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Abstract

Although most arc lavas have experienced significant magma differentiation, the effect of the differentiation process on
U-series disequilibria is still poorly understood. Here we present a numerical model for simulating the effect of time-dependent
magma differentiation processes on U-series disequilibria in lavas from convergent margins. Our model shows that, in a closed
system with fractional crystallization, the ageing effect can decrease U-series disequilibria via radioactive decay while in an
open system, both ageing and bulk assimilation of old crustal material serve to reduce the primary U-series disequilibria.
In contrast, with recharge of refresh magma, significant 226Ra excess in erupted lavas can be maintained even if the average
residence time is longer than 8000 years.

The positive correlations of (226Ra/230Th) between Sr/Th or Ba/Th in young lavas from convergent margins have been
widely used as evidence of fluid addition generating the observed 226Ra excess in subduction zones. We assess to what extent
the positive correlations of (226Ra/230Th) with Sr/Th and Ba/Th observed in the Tonga arc could reflect AFC process. Results
of our model show that these positive correlations can be produced during time-dependent magma differentiation at shallow
crustal levels. Specifically, fractional crystallization of plagioclase and amphibole coupled with contemporaneous decay of
226Ra can produce positive correlations between (226Ra/230Th) and Sr/Th or Ba/Th (to a lesser extent). Therefore, the corre-
lations of (226Ra/230Th) with Sr/Th and Ba/Th cannot be used to unambiguously support the fluid addition model, and the
strength of previous conclusions regarding recent fluid addition and ultra-fast ascent rates of arc magmas is significantly
lessened.
� 2008 Published by Elsevier Ltd.
1. INTRODUCTION

Convergent margins play a critical role in Earth’s geo-
chemical cycling, crust-mantle interactions and generation
of new continental crust. During subduction, hydrous fluids
are released from the subducted oceanic slab and added to
the overlying mantle wedge. In response to the addition of
water, partial melting of mantle peridotite produces H2O
rich subduction zone magmas (e.g., Gill, 1981; Grove and
Kinzler, 1986; Grove et al., 2006). Because parent-daughter
disequilibrium will decay back to secular equilibrium in �5
half-lives of a daughter nuclide, U-series disequilibria are
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powerful tools for constraining the time-scale of subduction
zone magmatism. Hundreds of U-series analyses for conver-
gent margin lavas have now been reported (see Turner et al.
(2003) for a recent review) leading to four important general
observations: (1) most young lavas have 238U excess over
230Th but a substantial number also have 238U depletion or
238U–230Th equilibrium (e.g., Turner et al., 1996, 2003;
Sigmarsson et al., 2002; Dosseto et al., 2003); (2) almost all
young lavas have 231Pa excess over 235U (Pickett and
Murrell, 1997; Bourdon et al., 1999; Thomas et al., 2002;
Dosseto et al., 2003; Turner et al., 2006; Huang and
Lundstrom, 2007); (3) most lavas have 226Ra excesses which
negatively correlate with SiO2 content and positively
correlated with Sr/Th or Ba/Th (Turner et al., 2000, 2001;
Turner and Foden, 2001); and (4) convergent margin lavas on
average have higher U/Th than MORB (Turner et al., 2003).
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Most lavas at convergent margins do not represent
primitive magmas but instead have experienced significant
crustal level differentiation (e.g., Gill, 1981). A number of
studies have emphasized the importance of fractional crys-
tallization and assimilation of crustal materials in generat-
ing the compositional variations in subduction zone
magmas (e.g., DePaolo, 1981; Hildreth and Moorbath,
1988; Beard et al., 2005). DePaolo (1981) provided equa-
tions for quantifying the geochemical effects of assimilation
and fractional crystallization (AFC) and applied them to
open-system magma evolution. Because U-series nuclides
usually have small partition coefficients (<0.01) between
most silicate minerals and melt (Blundy and Wood, 2003),
fractional crystallization by itself should not significantly
affect U-series disequilibria generated by earlier magmatic
processes (such as melting or fluid addition). However, be-
cause magma residence times could vary from tens of years
to 105 years (e.g., Halliday et al., 1989; Heath et al., 1998;
Hawkesworth et al., 2000; Zellmer et al., 2000; Cooper et
al., 2001; Condomines et al., 2003; Reagan et al., 2003;
Asmerom et al., 2005; Jicha et al., 2005), contemporaneous
decay of short-lived nuclides (such as 226Ra) during AFC
processes could significantly affect the extent of U-series
disequilibria in young lavas (Condomines et al., 1995). In-
deed, previous works have addressed the variation of
(226Ra/230Th) due to fractional crystallization and magma
replenishment for the case of the Ardoukoba Volcano (Asal
rift, Djibouti) (Vigier et al., 1999) and variation of
(226Ra/230Th) with time in a closed system to constrain
the cooling rate of magma chambers (Blake and Rogers,
2005). Besides the effect of fractional crystallization, ageing,
and replenishment (Hughes and Hawkesworth, 1999;
Hawkesworth et al., 2000), U-series disequilibria can also
be changed by addition of assimilation of crustal materials.
Recently, Touboul et al. (2007) reported a model simulating
U-series disequilibrium variations in closed and open sys-
tems assuming that crystallization rate is a linear function
of the mass of magma in the chamber which exponentially
decreases with time.

In this paper, we present a more general time-dependent
AFC model assuming a constant rate of change for magma
mass with time. This model can be used to simulate the var-
iation in U-series disequilibria due to assimilation of crustal
materials, fractional crystallization, and magma recharge
coupled with ageing. It allows for simulation of both closed
and open system (assimilation and recharge) behavior and
accounts for decay of short-lived U-series nuclides in the
calculation. The aim of this model is to provide a tool for
better assessing the effect of magma differentiation pro-
cesses on U-series disequilibria and to provide an alterna-
tive explanation for the positive correlations between
226Ra excess and Sr/Th or Ba/Th.

2. EQUATIONS FOR TIME-DEPENDENT AFC

MODEL

Our model follows the basic equations of DePaolo
(1981), starting with a general scenario including assimila-
tion, fractional crystallization, and continuous recharge
(AFCR) processes. As magma accumulates in a crustal level
magma chamber (Fig. 1), its mass changes according to the
equation: dMm=dt ¼ M 0

a þM 0
r �M 0

c, where Mm is the total
mass of magma in the chamber, M 0

c is the mass change rate
by fractional crystallization, M 0

a is the rate of change of
mass due to assimilation, and M 0

r is the rate of change of
mass due to recharge. If there is no recharge of fresh mag-
ma, the AFCR model reduces to AFC, which reduces fur-
ther to pure fractional crystallization (FC) model if the
rate of assimilation is zero. A description of nomenclatures
and parameters used is given in Table 1.

2.1. Trace element concentrations

Similar to equation 1a of DePaolo (1981), we assume
that the concentration of a trace element in the recharging
magma is constant ðC0

mÞ such that the instantaneous rate of
change of mass of a trace element is given by:

d MmCmð Þ
dt

¼ Cm

dMm

dt
þMm

dCm

dt
¼ M 0

aCa þM 0
rC

0
m �M 0

cDCm ð1Þ

where Cm is the concentration of the trace element and D is
the bulk partition coefficient of the element between the
crystallized minerals and melt.

If dMm

dt ¼ 0, magma evolution is similar to a zone refining
process, where the mass of the magma chamber is always
M0

m. Eq. (1) can be integrated as:

Cm ¼ C0
m �

raCa þ rrC
0
m

rcD

� �
e�rcDt þ raCa þ rrC

0
m

rcD
ð2Þ

where ra ¼ M 0a
M0

m
, defined as the assimilation rate, rr ¼ M 0r

M0
m
, the

recharge rate, and rc ¼ M 0c
M0

m
, the crystallization rate.

In general, dMm

dt 6¼ 0. For a slowly cooling magma cham-
ber, dMm

dt < 0. Eq. (1) can be re-written as:

dCm

d ln F
þ 1þ rcD

ra þ rr � rc

� �
Cm ¼

raCa þ rrC
0
m

ra þ rr � rc

ð3Þ

where F is the fraction of melt remaining in the
magma chamber F ¼ Mm

M0
m

� �
; and dF ¼ M 0aþM 0r�M 0c

M0
m

dt
¼ ra þ rr � rcð Þdt. An analytical solution for Eq. (3) is:

Cm ¼ C0
mF �

raþrr�rcþrcD
raþrr�rc þ raCa þ rrC

0
m

ra þ rr � rc þ rcD
1� F �

raþrr�rcþrcD
raþrr�rc

� �
ð4Þ

If rr = 0, Eq. (5) is same to equation (6a) in DePaolo (1981).

2.2. Short-lived U-series nuclides

If the residence time of magma is comparable to or long-
er than the half-lives of the short-lived isotopes, radioactive
decay must be taken into account for assessing the change
of mass in U-series nuclides in a magma chamber. The var-
iation of mass of a daughter nuclide with time can be writ-
ten as:

d MmCm;Dð Þ
dt

¼ M 0
aCa;D þM 0

rC
0
m;D �M 0

cDDCm;D

þ kPMmmDCm;P

mP

� kDMmCm;D ð5Þ
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Fig. 1. Cartoon for subduction zone and magma chamber at crustal depths. Mantle wedge is metasomatised by hydrous fluid enriched in U,
Ra, Ba, and Sr relative to Th and Pa. Mass and chemical composition of magma chamber vary due to assimilation, crystallization, and
recharge.

Table 1
Parameters for the models

Symbol Description Units

Mm Mass of magma kg
M0

m Initial mass of magma kg
mP Atomic mass for parent —
mD Atomic mass for daughter —
M 0a Mass change rate due to assimilation kg/

year
M 0r Mass change rate due to continuous recharge kg/

year
M 0c Mass change rate due to fractional

crystallization
kg/
year

ra M 0a=M0
m, assimilation rate year�1

rr M 0r=M0
m, continuous recharge rate year�1

rc M 0c=M0
m; fractional crystallization rate year�1

F Fraction of magma, Mm=M0
m —

Cm Concentration in magma ppm
Cm,D Concentration of daughter nuclides in magma ppm
Cm,P Concentration of parent nuclides in magma ppm
Ca Concentration in assimilated materials ppm
Ca,D Concentration of daughter nuclides in

assimilated materials
ppm

C C ¼ 1
raþrr�rc

;�C is residence time years
D Bulk partition coefficient between magma and

fractionated phases
—

DD Partition coefficient of daughter —
DP Partition coefficient of parent —
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where Ca,D is the concentration of the daughter in the
assimilated materials; kD and kP are the decay constants
of the daughter and parent, respectively; DD is the bulk par-
tition coefficient of daughter; C0

m;D is the initial concentra-
tion of daughter in the melt; Cm,P is the concentration of
parent in the melt; and mD and mP are the atomic mass
of the daughter and parent, respectively.

If dMm

dt ¼ 0 or ra + rr = rc, Eq. (5) reduces to

dCm;D

dt
¼

M 0
aCa;DþM 0

rC
0
m;D�M 0

cDDCm;D

M0
m

þkPmDCm;P

mP

�kDCm;D

) dCm;D

dt
þ kDþ rcDDð ÞCm;D

¼ raCa;Dþ rrC
0
m;Dþ

kPmDCm;P

mP

ð6Þ
Cm,P can be obtained from Eq. (2) if the daughter is 230Th
or 231Pa.

dCm;D

dt
þ kD þ rcDDð ÞCm;D

¼ kPmD

mP ercDPt
C0

m;P �
raCa;P þ rrC

0
m;P

rcDP

 !
þ raCa;D þ rrC

0
m;D

þ kP

ðraCa;P þ rrC
0
m;PÞmD

rcDPmP

ð7Þ

An analytical solution for Eq. (7) is:

Cm;D ¼
raCa;D þ rrC

0
m;D þ

kPmD raCa;PþrrC0
m;Pð Þ

mPrcDP

kD þ rcDD

1� e�ðkDþrcDDÞt
� �

þ
kPmD

mP
C0

m;P �
raCa;PþrrC0

m;P

rcDP

� �
e� kDþrcDDð Þt � e�rcDP t
� �

rcDP

þ C0
m;D e�ðkDþrcDDÞt

ð8Þ

Cm,230Th and Cm,231Pa can be calculated using Eq. (8) assum-
ing the parent nuclides are 238U and 235U, respectively, and
226Ra, the daughter of 230Th, can be obtained by substitut-
ing Cm,230Thas Cm,P into Eq. (6).

The calculation is more complicated for the general case
where dMm

dt 6¼ 0. Eq. (5) can be written as:

dCm;D

dt
þ M 0

a þM 0
r �M 0

c

Mm

þ kD þ
M 0

cDD

Mm

� �
Cm;D

¼
M 0

aCa;D þM 0
rC

0
m;D

Mm

þ kPmDCm;P

mP

ð9Þ

which is further reduced to:

dCm;D

dF
þ 1

F
þ kDCþ rcDD

F ra þ rr � rcð Þ

� �
Cm;D

¼
raCa;D þ rrC

0
m;D

F ra þ rr � rcð Þ þ
kPmDCCm;P

mP

ð10Þ

where C ¼ M0
m

M 0aþM 0r�M 0c
¼ 1

raþrr�rc
and dt = CdF. Note that-C is

the residence time of melt in the magma chamber. There is
no analytical solution for Eq. (10). We used numerical
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methods in MatLab to calculate the concentration of 230Th
or 231Pa in the melt after obtaining the parent concentra-
tions (238U or 235U) using Eq. (4). 226Ra can then be calcu-
lated using Matlab after obtaining Cm;230Th. The program
and manual for modeling are provided as AElectronic an-
nexes to this article.

3. GENERAL BEHAVIOR OF THE MODEL

While we assume that ra, rr, and rc are constants, a more
realistic magma differentiation process might treat these as
variable; for instance, a fresh magma chamber will likely
crystallize faster at its initiation. On the other hand, the
assumption that the rate of change of magma mass is a lin-
ear function of magma mass implies that a magma chamber
could last forever (Touboul et al., 2007). While the most
realistic scenario may be between these two end-member
models, the general behavior of U-series disequilibria will
closely follow the effect of fractional crystallization, ageing,
assimilation, and recharge proposed in our model.

3.1. Fractional crystallization and ageing in a closed system

(FC)

Because U-series nuclides are generally highly incompat-
ible in most silicate minerals during magma differentiation
(e.g., Blundy and Wood, 2003), fractional crystallization
itself in a closed system is unlikely to significantly change
U-series disequilibria (McKenzie, 1985). However, if the
residence time of magma is comparable to the half-life of
the short-life nuclides (e.g., 226Ra), radioactive decay will
be significant to the disequilibria involving this nuclide.
The much shorter half-life of 226Ra means that (226Ra/230Th)
is more sensitive to magma residence time than either the
238U–230Th or 235U–231Pa systems. For instance, 226Ra excess
dramatically decreases within 2 kyrs due to the ageing effect
while (231Pa/235U) and (238U/230Th) decrease less than 1%
during the same time period (Fig. 2A and B). For a magma
chamber with longer residence time (e.g., 20,000 years),
where decay removes all initial 226Ra excess, (226Ra/230Th)
of the differentiated melt (F < 0.4) is mainly a function of
the bulk partition coefficients of Ra and Th. If the fraction-
ated mineral phases include Na-rich plagioclase and amphi-
bole, DRa will be significantly greater than DTh (Blundy and
Wood, 2003) such that fractional crystallization could result
in lower 226Ra/230Th in the melt than in the crystals or whole
rock (Reagan et al., 2007).

3.2. Assimilation, fractional crystallization, and ageing

(AFC)

In contrast to the closed system, U-Th-Pa-Ra data of the
melt in the open system case can be significantly changed by
bulk assimilation of crustal materials. Assuming the assimi-
lant is old (in secular equilibrium, e.g., old continental crust),
mixing between young magma and older assimilant results in
reducing any original U-series disequilibrium signatures
(Fig. 3). Within time scales of 200 years to 20k years,
(226Ra/230Th) decreases due to both assimilation and ageing
effects (Fig. 3A) while reductions in (238U/230Th) and
(231Pa/235U) mainly reflect addition of assimilant with lower
extents of disequilibria (Fig. 3B). Over a long timescale (e.g.,
20,000 years), fractional crystallization could also result in
slight 226Ra deficit or excess depending on the difference of
the bulk partition coefficients between Ra and Th (Fig.
3A). Because the disequilibria in this model dominantly re-
flect mixing lines between the original magma and assimilant
material with U-series nuclides in secular equilibrium, nearly
linear positive correlations between (238U/230Th) and
(226Ra/230Th) or (231Pa/235U) are produced (Fig. 3C and D).

3.3. Assimilation, fractional crystallization, ageing, and

recharge (AFCR)

Recharge of new magma into a magma chamber is likely
to occur and presents yet another variable in understanding
differentiation of magmas. This replenishment is recognized
as a trigger for eruption (Sparks et al., 1977) and can dramat-
ically affect the 238U–230Th–226Ra disequilibria of erupted
lavas by maintaining disequilibria beyond the previously
stated five half-life limit of decay (Hughes and Hawkes-
worth, 1999). Here, we briefly discuss the case of continuous
recharge, assuming the added magma has the same chemical
composition as the initial magma. Given the same crystalli-
zation and/or assimilation rates, a recharging magma cham-
ber model (AFCR) has lower (238U/230Th) and higher
(226Ra/230Th) compared with assimilation and fractionation
only models (AFC) (Fig. 4). Because the (226Ra/230Th) of the
recharging magma is likely to be high, convergent margin la-
vas could maintain significant 226Ra excess even when the
average magma residence times are greater than 8,000 years.
It is important to note that positive correlations between
(226Ra/230Th) and (238U/230Th) observed in the general
AFCR model (dMm/dt 6¼ 0) can also be produced in the spe-
cial (dMm/dt = 0) model given the similar decay effect and
assimilation of old crustal material.

4. APPLICATION TO U-SERIES DISEQUILIBRIA IN

YOUNG LAVAS FROM CONVERGENT MARGIN

Most lavas at convergent margins are significantly differ-
entiated, justifying our application of the time-dependent
AFC model to observed U-series data. However, because
important parameters such as rr, ra, rc, and the composition
of assimilant are for the most part unconstrained, it is dif-
ficult to simulate complicated magma differentiation pro-
cesses involving crystallization, assimilation, and magma
recharge. Regardless, our model can still provide important
insights into the correlations between U-series disequilibria
and other geochemical features produced by the magma
differentiation process. Therefore, we apply our model to
intra-oceanic arcs, where the tectonic setting is relatively
simple compared to continental subduction zones with sig-
nificant crustal assimilation. For this case, we only consider
fractional crystallization +/� magma recharge to examine
the correlations of 226Ra excess with Sr/Th and Ba/Th
developed during the time-dependent magma differentia-
tion process. It should be noted that although we focus
on intra-oceanic arcs in this paper, the model and equations
described above could equally be applied to other tectonic
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settings such as continental subduction zones, mid-ocean
ridges or ocean island settings.

4.1. Choice of partition coefficients

As has been emphasized in previous models (Vigier et
al., 1999; Blake and Rogers, 2005), the choice of partition
coefficients plays a key role in model results. In this model,
we follow the changes in concentration of a few specific
trace elements sensitive to fluid additions (e.g., Sr and Ba)
as well as U-series nuclides. The choice of crystal-melt par-
tition coefficients for plagioclase and amphibole, the most
important mineral phases controlling the behavior of Sr
and Ba during convergent margin magma evolution, is
the most critical. Partition coefficients for Sr and Ba be-
tween plagioclase and silicate melts are a function of both
crystal chemical control and melt structure (Blundy and
Wood, 1991, 2003; Morse, 1992). Sr is usually compatible
in plagioclase while plagioclase/meltDBa varies from greater
than one to less than one, depending on plagioclase anor-
thite content (Blundy and Wood, 1991). Thorium is much
more incompatible in plagioclase than either Sr or Ba
(Blundy and Wood, 2003). Sr and Ba are moderately
incompatible in amphibole while U and Th are highly
incompatible (Adam and Green, 1994; Brenan et al.,
1995; Latourrette et al., 1995; Blundy and Wood, 2003).
Therefore, fractional crystallization of plagioclase and
amphibole can decrease Sr/Th and Ba/Th, but does not
change U/Th significantly.

Bulk partition coefficients of trace elements between crys-
tallizing minerals and residual magma are calculated by
assuming that the crystallizing assemblage consists of 50%
plagioclase, 25% amphibole, plus 25% other minerals in
which Sr, Ba, and U-series nuclides are highly incompatible
(i.e., partition coefficients �0). This assumption does not
affect results significantly. Plagioclase compositions in oro-
genic andesites vary widely and hence partition coefficients
could vary widely. We assume an average plagioclase compo-
sition of An65 and temperature of 1050 �C based on the most
common plagioclase composition in orogenic andesite (Gill,
1981). We calculate plagioclase/meltDSr, Ba using equation 32
and 33 in Blundy and Wood (2003) and Plagioclase/meltDRa

using the methods provided in Blundy and Wood (2003).
Bulk partition coefficients (Dbulk) of U, Th, Pa, Ra, Sr, and
Ba are listed in Table 2. Dbulk for protactinium is assumed
to be zero because it should be extremely incompatible in pla-
gioclase and amphibole (Blundy and Wood, 2003).

4.2. The Tonga arc

We chose the well-studied Tonga arc as a case study for
modeling AFC process in intra-oceanic arcs. Tonga pro-
vides a good example because of an extensive U-series data
set and because it exemplifies the positive correlations
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time = 1/(rc�ra) = 1/ra. Composition of the initial magma: (238U/230Th) = 1.27, (231Pa/235U) = 1.5, (226Ra/230Th) = 2, U = 0.285 ppm, and
Th = 0.8 ppm; Crustal assimilant: (238U/230Th) = (231Pa/235U) = (226Ra/230Th) = 1, U = 1.2 ppm, and Th = 5 ppm.
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between (226Ra/230Th) and Sr/Th (or Ba/Th) (Turner et al.,
1997, 2000, 2001), used to support the fluid addition model
for generation of 226Ra excess in convergent margin lavas.
Note that the wide range of both Sr/Th and Ba/Th within
only basalt or basaltic andesite samples (<55 wt% SiO2)
from Tonga mainly reflect variations in the mantle source
(reflecting the mantle wedge plus fluid or sediment addition)
(Fig. 5). Of note here is that more differentiated samples
with known ages and (226Ra/230Th) data (from Turner
et al. (1997, 2000)) show a negative correlation between
Sr/Th or Ba/Th (to a lesser extent) and SiO2 content (except
sample 11108 with extremely high Ba/Th). These trends are
unlikely to reflect contamination because crustal contami-
nation at shallow depths in intra-oceanic arcs such as the
Tonga and Aleutians appears to be insignificant (Turner
and Hawkesworth, 1997; Turner et al., 1997, 2000; George



Table 2
Bulk partition coefficients (D) used in the AFCR model

Element Value Reference

U 0.001 amp/meltDU,Th,Ba,Sr, Latourrette et al. (1995);
plg/meltD, Blundy and Wood (2003); DRa is
calculated from Blundy and Wood (2003);
DPa = 0; Bulk D = 0.5 � plg/meltD + 0.25 �
amp/meltD

Th 0.003
Pa 0.00
Ra 0.03
Sr 1.26
Ba 0.172
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Fig. 5. A, B, and C: Correlations of SiO2 with commonly used fluid
indices (e.g., Sr/Th, Ba/Th, and U/Th) for lavas from the Tonga
arc. Solid block symbol data indicated samples with known age
(Turner et al., 1997, 2000). Sr/Th and Ba/Th for these samples
decrease with increasing SiO2 content. However, U/Th shows no
obvious correlation with SiO2. Data are collected from GeoRoc
database (http://georoc.mpch-mainz.gwdg.de/georoc/). Other data
source (open squares) includes Gill (1976, 1984), Ewart et al. (1977,
1994), Vallier et al. (1985), Gill and Whelan (1989), Cole et al.
(1990), Wendt et al. (1997), Luttinen and Furnes (2000) and Turner
et al. (1997, 2000).
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et al., 2003). Therefore, the negative correlation between
Sr/Th or Ba/Th and SiO2 content is most easily explained
as fractional crystallization of plagioclase and amphibole
(Fig. 5A and B). U/Th shows no correlation with SiO2 con-
tent, consistent with these highly incompatible elements not
being affected by plagioclase and amphibole removal (Blun-
dy and Wood, 2003). Therefore, fractional crystallization
can substantially decrease Sr/Th and Ba/Th in differenti-
ated arc lavas, while variation of U/Th more likely reflects
variations in the mantle source.

Coupling variations in U-series data with Sr/Th and
Ba/Th, our model predicts the positive correlations between
(226Ra/230Th) and Sr/Th or Ba/Th. (226Ra/230Th) in
Tongan lavas with known age is positively correlated with
Sr/Th and Ba/Th (to a lesser extent neglecting sample
11108) but is uncorrelated with (238U/230Th) or U/Th (not
shown) (Fig. 6) (Turner et al., 1997, 2000). A model of frac-
tional crystallization of plagioclase and amphibole can gen-
erally match this trend assuming a crystallization rate from
0.5 to 0.25 kyr�1(i.e., a residence time from 2 to 4 kyrs),
which is of the same order of magnitude as the values used
in the literature (Vigier et al., 1999; Blake and Rogers, 2005;
Touboul et al., 2007). In this model, given the different SiO2

contents, lavas from individual Tongan islands may have
experienced different extents of differentiation. Sr/Th de-
creases because of crystallization while decay of 226Ra is
the dominant cause of (226Ra/230Th) decreasing and thus
the positive correlation (Fig. 6A). The smaller bulk parti-
tion coefficient of Ba compared to Sr leads to Ba/Th
decreasing at a slower rate than Sr/Th (Fig. 6B). Within a
few thousand years, fractional crystallization of plagioclase
and amphibole does not significantly change (238U/230Th)
or U/Th (Fig. 6C). Recharge of fresh magma will increase
the residence time and 226Ra excess of the magma relative
to the fractional crystallization only case with a similar
crystallization rate (curve b vs. curve d in Fig. 6A), which
also results in the positive correlation between
(226Ra/230Th) and Sr/Th. Therefore, the positive correla-
tions of (226Ra/230Th) with Sr/Th and Ba/Th could be pro-
duced during the time-dependent magma differentiation
process.

5. IMPLICATIONS FOR INTERPRETATION OF U-

SERIES DISEQUILIBRIA IN SUBDUCTION ZONE

LAVAS

Hydrous fluids are generally assumed to transport fluid-
mobile elements from the subducted slab to the mantle
wedge, resulting in enrichment of large ion lithophile ele-
ments (e.g., U and Ba) relative to other less mobile elements
in lavas from subduction zones. Increased ratios of fluid-
mobile elements (e.g., Sr, Ba, U, and Ra) over fluid-immo-
bile elements (e.g., Th) can be considered as indicators of
fluid addition. Addition of varying amounts of fluid to

http://georoc.mpch-mainz.gwdg.de/georoc/


0 1 2 3 4 5 6 7
0

500

1000

1500

2000

200

400

600

800

1000

1200

1400

0.5

1.0

1.5

2.0

d

cb
11108

S
r/

T
h

226 Ra/( )230 Th

0 1 2 3 4 5 6 7

226 Ra/( )230 Th

0 1 2 3 4 5 6 7

226 Ra/( 230 Th)

100

80

60
60

80

Fon31

Fon39

A

Decay

F
C

a

FC
a: 10 kyrs,rc=10-4/yr
b: 4 kyrs, rc=2.5*10-4/yr

c: 2 kyrs, rc=5*10 -4/yr
FC and R
d:8 Kyrs, rc=2r r=2.5*10 -4/yr

 Late
 Funualei
 Tofua
 Metis Shoal
 Falcon
 Kao

g

f

e

4 kyrs, r
c
=2.5*10 -4/yr

B

B
a/

T
h

60
80

100

11108

Fon39

Fon31

Decay

F
C

11108

C

10 kyrs

23
8
U

/
(

)
23

0
T

h

40 60 80 100

Fon39Fon31

Fig. 6. Simulating the relationships of (226Ra/230Th) with Sr/Th, Ba/Th, and U/Th produced during fractional crystallization (FC) and
recharge (R). (A) (226Ra/230Th) vs. Sr/Th. Curves a, b, and c represent pure fractional crystallization model with residence time of 10, 4, and
2 kyrs, respectively. Curve d in (A) describes fractional crystallization and recharge of fresh magma assuming that rc = 2rr = 2.5 � 10�4/year;
(B) (226Ra/230Th) vs. Ba/Th. Curves e, f, and g in (B) use Ba/Th of 900, 750, and 600, respectively; (C) (226Ra/230Th) vs. U/Th. (226Ra/230Th)
of the Tonga samples is positively correlated with Sr/Th and Ba/Th (to a lesser extent), but shows no obvious correlation with (238U/230Th).
However, the model does show that (238U/230Th) decreases slightly by �3% due to decay when the residence time is 10 thousand years. Only
Tonga samples with known eruption ages are plotted and grouped based on the sample locations (Turner et al., 1997, 2000). The positive
correlations between (226Ra/230Th) and Sr/Th or Ba/Th can be explained by different extents of differentiation. Fraction of magma remaining
(F) is marked in percentage (%). Parameters of simulation are from Table 3.

The effect of time-dependent AFC on U-series disequilibria in young lavas 4143
the mantle wedge beneath arc front volcanoes could thus
cause the positive correlations observed between Ba/Th,
Sr/Th, and (226Ra/230Th). Therefore, for more than a dec-
ade, these correlations have been considered as the stron-
gest evidence supporting the generation of 226Ra excess in
subduction zone lavas by Ra-rich fluid addition (e.g., Turn-
er and Hawkesworth, 1997; Turner et al., 2000, 2003; Turn-
er and Foden, 2001; Sigmarsson et al., 2002; George et al.,
2003, 2004). Moreover, to preserve the fluid-based 226Ra
excess, which is only produced at the slab-wedge interface,
ultra-fast magma ascent rates (up to the order of 1000 me-
ter per year) are required (Hawkesworth et al., 1997; Turner
et al., 2001, 2003; Turner and Foden, 2001; George et al.,
2003, 2004).

The good match between the Tongan data and our time-
dependent AFC model shows that correlations between
(226Ra/230Th) and Ba/Th, and Sr/Th do not provide unam-
biguous evidence for 226Ra excess in subduction zone lavas
Table 3
Trace element and U-series data used in Fig. 6

Primary magma

CU (ppm) 0.4
CTh (ppm) 1
CSr (ppm) 1800
CBa (ppm) 600, 750, 900
(238U/230Th) 1.6
(230Th/232Th) 0.76
(231Pa/235U) 1.2
(226Ra/230Th) 6
reflecting fluid addition. Instead, these correlations can be
equally explained by crustal level differentiation processes
thus relaxing constraints on timescales of magmatism and
melt ascent rate. The anti-correlation between
(226Ra/230Th) and SiO2 (e.g., Fig. 2 in Turner et al., 2001)
indicates that more primitive subduction zone magmas
have larger 226Ra excesses, higher Ba/Th and Sr/Th, and
relatively lower SiO2 contents. Magma differentiation with
time at shallow crustal depths decreases 226Ra excess,
Ba/Th, and Sr/Th, and increases SiO2, producing the corre-
lations of 226Ra excess with Ba/Th, Sr/Th, and SiO2 content
in young lavas from subduction zones (Fig. 6).

Clearly, the observation that 226Ra excesses are highest in
more primitive magmas argues that they present when they
arrive at crustal level magma chambers. While it is still pos-
sible they could reflect fluid addition, there are many other
processes that could equally well produce the 226Ra excesses
prior to differentiation. For instance, in-growth melting
models have been proposed to explain other U-series dis-
equilibria (Turner et al., 2006; Huang and Lundstrom,
2007); if such processes occur to produce 231Pa–235U disequi-
libria, it is likely that they also act to produce 226Ra–230Th
disequilibria if DRa is not equal to DTh and one of them
has a bulk partition coefficient of similar size to the melt
porosity. Diffusive exchange between minerals in the mantle
wedge (Feineman and DePaolo, 2003) or incongruent melt-
ing in the lower crust (Dufek and Cooper, 2005) are also via-
ble processes for producing 226Ra excess before arrival at
crustal magma chambers. Therefore, if any of these other
mechanisms act to produce 226Ra excess prior to differentia-
tion, then the constraint on the ultra-fast magma upwelling
from the upper mantle to Earth’s surface is eliminated. If
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correlations between 226Ra excess and Sr/Th or Ba/Th
simply reflect differentiation processes, the cause of 226Ra ex-
cess in subduction zone lavas and thus magma transfer time-
scale are still open questions.

6. CONCLUSIONS

Models of time-dependant AFC process indicate that U-
series disequilibria in young lavas at the convergent margins
can be significantly affected by the magma differentiation
process of fractional crystallization, assimilation, magma re-
charge, and ageing. In a closed system, U-series disequilibria
are dominantly changed by the ageing effect because U-series
nuclides are generally highly incompatible during differentia-
tion. Within a few thousand years, this process does not
change U/Th and (238U/230Th). In an open system, assimila-
tion of old crustal material can lessen the primary U-series
disequilibria, while recharge of fresh magma produced from
the deep mantle can maintain U-series disequilibria in mag-
mas crustal residence times greater than five half-lives.

The positive correlations between 226Ra excess and
Sr/Th or Ba/Th (to a lesser extent) have been widely used
as evidence supporting the generation of 226Ra excess in
convergent margin lavas by fluid additions. Our model
shows that these positive correlations can equally be ex-
plained by fractional crystallization of plagioclase and
amphibole coupled with contemporaneous decay of
226Ra. Therefore, the correlations between chemical
parameters sensitive to fluid addition (e.g., Sr/Th and
Ba/Th) and (226Ra/230Th) cannot be exclusively used to
support the fluid addition model. Recent fluid addition
and ultra-fast ascent rates of magmas may not be re-
quired for generation and preservation of 226Ra excess
in young subduction zone lavas.
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