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Ultrafast Source-tomsurface 
Movement of Melt at  Island 

Arcs from 226~am230~h 
Svstematics 

Simon Turner,'.'* Peter Evans,'s3 Chris ~awkesworth'.' 

Island arc lavas have radium-226 excesses that extend to higher values than 
those observed in mid-ocean ridge or ocean island basalts. The initial ratio of 
radium-226 to thorium-230 is largest in the most primitive lavas, which also 
have the highest bariumlthorium ratios, and decreases with increasing mag- 
matic differentiation. Therefore, the radium-226 excesses appear to have been 
introduced into the base of the mantle melting column by fluids released from 
the subducting plate. Preservation of this signal requires transport to the surface 
arguably in only a few hundreds of years and directly constrains the average 
melt velocity to the order of 1000 meters per year. Thus, melt segregation and 
channel formation can occur rapidly in the mantle. 

The velocity of melt ascent from its source 
through Earth's mantle and crust to the 
surface is extremely hard to determine, 
even though such measurements would 
place important constraints on the mecha- 
nisms of melt transport and the physical 
behavior of the mantle during partial melt- 
ing (1-5). Disequilibria between the short- 
lived U-series isotopes can provide esti- 
mates of melt velocities and have recently 
been used to show that mantle melt veloc- 
ities are too fast for transport to occur by 
grain-scale percolation mechanisms all the 
way to the surface. Instead, melt must, at 
some critical stage, separate into discrete 
channels (1-5). What remains to be deter- 
mined is how quickly melt moves and at 
what melt fraction such channels form. The 
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short-lived U-series isotope 226Ra has a 
half-life of only 1600 years and can be used 
to estimate melt velocity and residual po- 
rosity (1-5). However, recent models for 
melt formation and transport beneath mid- 
ocean ridges and ocean islands emphasize 
that 226Ra-230Th disequilibria is created 
throughout the melting column and the dis- 
equilibria measured at the surface only re- 
flects that produced in the upper portions of 
the melting column (3-5). Thus, although 
226Ra disequilibria in mid-ocean ridge and 
ocean island basalts (MORB and OIB, re- 
spectively) provide important constraints 
on the residual porosity, they do not place 
tight constraints on the melt velocity be- 
cause the depth of origin of the disequilib- 
ria is debatable. 

No global 226Ra study has been conducted 
on island arc lavas since the pioneering in- 
vestigation of Gill and Williams (6),  who 
suggested that 226Ra excesses might be relat- 
ed to fluid addition. Accordingly, we have 
undertaken high-precision, mass spectromet- 
ric measurements of 226Ra disequilibria in 
40 historic lavas from seven island arcs 
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that, combined with recent data from the 
Tonga-Kermadec arc (7), allow us to eval- 
uate the global 226Ra-230Th systematics in 
island arc rocks. The (226Ra/230Th), values 
(where the parentheses denote actcvity ra- 
tios) extend to 226Ra excesses of over 600% 
and show a significant variation above each 
arc (Table I), ranging from 0.87 to 2.66 in 
the Lesser Antilles, 1.25 to 4.96 in Vanu- 
atu, 1.51 to 1.59 in the Philippines (two 
samples only), 1.06 to 5.44 in the Marianas, 
1.39 to 4.16 in the Aleutians, 1.00 to 3.53 
in Kamchatka, 0.94 to 3.71 in Indonesia, 
and 0.93 to 6.13 in Tonga-Kermadec (7). 
Only one sample has (226Ra/230Th)o < 1 ,  
and five samples are within analytical error 
of 1 .  

The (226Ra/230Th)0 versus (238U/230Th) 
diagram (Fig. 1) illustrates that the U-series 
disequilibria in island arc lavas are distinct 
from MORB and OIB, extending to higher 
(226Ra/230Th)0 ratios and having the reverse 
sense of U-Th fractionation. Thus, the island 
arc lavas with the highest (226Ra/230Th)0 are 
crudely correlated with the highest (238U/ 
230Th) (8-11). Some aspects of these differ- 
ent tectonic regimes are similar, in that melt- 
ing is initiated at depths of 100 km and the 
total extent of melting is probably in the 
range 8 to 15%. However, for MORB and 
OIB, melting occurs in response to decom- 
pression. The 230Th excesses [i.e., (238U/ 
230Th)< 11 reflect the greater compatibility 
of U, relative to Th in residual aluminous 
clinopyroxene and garnet (12, 13) and have 
been used to constrain the mantle upwelling 
and melting rates in these regions (1-5). 
The porosities required to obtain (226Ra/ 
230Th)0> 3 by decompression melting alone 
are <0.0001% (1-5) and most MORB and 
OIB have (226Ra/230Th)0 < 3 (Fig. 1) (14-
22). In contrast, melting beneath island arcs is 
linked to the lowering of the peridotite soli- 
dus by addition of aqueous fluids released 
during dehydration reactions in the down- 
going plate (23, 24), and the role of decom- 
pression on melting has proved hard to re- 
solve (25-27). The 238U excesses that typify 
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island arc lavas (Fig. 1) are inferred to reflect (Fig. 2) shows that the highest Ra-Th disequi- in other tectonic settings (45, 46). This is 
U addition by the aqueous fluids (8-10, 27- libria occur in the least differentiated lavas, unlikely to be due to RaTh fractionation by 
43), and correlations between (230Thi232Th) some of which represent near primary melts. crystal-liquid differentiation because Ra and 
and (23XU/232Th) have been used to suggest These lavas also have the lowest "SrIs6Sr, Th remain incompatible elements while the 
that this typically occurs 20,000 to 150,000 and no common assimilant with Ra and Ba liquidus assemblage is gabbroic (Fig. 2), al- 
years before eruption (8-10, 27-43). The >> Th has yet been identified. This empha- though evolved liquids may undergo decreas- 
226Ra-230Th and 238U-230Th disequilibria in sizes that the 226Ra excesses in island arc es in Ra/Th as the proportion of plagioclase 
island arc lavas are, therefore, different from magmas are a mantle feature and were not in the crystallizing assemblages increases 
those in MORB and OIB, and they cannot be superimposed on the magmas at shallow lev- (47). If the decreases in (226Ra/230Th)o re-
accounted for by partial melting processes in els through interaction with seawater, hydro- flect the time taken for crystal-liquid differ- 
the same way because that should result in thermal fluids, or crustal materials. The 226Ra entiation (48), then the rate of decrease in 
230Th excesses and 226Ra excesses 5 3 (44). excesses (226Ra/230Th)odecrease with in- (226Ra/230Th)ocan be used to calibrate the 

A (226Ra/230Th)oversus SiO, diagram creasing differentiation, as has been observed time scale for differentiation [e.g. (7, 46)] 

Table 1. 226Ra disequilibria for subduction zone lavas with references for activity ratios (denoted by subscript o), assuming the decay constant 
sample information and supporting geochemical and isotopic data includ- hZz6Ra= 4.332 X (The data from the St. Kitts lavas, Lesser Antilles. 
ing (238U/230Th) ratios. Repeat analyses of the Mt. Lassen rock standard must be treated with caution due to  the magnitude of the required age 
(59) yielded 226Ra = 1065 2 9 fglg (n = 6), and the reproducibility of correction.) Further details of the chemical separation and mass spec- 
(226Ra/230Th) is estimated to  be 1.3% (2u). Measured 226Ra concentra- trometry techniques used are given in (7). 
tions (denoted by subscript m) were age corrected t o  initial activities and 

Sample no.  
Island or Eruption Sio, Ba ~h 226Ram (226Ra)o (226Ra/23O~h), Refer-
volcano age (A.D.1 (wt. %) ( P P ~ )  ( P P ~ )  (fdg) (Bq) ence 

Lesser Antilles 
Kit45b St. Kitts 124 0.602 
Kit50 St. Kitts 130 0.687 
MV0244 Montserrat 247 2.447 
MV0372 Montserrat 3.01 1 
M8222 Martinique 202 2.478 
M8225 Martinique 224 2.225 
STV354 St. Vincent 133 1.052 
STV371 St. Vincent 110 0.85 1 
RW 33 Ile de Caille 106 2.051 
K I Kick 'em Jenny 178 2.901 

Vanuatu 
Lopevi bomb Lopevi 128 0.561 
Yasur 1975 Tanna 512 2.376 
Yasur 1993 Tanna 552 2.226 
68553 Matthew 138 1.620 
68557 Matthew 159 1.314 

Philippines 
1968 Mt. Mayon 353 1.768 
1984 Mt. Mayon 363 2.033 

Mariana 
PA 1 Pagan 225 0.620 
CU6 Cuguan 164 0.360 
CU9 Cuguan 163 0.324 
U4 Uracas 31 7 0.960 
U2 Uracas 351 1.110 

Aleutians 
UM21 Umnak 239 1.174 
KAN 5-8 Kanaga 552 3.497 
K81-7A Kasatochi 227 1.078 
BOG 1796 Bogoslof 1839 4.814 

Kamchatka 
TB-9-7-75 Tolbachik 263 0.527 
T889 Tolbachik 357 1.134 
A4-91 Avachinsky 30 1 0.639 
C574 Corely 337 0.873 
2562 Sheveluch 442 1.228 
14497 Karymsky 409 1.692 
14499 Karymsky 40 1 1.603 

Sunda 
L2835 Kra katau 321 7.453 
VB82 Calunggung 48 0.777 
M I 5  Merapi 405 4.890 
LBW8611 Rindjani 430 4.251 
T205188 Tambora 1201 11.857 
SA881303 Sangeang Api 1578 10.180 
FL26 lya 92 0.439 
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which must be less than the 8000-year period 
required for (226Rd230Th)o to return to unity. 
Alternatively, if such decreases in (226Rd 
23"Th)0 are due to mixing processes, as indi- 
cated when (238UP30Th) also decreases with 
increasing SiO, despite the longer half-life 
(49), or instead reflect evolution from lower 
(Z26Ra123"Th)0 parents, any time estimates 
would be a maximum and differentiation 
might be almost instantaneous. Thus, if melts 
do stall in the crust it is generally for short 
periods of time (<I3000 years) and it appears 
that the majority of island arc basalts and 
andesites spend less than a few thousand 
years traversing the crust (6, 9, 40). 

The most striking observation is that 

there is a broad correlation between (226Rd 
230Th)0 and BdTh ratio (Fig. 3), both glo- 
bally and within almost every island arc (7, 
9-11). Radium-226 enrichments in MORB 
and OIB are typically smaller (14-22) and 
occur without accompanying increases in 
Ba. In island arc lavas, BaJTh is widely 
regarded as a diagnostic ratio for identify- 
ing the fluid component added from the 
subducting plate (7-10,27-43). These cor- 
relations, combined with the inability of 
partial melting processes to explain the 
coupled 226Ra-230Th and 238U-230Th dis- 
equilibria (see melting curves in Fig. l), 
suggest that the addition of aqueous fluids 
was responsible for the 226Ra-230Th dis- 

1. Plot of (226Ra/ 7 
23 h)o versus (238U/ 
23"Th) contrasting the 
new data from island arc 
lavas with data from mid- 
ocean ridges (74-79) and 5 
selected ocean islands -2 
(20-22, 56) (Hawaiian 
field plots tholeiites only). 3 
The dynamic melting rr 
curves (57) illustrate that, $- 3 
for ridges and ocean is- 
lands, (226Ra/23"Th) is 
largely a function of re- 
sidual porosity (+), which 
varies from 0.01% near 1 
the equipoint to 0.001% 
and 0.0001%. whereas 
(238U/23QTh) i; primarily :., 0.9 1.1 1.3 1.5 1.7 1.9 controlled by upwelling 
rate IWI which varies 

1 - 1 1 I I 

I 
- I 0 0 - 

Manana o 

Tonga-Kermadec 

Azores Hawall 
I I I I I 

from i0  ;myrl near the 
equi oint to 5 cmyear-I and 0.1 cmyear-'. In contrast, lavas from island arcs are characterized 
by (!%JP~"T~) > 1 and high (226Ra/23"Th)o ratios which are broadly correlated and cannot be 
produced by dynamic melting models (44). Tonga-Kermadec data here and in Figs. 2 and 3 are from 
(7, 43). Lesser Antilles (w), Kamchatka (+), Mariana (+), Vanuatu (0), Sunda (o), Philippines (A), 
Aleutians (x), and Bogoslof (@), which is located north of the Aleutian arc front. Dashed horizontal 
and vertical lines indicate secular equilibrium. 

Fig. 2. Plot of (226RaP3"Th)_ 7, I I I I I 

equilibria observed in island arc lavas (6, 
7). This implies much faster transfer times 
for the fluid component, perhaps by hydro- 
fracture (50), than estimates of 20,000 to 
150,000 years based on U-Th disequilibria 
(8-10, 27-43). One explanation is that 

versus SiO showing that the 
largest (22$~a/23"Th)o ratios 6 
are found in the most primi- 
tive lavas, indicating a mantle 
ori in for this disequilibria. !z (22 Ra/23"Th)o decreases ,o 
with increasing SO2, which f 4 places constraints on the % time scale of differentiation. 
A model, instantaneous gab- 3-  
broic fractionation vector "I 
(ICF) (58), shows that Ra/Th 2 
remains essentially constant 
during fractionation from ba- 
salt to dacite. If the observed 
decrease in (226Ra/23"Th)o is 
due to the time taken for 0 

those interpretations were in error and that 
U was also added to the wedge very recent- 
ly (11). However, in the Tonga-Kermadec 
arc. time scales derived from both the U-Th 

MvC '.- /o%: e i  : : 
IGF 

- M P ~  - 
Manana O Tonga-Kermadec 

- Vanualu - 

- O O @ 

- 
0 . 

- 0 
L 

- 
Karnchatka / 
8 Aleut~ans 

I I I 

and U-Pa systems are in close agreement 
(27,42,43). An alternative interpretation is 
that U and Ra were added by fluids that 
were spatially and temporally separated 
(7), consistent with a general notion that 
addition of subducted components to island 
arc sources is a multi-stage process (7-10, 
27-43). Either way, an inescapable conclu- 
sion is that the 226Ra excesses were pro- 

crystal-liquid differentiation, 45 50 55 60 65 70 
then this must have taken S102 (wt %) 

less than the 8000 years. Al- 
ternatively, the (226Ra/23QTh)o versus Si02 arrays might reflect mixin between high (226Ra/23"Th) 
mafic melts and felsic crustal melts (curve labeled MVC) in 226Ra-236h equilibrium as illustrated 
by the model mixing curve (58) shown (10% crustal addition increments indicated). Symbols are 
as in Fig. 1; dashed horizontal line indicates secular equilibrium. 

duced less than 8000 years ago. In practice, 
it is probable that they were produced much 
more recently because, if even a single 
half-life (1600 years) has elapsed, the pri- 
mary 226Ra excesses would have had to 
have been twice as large (up to 1200%). It 
is probable, therefore, that only a few hun- 
dreds of years have elapsed since the gen- 
eration of the 226Ra excesses. 

A second key point is that the individual 
arrays on Fig. 3 extend to (Z26Ra/230Th)0 = 1 
at variable Ba/Th ratios, which may mean 
those Ba/Th variations were developed dur- 
ing fluid addition that occurred long enough 
ago for (Z26Ra/230Th)o to have returned to 
secular equilibrium (i.e., >8000 years ago). 
More important, because melting models pre- 
dict that all zero-age MORB and OIB are 
likely to have some 226Ra excess (I-5), the 
island arc arrays would be expected to tenni- 
nate at (Z26Ra/230Th), > 1 (Fig. 3) if there 
were a ubiquitous decompression melting ef- 
fect on 226Ra-230Th disequilibria beneath is- 
land arcs (51). 

The 2 2 6 ~ g  excesses in island arc lavas 
appear to have been introduced into their 
mantle source by fluids. If these fluids are 
the catalyst for partial melting, they define 
the base of the melting column and provide 
a direct constraint on the total melt transit 
time, which has to be shorter than the half- 
life of 226Ra. For total transit times of 
- 100 years, the required source-to-surface 
melt velocity is -1000 meyear-', and this 
ignores any time taken for fluid transfer 
from the subducting plate to the melting 
column. Moreover, because the calculation 
also includes time spent in the crust (Fig. 
2), the implied velocities through the man- 
tle may be even faster. The estimated ve- 
locities require channeled flow rather than 
grain scale percolation (1-5, 52, 53) and so 
transient, millimeter-sized veins must form 
rapidly and deep in the source region. The 
required melt velocities also limit the 
amount of melt-wall rock equilibration that 
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Fi . 3. Plot of Banh versus g (2 6Ra/230Th showing that 
the largest (126RaPqh)o ra- 
tios occur in those lavas that 800 no residual amphlbde 

have the highest BaITh ratios 
and that, in general, there is a 
positive correlation between 
these indices. BaITh ratios , 600 6 

provide a sensitive monitor 
of the effects of fluid addi- 
tion (7-70, 27-43) and the 
correlations suggest that this 
is,the origin of the 226Ra ex- 
cesses in island arc lavas. 
Melting vectors show the 
magnitude of (226Ra/23qh)o 
disequilibria expected from 
partial melting processes 
(Sf) ,  yet the island arc lava 
arrays extend to  (226Ra/ 
230rh)0 = 1. Symbols are as in Fig. 1; dashed vertical line indicates secular equilibrium. 

can take place to create negative niobium 
anomalies ( 5 4 )  or other U-series disequi- 
libria (4, 5) .  For example, the development 
of 23LPa excesses in island arc lavas (27, 
55) by equilibrium porous flow (4, 5 )  
would require a residual porosity 
<0.0001% if the small inferred distribution 
coefficient of Pa (13) is to lead to melting- 
induced 23'Pa excesses overwriting fluid- 
induced 235U excesses (27,55), and mixing 
may be an alternative. 

In conclusion, island arc melting models 
need to incorporate high melt ascent veloci- 
ties. Such conditions probably reflect the vig- 
or of fluid-induced melting compared with 
MORB and OIB, where melting rates are 
dictated by upwelling rates on the order of a 
few centimeters per year. However, it may be 
that these velocities are generally applicable, 
in which case the long-held notion of basalts 
migrating slowly through the mantle in inter- 
connected but vanishingly small pore spaces 
will have to be abandoned. 
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