£uid can separate and migrate into the mantle
above [20]. Ultimately, the separated £uid induces
wet mantle melting, which provides the larger-de-
gree (depleted) melt. Alternatively, the large-de-
gree melt could be generated by decompression
melting in the mantle wedge [60]. The hydrous
solid phases also migrate into warmer regions of
the mantle, albeit on a slower time scale, where
they melt to form the enriched component. Mag-
ma generated by mixing 1^10% 226Ra-enriched
contaminant with 90^99% variably depleted mag-
ma at secular equilibrium is depicted in Fig. 9,
with lavas from the Tonga^Kermadec Arc
[12,17] shown for comparison. We have allowed
the degree of depletion in the larger melt to vary
over a limited range (i.e. [Th] = 0.1^1 ppm, [Ba]
and [Ra] vary proportionally to [Th]), due to the
degree of melting and/or prior depletion in the
back-arc. The higher the concentrations of Ba,
Ra, and Th, the less the composition of the mag-
ma is a¡ected by the addition of the phlogopite/
amphibole component, resulting in the observed
correlations. The trend shown in Fig. 9b can also
be successfully, and perhaps more simply, ex-
plained by decreasing (226Ra/230Th) as magma dif-
ferentiation proceeds through time [12]. However,
it may be di⁄cult to achieve the range of Ba/Th
ratios in Fig. 9a by di¡erentiation alone.
The phenomenon described above might also

be accomplished by aqueous £uids themselves,
without the intervening hydrous mineral phase.
The mobility of a £uid in the mantle is determined
by the dihedral angle at the triple junctions be-
tween mineral grains. If the dihedral angle is
greater than 60‡, £uid is held in isolated pockets
at the grain boundaries. If the dihedral angle is
less than 60‡, the £uid forms an interconnected
network and is thereby mobile. Mibe et al. [61]
show that the dihedral angle of forsterite is great-
er than 60‡ at the pressure and temperature con-
ditions of dehydration in the subducted slab, but
less than 60‡ at higher temperatures and pres-
sures. Therefore, a £uid released during slab de-
hydration could be trapped at grain boundaries
and dragged along with the descending slab until
it reaches the right conditions for £uid mobiliza-
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tion. During this time, (226Ra/230Th) disequilibri-
um could grow into the £uid by di¡usion, as
shown in Fig. 7b, while (238U/230Th) simply
evolves toward equilibrium. Once mobilized, this
£uid could contribute its unique isotopic and
trace element characteristics to melt generated in
the mantle above.

7.3. Time constraints for melt transport

The very existence of 226Ra excesses in lavas
sampled at the surface implies that these magmas
migrate from the source area to the surface
quickly. In ca. 8000 yr (¢ve half-lives or about
three mean lives), the magmas will have returned
to secular equilibrium, and after only 1600 yr, the
226Ra activity will have decreased by one-half.
The very large 226Ra excesses observed in some
arc lavas have led researchers to propose ‘ultra-
fast’ magma migration, on the order of 1000 m/yr
[8], such that magma can move from subduction
zone to surface in about 100 yr. This high trans-
port rate is about two orders of magnitude faster
than predicted by physical models for rapid melt
migration [62].
Part of the reason for the inferred high melt

migration velocities is that the standard models
for the generation of (226Ra/230Th) disequilibrium
in magmas involve fractionation of Ra from Th
by partial melting starting with a solid assemblage
where all of the minerals are at secular equilibri-
um. In such a model, Ra/Th fractionation is lim-
ited by the di¡erences in melt/solid partitioning
between the two elements, and activity ratios as
high as 8 may be di⁄cult to generate at all. The
direct addition of an aqueous £uid can increase
the (226Ra/230Th), but this e¡ect is largely uncon-
strained and di⁄cult to reconcile with the multi-
ple time scales of U-series fractionation in arcs.
We argue, however, that if mantle metasomatism
is prevalent throughout the mantle wedge, and
solid state mineral disequilibrium characterizes
the mantle, then magmas may start out with
higher (226Ra/230Th), and incipient non-equilib-
rium melting of metasomatic minerals along
channel walls could serve to maintain 226Ra ex-
cesses during migration. In fact, it is possible that
the (226Ra/230Th) enrichment may not originate
deep in the mantle at all. Some alkali basalts
contain megacrysts of phlogopite and amphibole,
presumably acquired from hydrous veins in the
upper mantle shortly prior to or during eruption
[63]. Phlogopite^pyroxenite diapirs, originating
from the slab^wedge interface and rising to accu-
mulate at the base of the crust [20], would also
provide the necessary mineral assemblage for sol-

Fig. 9. (a) (226Ra/230Th) vs. Ba/Th in magma generated by
mixing 1^10% 226Ra-enriched, low-degree melt with 90^99%
variably depleted, high-degree melt that is at secular equilib-
rium. Solid line represents the calculated mixing line where
the enriched end-member is pure phlogopite melt, and
dashed line represents mixing line for enriched end-member
composed of 3:1 phlogopite:amphibole. Ticks denote the
percentage of enriched end-member contribution to the mix.
(226Ra/230Th) and Ba/Th in enriched end-member from Fig.
8, where melt percentage is 0.1%, Mcpx/MphlogðamphÞ =100,
and D/(a2V) = 0.1. We assume that Ba/Th=100 in the de-
pleted melt, 104 in the phlogopite melt, and 103 in the am-
phibole melt. Tonga^Kermadec Arc data from [8,14]. (b)
(226Ra/230Th) vs. Th. The Th concentration in the high-de-
gree melt varies from 0.1 to 1 ppm, while the Th concentra-
tion in the low-degree melt is always 0.1 ppm. Solid and
dashed lines represent the addition of 1%, 5%, and 10%
high-Ra melt to the larger melt.
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id-state Ra di¡usion, hence (226Ra/230Th) disequi-
librium, provided that the temperature is high
enough. If the phlogopite were assimilated shortly
prior to eruption, the increased (226Ra/230Th) of
the melt might not re£ect migration time from the
source at all, but rather shallow level contamina-
tion.

7.4. Application to other U-series isotopes

Other U-series isotope ratios could be a¡ected
by the process described here. The general re-
quirements are that the parent and daughter nu-
clides be fractionated signi¢cantly by di¡erent
mineral phases, and that the di¡usion parameter
for the daughter nuclide Di/a2Vi be su⁄ciently
large to allow di¡usive redistribution to occur.
For the range of grain sizes and temperatures ap-
plicable to subduction zone environments, (226Ra/
230Th) disequilibrium is the only e¡ect likely to be
of signi¢cant magnitude if the fractionating phase
is phlogopite or amphibole. However, for smaller
grain sizes and higher temperatures, it may be
possible to generate some e¡ect on (230Th/238U),
and potentially (231Pa/235U), for instance. If the
fractionating phase is an aqueous £uid, the
(226Ra/230Th) disequilibrium is likely to be accom-
panied by (230Th/238U) disequilibrium due to the
greater solubility of U in aqueous £uids.

8. Conclusions

We have shown that steady-state (226Ra/230Th)
disequilibrium can be maintained in individual
mineral phases constituting a metasomatized man-
tle assemblage. Since Ra is both incompatible and
has a high di¡usion coe⁄cient in clinopyroxene,
226Ra generated by the decay of 230Th di¡uses
out of the clinopyroxene and into neighboring
phases where it is more compatible. The result is
steady-state 226Ra depletion in clinopyroxene and
enrichment in phases such as phlogopite and am-
phibole. The relative contributions of these mantle
minerals to a melt determine its initial (226Ra/
230Th) signature. As U and Th both di¡use very
slowly in clinopyroxene, and are more evenly dis-
tributed among the relevant phases at equilibrium,

U and Th are less likely to be fractionated by the
same mechanism in subduction zones.
Although 226Ra enrichment in island arcs is in-

directly the result of £uid addition to the mantle,
and therefore correlated with other geochemical
indicators of £uid addition, 226Ra-230Th does not
record the time of £uid addition, but rather the
time of melting. The storage of U and Th in
phlogopite or amphibole, as opposed to the dif-
fusive addition of Ra to these phases, leads to the
unusual situation whereby these two U-series sys-
tems, while correlated in magnitude, are de-
coupled in time. Partial melting of hydrous min-
erals at shallow levels can obscure information
regarding melt generation and transport times
that might otherwise be obtained from (226Ra/
230Th) disequilibria.
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