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Short-Lived Radioactivity and 
Magma Genesis 

James Gill and Michel Condomines 
Short-lived decay products of uranium and thorium have half-lives and chemistries sen- 
sitive to the processes and time scales of magma genesis, including partial melting in the 
mantle and magmatic differentiation in the crust. Radioactive disequilibrium between 238U, 
230Th, and 226Ra is widespread in volcanic rocks. These disequilibria and the isotopic 
composition of thorium depend especially on the extent and rate of melting as well as the 
presence and composition of vapor during melting. The duration of mantle melting may be 
several hundred millennia, whereas ascent times are a few decades to thousands of years. 
Differentiation of most magmas commonly occurs within a few millennia, but felsic ones 
can be tens of millennia old upon eruption. 

Magmas form as the result of decompres- 
sion of the mantle, advection of heat, or 
fluxing by fluids such as water. They origi- 
nate by partial melting at grain boundaries 
and drain upward by permeable flow, even- 
tually ascending in sheets or pipes. After- 
ward they evolve chemically (differentiate) 
when they stall, often in reservoirs in or 

near the base of the crust, through the 
precipitation of minerals (fractional crystal- 
lization) and exsolution of vapor in a closed 
system or through open-system processes 
such as mixing with other magmas or chem- 
ical exchange with the reservoir's surround- 
ings (assimilation). We refer to these two 
processes as melting and differentiation, 
respectively, although in practice they may 
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tion of this melt or its differentiate. 
The types of magma as well as their 

processes and rates of formation vary in 
different tectonic settings. Buoyancy is pri- 
marily responsible for the separation of 
basaltic melt from matrix beneath large 
intraplate volcanoes such as Hawaii, where- 
as shear stress is more important at plate 
margin volcanoes at spreading centers and 
subduction zones ( 1  ) . Some maemas must ~, u 

ascend through the crust at rates of a few 
centimeters Der second. because thev trans- 
port dense mantle xenoliths to the surface, 
whereas others have characteristics attrib- 
uted to prolonged crustal interaction. Ra- 
dioactive disequilibria are used to study 
three aspects of magma genesis: (i) the 
melting process, (ii) ascent and differentia- 
tion, and (iii) the source materials. We 
focus on 238U-230Th-226Ra disequilibria and 
the 230Th/232Th tracer in volcanic rocks 
that have erupted during the last few mil- 
lennia (2-4). 

In addition to providing the heat that 
fuels convection and partial melting, the 
natural radioactive decays of U and Th  
produce short-lived nuclides that may pro- 
vide quantitative measurements of trace 
element fractionation and porosity and of 
constraints on the temporal and spatial 
scale of magma formation. There are 41 
intermediate decav uroducts in the three U 
and Th  decay chains, seven of which have 
been studied in magmatic svstems (Table 
1). These products -and their in- 
clude actinides (Th, 'U, Pa), an alkaline 
earth (Ra), a rare gas (Rn), and chalco- 
philic elements of low and variable volatil- 
ity (Pb, Bi, Po). In addition, the behavior 
of U during magma genesis is sensitive to its 
oxidation state and fluid composition be- 
cause its solubility in magmatic fluids in- 
creases with 0 fugacity (f ) and the con- 
centration of Cl or CO,"?~ the fluids. 

This topic is usually known as the study 
of U series disequilibrium (5) .  Secular ra- 
dioactive equilibrium is reached when the 
numbers of atoms (N) of all nuclides in a 
decay series are inversely proportional to 
their decay constants (A) so that their 
"activities" (A*N) are equal. Equilibrium is 
reached after about five half-lives of the 
longest lived nuclide. Both melting and 
differentiation involve chemical reactions 
between solids, silicate or carbonate melts, 
and vmor com~osed of C. H. 0. and . , , 

halogens. These reactions fractionate many 
elements including those in the 238U-206Pb, 
235U-207Pb, and 232Th-208Pb decay chairk, 
resulting in disequilibrium (unequal activi- 
ties) between nuclides in one or more of the 
decay series (Fig. I). Trace element frac- 
tionations have lone been used in the studv - 
of magma genesis processes. However, be- 
cause radioactive equilibrium exists at the 
beginning of magma formation and is re- 
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gained at known rates afterward, these par- 
ticular fractionations constrain rates and 
independently quantify processes. 

In addition, the isotopic composition of 
T h  (the 230Th/232Th ratio) is sensitive to 
the time scale of melting and ascent and to 
small differences in source composition. 
Thorium's isotope ratios respond quickly to 
changes in source composition, making it 
the only isotopic tracer that reflects a cur- 
rent ratio of source trace elements (the 
Th/U ratio). In contrast, for example, Pb 
isotopes reflect the history of U/Pb and 
Th/Pb ratios of the source. The Th/U ratio 
that is inferred from Pb isotopes integrates 
that history, whereas Th  isotopes measure 
the source's Th/U ratio at the time of 
melting. Other than He, T h  and Ra are the 
most incompatible isotopic tracers in sili- 
cate melts and show the greatest variations, 
whereas tetravalent Th  has the lowest solid- 
state diffusion coefficient (6). This combi- 
nation gives Th  the highest thermal Peclet 
number of the isotopic tracers, making it 
the least likely to reach chemical equilibri- 
um during melting (7). 

Several conventions are in use. Paren- 
theses around a nuclide denote activities in 
disintegrations per minute per gram, where- 
as brackets denote concentrations in parts 
per million. The (238U)/(230Th) activity 
ratio is referred to as k and the (226Ra)/ 
(230Th) activity ratio as e. Thus, k or e # 

1.0 indicates disequilibrium within the 
238U series; k > 1.0 indicates the presence 
of excess 13'U relative to 230Th. From the 
decay constants in Table 1, [U] = 1.350 
(13'U), [Th] = 4.096 (232Th), a (238U)/ 
(232Th) ratio of 1.00 corresponds to a [Th/ 
U] ratio of 3.034, and a (230Th)/(232Th) 
ratio of 1.00 corresponds to a [232Th/230Th] 
atomic ratio of 185,856. 

Because activities change during magma 
formation, it is necessary to distinguish 
important stages of the process (Fig. 1). 
The (230Th)/(232Th) ratio of the source at 
the start of melting is (Th),. Both (130Th)/ 
(232Th) and (238U)/(230Th) ratios may rise 
during melting (during time to) so that by 
the end of the melting (230Th)/(232Th) is 
(Th), and (238U)l(230Th) is ko (8). Such 
melts will then approach radioactive equi- 
librium through the decay of unsupported 
230Th. The (230Th)/(232Th) ratio decays 
during ascent and differentiation (during 
time ti); it is (Th), at eruption, which is the 
"initial" Th  isotope ratio of the rock. This 
decay continues during the time between 
eruption and measurement (t,, the conven- 
tional age of the rock), resulting in (Th), 
at the time of measurement. 

The total time between initiation of 
melting and eruption (the age of magma) 
equals to + t,, intervals that are separated by 
the time at which chemical equilibrium 
between melt and source ends. At ex- 

tremes, these intervals may correspond to 
the time of permeable flow of primitive 
melts through the asthenosphere versus as- 
cent and differentiation in sheets or pipes 
through the lithosphere, respectively. 
However, a continuum in the porosity and 
spacing of melt channels is likely. Chemical 
equilibrium will be reached when channels 
are closely spaced and solid-state diffusion is 
rapid; chemical disequilibrium is enhanced 
by the opposite conditions and is likely 
even in the asthenosphere (7). If a source 
had been a closed chemical system for more 
than 350,000 years before partial melting 
and if (to + t,) is less than 10,000 years, 
then (Th), = (Th), = 3.034/[Th/U] ,,,,,,. 

Historical Developments 

The original motivation to study short- 
lived radioactivity in volcanic rocks was to 
date the rocks. Although analyses were 
made as early as 1905 by Joly, systematic 
work did not begin until the mid-1960s 
when a way was proposed to measure t, 
(Fig. 2A) (9). Modern U-Th disequilibrium 
studies were developed during the 1970s 
(1 0-1 2) and blossomed during the 1980s 
(31. As of early 1992, analyses of Th-U 
nuclides had been published for about 500 
sarilpies from almost 150 volcanoes or mid- 
ocean ridge segments; data relating to lZ6Ra 
are included for about 60% of these. 

Alpha spectrometry was initially used for 
measurements of (234U) and (130Th) in 
igneous rocks, as in other applications of 
U-series disequilibria. This method requires 
long counting times, even when U and T h  
are purified from several grams of rock, 
because concentrations are usually low 
(0.01 to 5 ppm U, and 0.03 to 20 ppm Th). 
Chemical difficulties cause additional inac- 
curacy and irreproducibility, and the situa- 
tion is worse for mineral separates. Conse- 
quently, practical limits of precision and 
accuracy are 2 to 5% at 2u uncertainty. 

In volcanic rocks (lZ6Ra) is less well 

Table 1. Radionuclides used in igneous 
geochem~stry. Half-lives in years except 2i0Po, 
in days. 

Actinides Alkaline Chalcoph~les earths 

established and is usually measured indi- 
rectly (1 3-1 6) .  Each of these methods can 
be precise to within 5% 2u or better and 
can show (13'U) - (226Ra) equilibrium in old 
samples, but some have calibration prob- 
lems. and interlaboratorv standardization 
has 'not been undertakin. Disequilibria 
> 10% are considered reliable. althoueh 
apparent excess '16Ra measured indireciy 
with '''Po in rocks <I00 years old can 
reflect excess 2'0Pb in accumulated feldspars 
rather than lZ6Ra (1 7). 

The principal and most recent analytical 
development in this field is the precise 
measurement of small numbers of atoms 
and high atomic ratios with pulse-counting 
mass spectrometry. Thorium is the most 
important and difficult element in this re- 
suect. Accuracv to less than 1% in volcanic 
rocks requires measuring 230Th intensities 
of lo-'' A, an abundance sensitivity of 
10.2 ppm at mass 231 relative to 232, and 
reproducible measurement of isotope ratios 
with a dynamic range of lo5 to lo6. After a 
decade of effort, this accuracy has been 
achieved in several laboratories durine the - 
last 2 years. Several different types of mass 
spectrometers and analytical strategies have 
been used (18-22), most of which yield an 
improvement in srandard error by a factor 
of 10 (0.25 to 0.5% 2u) and a reduction in 
sample size by a factor of 2 or more com- 
pared to results obtained with alpha spec- 
trometry. With several hundred nanograms 
of Th, 232Th/230Th ratios of -350,000 
have been measured with a 2u uncertainty 
of 0.5% bv thermal ionization mass suec- 
trometry (1 9), and this small an uncertain- 
tv can be achieved with as little as a few 
tens of nanograms of T h  by secondary 
ionization mass spectrometry (2 1 ) . Calibra- 
tion uncertainties so far limit the accuracy 
of (230Th)/(232Th) ratios to about + 1%, 
but this too should improve soon by a factor 
of 2 or more. The radionuclides 234U, 
lZ6Ra, and 13'Pa also are being measured 
with mass spectrometry for volcanic rocks 
(1 8-26). 

Melting Processes and Time Scales 

Until recentlv. magma comuositions were , ,  " 

predominantly interpreted on the basis of 
batch partial melting models (27). The 
degree of melting was tacitly assumed to 
equal a melt fraction or porosity (+) that 
could be calculated from the composition of 
undifferentiated basalts on the assumptio? 
that the final melt and the entire solid 
matrix were in chemical equilibrium. Ele- 
ments that partition strongly into the melt 
(incompatible elements, with Di < 0.02, 
where Di is the partition coefficient, the 
concentration of element i in the bulk solid 
divided by its concentration in the melt) 
are most concentrated in small degree 
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melts. Both the D's and the initial source 
composition must be known to calculate +. 
Large differences in + were identified for 
various magmas. Tholeiites, such as those 
that erupted at mid-ocean ridges or Hawai- 
ian shield volcanoes, represented relatively 
large degrees of melting (10 to 20%), 
whereas alkali basalts reflected smaller per- 
cent melts (<5%), and highly alkalic mag- 
mas such as lamproites were smaller still. 

Radioactive disequilibria allow for inde- 
pendent measurements of the degree of 
melting if a few partition coefficients are 
known and chemical equilibrium is 
reached. Initial radioactive equilibrium 
makes knowledge of the source composition 
unnecessary, and only the D's of parent and 
daughter nuclides are necessary in order to 
calculate +. The ubiquity of radioactive 
disequilibria in lavas has encouraged rejec- 
tion of batch melting models and raised 
hopes that the disequilibria can be used to 
quantify melt fractions and melting rates. 

For example, both Th  and U are highly 
incompatible [D = 0.001 to 0.01 (6)], and 
D, - DTh was expected so that the [Th/U] 
ratio of melt would differ from that of source 
peridotite only in highly alkalic magmas. 
Discovery of an average 18% excess 23aTh 
(k = 0.85; N = 50) in mid-ocean ridge 
basalt (MORB) was, therefore, surprising 
(1 1, 18, 28-30). If related to melting, it 
implies that the mantle was permeable at 
low porosity and DTh < DU, SO that Th  was 
preferentially enriched at small degrees of 
melting, which are important even during 
MORB genesis. Continuous models that 
involve fractional melting (distillation) 
above a small 4, as well as dynamic models 
involving mixing of melts formed by small 
degrees of melting of variously depleted 
levels of an upwelling source, are required 
to reconcile the low k values with other 
geochemical results (8, 3 1 ) . 

Discovery of other, even larger disequi- 
libria followed. Some MORB and island arc 
volcanic rocks have (226Ra)/(230Th) and 
(231Pa)/(235U) ratios of 1.5 to 3.0 (2, 13, 
15-18, 26, 29-30, 32-34). Most of the 
excess 226Ra in island arcs can be attributed 
to melting processes because it is present in 
primitive lavas and decreases in more dif- 
ferentiated ones of some volcanoes (Batur, 
Etna) and arcs (Eolian, Sangihe, and Papua 
New Guinea) (1 5, 17, 32-35). Enrichment 
of Ra is greater in MORBs and island arc 
basalts than in intraplate basalts, where it is 
usually <30% and commonly zero (29, 36, 
37). The absence of large Ra excesses in 
intraplate volcanoes does not seem to re- 
flect longer ascent times because some of 
the lavas that were analyzed are quite mafic 
and some of the volcanoes have high levels 
of historical activity (Kilauea, Reunion, 
Nyamuragira, and Mount Cameroon). 

Radioactive disequilibria can constrain 

physical models of magma genesis. In cur- 
rent models it is assumed that there is 
chemical eauilibrium between melt and 
major mantle minerals, and the principles 
are similar to those for dating ground water 
(38), although 234U-238U disequilibrium is 
usually absent in igneous rocks. The aver- 
age migration time of nuclides in the flow 
direction can be calculated if the extent 
and rate of chemical interaction between 
fluid and matrix are specified. In the follow- 
ing example, we make the simplifying as- 
sumptions that variations in the [Th/U], 
(23qh)/(232Th). and k ratios reflect the , , 

degree'and rate of melting rather than the 
source com~osition, and that there is chem- 
ical equilibrium between melt and mantle 
during melting but no interaction during 
ascent. The [Th/U] ratios and [Th] decrease 
with increasing degrees of partial melting 
until [Th/U] ,,,, equals [Th/U] ,,,,,,. This 
decrease is accompanied by an increase in 
(23qh)/(232Th) if the duration of melting 
(to) is longer than 100,000 years (8) and by 
a decrease in Th  isotope ratios if the ascent 
time (ti) is longer than 10,000 years (Fig. 
I). The decrease in T h  isotope ratios is 
accentuated if the products of small degrees 
of melting take millennia longer to reach 
the surface than do larger melt fractions. 

Quantitative implications of disequilib- 
ria among Th, U, and Ra for melting have 
not yet been explored in detail because 
other trace element and isotopic measures 
of source homogeneity and percent of melt- 

ing have not been available for the same 
samples. Some recent studies illustrate the 
potential for understanding melting pro- 
cesses, however. Along the Endeavor-Juan 
de Fuca spreading ridge in the northeast 
Pacific, k ratios vary inversely with Th  
contents and [Th/U] ratios for lavas that 
have similar Sr and T h  isotope ratios (18). 
Between the southern Juan de Fuca and 
northern Gorda ridges, (23qh)/(238U) ra- 
tios vary positively with (231Pa)/(235U) ra- 
tios, but negatively with (226Ra)/(23qh) 
ratios (18, 26). These relations are consis- 
tent with the notion that the systematics of 
Th, U, and Pa, but not lZ6Ra, depend on 
the degree of melting. 

Assuming homogeneous sources, we can 
explain in two ways the observation that 
Th  isotope ratios are lower and associated 
with greater Th-U disequilibria in the En- 
deavor than in the Juan de Fuca samples: (i) 
a long melting time [-250,000 years to 
reach 15% melting in the southern Juan de 
Fuca segment using the parameters of (8)], 
instantaneous ascent, and an initial Th  
activity ratio in the source [(Th),] - 1.3; or 
(ii) instantaneous melting, ascent for 
-39,000 years, and (Th), -1.5 (4). Al- 
though any of the three parameters in each 
set may vary, the first combination is pref- 
erable because it better fits the observed 
global relation of Th  and Sr isotopes (Fig. 
3) and the second is inconsistent with the 
presence of excess '16Ra. The inverse rela- 
tion between excess 23aTh and excess '16Ra 

Fig. 1. Schematic (230Th)-(238U) [fhlUl,,t - -..-.. 
isochron dlagram. Although it re- 5 4 3 2.5 2 
fers specifically to the 238U-230Th Y Y 

1.5 I / 2 
pair, it can be generalized to all 
parent-daughter pairs in the three Vh), 
decay schemes. Disequilibrium 
occurs by fractionation of 230Th Vh)s 

from 238U during partial melting. 
Magma is produced by the pro- :: vh), 

cess of melting source S (dla- ECrh)m 
mond), which is isotopically homo- 

and initially in radioactive equilibri- 
f geneous at the scale of melting 
N- 

um (that IS, on the equillne) wlth 
(Th),. If DT, c D,, then (238U)/ 
(230Th), or k, is <1.0 In the melt 
(solid circles) As the degree of 
melting increases, the 230Th enrich- 
ment and [Th/U] ratio in the melt 
decrease. Here the degree of melt- 0.5 

ing is insufficient for the [Th/U],,,, 0.5 1 1.5 

to decrease to the [ThIU] ,,,,,,. At (2m~)1(232~h) 

the end of melting (after time to), the (230Th)/(232Th) ratio in the melt is (Th),, which exceeds (Th), 
if t o  is long. The [Th/U],,,, remains constant after the melt ceases to be in chemical equilibrium with 
its source, but the (230Th)/(232Th) ratio decreases during transfer time t, to (Th), at the time of 
eruption as the result of unsupported radioactive decay. The 230Th enrichment decreases from k, 
at the end of melting to k, at the time of eruption. Near the time of eruption the melt precipitates 
phenocrysts, for some of which D, < DTh (solid triangles) and for others of which DTh < D, (solid 
squares). There is isotopic homogeneity, with all phases having (Th),. During the time between 
eruption and measurement (t,), all phases evolve toward radioactive equilibrium by pivoting 
around (Th), on the equiline so that the bulk sample has (Th), when measured. In this case, t ,  is 
the conventional age of the lava. 
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suggests that smaller melt fractions require 
longer ascent times. 

These conclusions can be challenged for 
several reasons. First, the 230Th enrich- 
ments are compatible with currently ac- 
cepted values for + during mantle melting 
of 0.5 to 2% if DTh -0.005 and DU 
-0.0015 (8). However, models that as- 
sume chemical equilibrium between silicate 
solids and liquid cannot account for the 
magnitude of the 230Th enrichments if D's 
are more similar than these. They are even 
less able to explain the greater magnitude of 
the 226Ra and 231Pa enrichments. For ex- 
ample, if (226Ra)/(230Th) = 3.0, then + = 
DTd2 (39); the required + is absurdly low if 
D,, - 0.005. Second, 230Th enrichments 
do not correlate globally with other mea- 
surements of melt fractions (3) or even 
within the Endeavor segment itself ( Is ) ,  

although they are generally greater in oce- 
anic alkali basalts than in MORBs (Fig. 4). 
Finally, excess 230Th is inconsistent with 
experimental measurements of D's for cli- 
nopyroxene, which has the highest Th  and 
U contents of major mantle minerals (40). 

The problems that affect interpretation 
of radioactive disequilibria also apply to 
other aspects of igneous chemistry and can 
be generalized as follows: (i) distinguishing 
effects of ~ar t ia l  melting from alteration and " 

differentiation; (ii) acquiring better values 
of D's for highly incompatible elements; 
(iii) distinguishing effects of variable de- 
grees of melting from earlier source enrich- - - 
ments and depletions; and (iv) evaluating 
the effects of refractory accessory phases, 
chemically open sources, and chemical dis- 
equilibrium during melting. We discuss 
each below. 

Fig. 2. U-Th isochron diagrams illustrating differentiation processes. (A) Schematic results for three 
phases that had the same initial is~otope ratio, (Th),, formed at the same time (t,), and remained 
closed systems since. If they formed near the time of eruption, then (Th), = (Th),, t, - t,, the same 
case as the inclined line through (Th), in Fig. 1 .  (B) Mass spectrometric data for the youngest basalt 
from Mount St. Helens volcano, for which t, = 2000 years but t, = 27,000 years (25). PI, plagioclase; 
WR, whole rock; Px, pyroxene; G, ground mass; ka = 1000 years. Interpretation is not simple because 
these same phases have excess "%a, there are mass-balance inconsistencies with the data, and 
crustally derived dacites from the same volcano do not show apparent t, > t, relations. (C) 
Schematic results for a hypothetical historical volcanic rock (WR) in which the crystallization 
sequence was plagioclase, pyroxene, and magnetite (Mt), and the time interval between the 
saturation of each phase (t,) was long. (Th), is shown by the solid line, and t ,  by the dashed line. Only 
magnetite (Mt,) precipitated again at the time of eruption. (D) Alpha spectrometric data for 
phenocrysts from an andesite of Santorini volcano (61). 01, olivine, and Z, zircon. The high [ThIU] ratio 
in olivine is attributed to apatite inclusions. The thin upper line connects the phenocrysts attributed to 
a basaltic mixing component; the thin lower line does the same for a dacitic component, including its 
Fe-rich pyroxenes. Again, interpretation is not simple because the (Th), values for the two magmas 
differ to a suspicious extent, and apatite saturation is required in the basalt. 

Alteration is not a general problem be- 
cause researchers using different sam~les and " 

selection criteria obtain similar results (2, 3) 
and methods for cleaning submarine samples 
appear to be successful (30). Differentiation 
processes usually have only minor effects on 
bulk rock disequilibria in basalts and andes- 
ites, but assimilation of hydrothermally al- 
tered wall rocks might fractionate 238U, 
230Th, and 226Ra without affecting other 
isotopes significantly (40, 41). 

Differences in very small D's are difficult 
to measure. Values of D,, DTh, and DBa are 
less than 0.02 for olivine-pyroxene residua 
(3, 40). but differences between them and , .  , .  
their functional dependence on tempera- 
ture, pressure, oxygen fugacity, and compo- 
sition remain speculative. For clinopyrox- 
ene, for example, DU is less than DTh under 
the oxidizing conditions applicable to sub- 
duction zones and perhaps even under the 
conditions of magma genesis at ocean ridges 
and islands, but the uncertainties for the 
latter are almost as large as the differences 
(40). If chemical equilibrium exists, DTh 
must be usually less than DU because en- 
richment of 230Th is too ubiquitous to be 
explained by contamination and the mantle 
has become depleted in Th  with time (42). 
However, higher D, may be a result of 
refractorv accessorv ~hases. , . 

Old source enrichments and small de- 
grees of melting both produce melts rich in 
incompatible elements. The two processes 
usually cannot be distinguished, especially 
if old enrichments are introduced by small 
degree melts. However, their effects are not 
cumulative for radioactive disequilibria, 
which may explain the lack of global cor- 
relation between element concentrations 
and disequilibria. 

The melting behavior of accessory min- 
erals may be important in generating dis- 
eauilibria (4, 30). An accessorv ~ h a s e  that , .  , . . 
is consumed during batch melting has es- 
sentially no effect on magma chemistry 
because its elements are repartitioned be- 
tween refractory phases and larger degree 
melts. However, if melts from relatively 
undepleted sources containing refractory 
accessorv minerals routinelv blend with 
melts from sources lacking them, then trace 
element ratios mav be determined bv the 
accessory phases kven though majo; ele- 
ments will be determined bv the average melt - 
fraction of the entire column (43). Accessory 
minerals that may coexist with small degree 
melts in the mantle include several that typ; 
ically have quite high [MI ratios (for ex- 
ample, phlogopite, amphibole, sphene, and 
whitlockite) and others that have quite low 
[Th/U] ratios (zircon and possibly garnet) (3). 

Open sources may be necessary to ex- 
plain large disequilibria created during par- 
tial melting (2, 33, 44). In an open system, 
fluids preferentially transport the enriched 
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nuclide to the source and cause melting at " 
the vapor present solidus, or subsolidus 
vapor is extracted from the surroundings of 
a partially molten region. In either case, a 
fluid phase beside silicate melt is involved 
in magma genesis. 

The preceding discussion made a sharp 
distinction between melting accompanied 
by chemical equilibrium between melt and 
matrix versus ascent without it (Fig. 1). 
However, the two need not be so distinct. 
Melt can acquire large radioactive disequi- 
libria in two ways if the melt and matrix 
react without achieving chemical equilibri- 
um. First, melts can inherit the disequilib- 
ria of an accessorv ~ h a s e  if the source is , . 
isotopically homogeneous and the accessory 
phase has an extremely large or small par- 
entldaughter ratio and dominates the low- 
melting fraction (4, 19). Second, the melt 
will become enriched in the faster diffusing 
nuclide if diffusion coefficients differ signif- 
icantly. The lability of short-lived nuclides 
in radiation-damaged sites and recoil effects 
from surface to melts mav enhance non- 
equilibrium phenomena. 

Although reasons for disequilibria in 
each case or for differences between tecton- 
ic environments cannot yet be specified, 
some tentative conclusions are suggested. 
The increase in k from lamproites to alkali 
basalts to tholeiites reflects increasing de- 
grees of melting. The apparent increases in 
k from mid-ocean ridee to ocean island to - 
island arc tholeiites and from oceanic to 
continental alkali basalts oarallel an ex- 
pected increase in mantle fo2 (45) and may 
be a result of decreasing D,, (3). If related 
to melting, the greater Raknrichments at 
active plate margins indicate that the open 
systems or permeable flow conditions char- 
acteristic of divergent and convergent mar- - " 

gins are absent within plates. This result, in 
turn, suggests either that subsolidus fluid is 
absent at sites of intraplate melting or that 
melts at active plate boundaries can be 
extracted at smaller porosities than in other 
areas. This second possibility might exist if 
shear rather than buovancv forces are mi- , 1 

marily responsible for melt migration at 
active margins (I). 

Thorium isotopes and Ra-Th disequilib- 
ria also show that ascent time'is less than 
10,000 years for many oceanic basalts. 
Some excess 226Ra [half-life (t,,,) = 1600 
years] is present in most basalts regardless of 
tectonic environment, whereas excess 
'"Ra (t,,, = 5.8 years) is absent (2, 3). 
Consequently, most basalts erupt within 30 
to 8000 years after partial melting ceases. A 
similar upper bound on t, (ascent time) 
comes from the constancy of (Th), of lavas 
at individual volcanoes or in local regions 
when accompanied by disequilibria be- 
tween 238U and 130Th (2, 46). If the source 
has homogeneous [Th/U] but melts have k 

Fig. 3. Sr and Th isotope correla- 1.8 ~ 

tion for MORB from neovolcanic L . Pac. MORB 
zones and intraplate basalts less 1.6 - -  == 

Atl. MORB 
than 10,000 years old. Icelandic - 
basalts with 6180 < 5.0 per mil 1.4- 0 lslande 
have been excluded because their Hawaii 
Th isotope ratios have been modi- I.* 

A Samoa 
fied by assimilation (68). Hyperal- [ 
kalic mafic rocks from Africa also 

~~ 

have been excluded for simplicity. 
o.8 

Atlantic (Atl.) and Indian (Ind.) x Cont. Basak 
OlBs are identified as follows: C, 0,6 , 
Tenerife and Lanzarote (Canary); 0.702 0.703 0.704 0.705 0.706 
F, Faial (Azores); H. Heard; K ,  (87Sr)l(ffiSr) 
Karthala (Comores); R ,  Reunion; 
TC, Tristan da Cunha; Pac., Pacific; and Cont., continental. Data are from sources listed in (3, 78, 
28, 36, 37, 47, 49, 67, 72). The Th-Sr correlation band is the best fit to the data, except for MORB 
with (Th), > 1.41 and the results for Canaries and Heard. 

* 1.0, then (Th), in melts will depart from 
(Th), whenever t, is long enough to modify 
(Z30Th). How long this takes depends on 
the magnitude of (Th), and k. If (Th), = 
1.0 and k = 0.9, for example, then con- 
stancy of (Th), to *@.@I requires that the 
melts ascend to the surface within < 10.000 
years. Use of mass spectrometry can reduce 
this constraint on ascent times to a few 
millennia. Similarly, if DRa = DBa and the 
[Banh]  ratio of the source is constant, then 
the (226Ra)/(230Th) ratios of magmas at the 
end of partial melting can be estimated 
from their [BaKh] ratios. The t, estimated 
in this way for some MORBs is about 1000 
years if the [BaKh] source ratio is 8 (47). 

The magmas that erupt the soonest after 
their last major chemical fractionation are, 
not surprisingly, the least viscous: the Na- 
carbonatites of Oldoinyo Lengai volcano, 
Tanzania, which has erupted twice in the 
last 35 years. Both times the magma con- 
tained excess ''' and 226Ra. Estimates of 
magma age (t, + to) depend on how Ra and 
Th fractionated during its formation. If the 
carbonatite magma formed bv raoid exsolu- - , 

tion from a silicate magma, then the age of 
the parental magma is unknown but the 
exsolution began a mere 7 to 20 years before 
eruption, shortly after the last eruption. If 
fractionation is more gradual, the magma 
age can double (1 4). Although excess Ra 
can be sustained bv radioactive decav in a 
steady state carbokatite magma chamber 
(48), the inverse relation between the 
(228Ra)/(226Ra) ratio and repose time ob- 
served at Lengai is better explained by 
formation of new carbonatite before each 
eruption. 

The size and ubiquity of radioactive 
disequilibria in basaltic rocks have contrib- 
uted to a substantial reconceotion of oartial 
melting processes and have facilitated 
quantification of melting times and magma 
ascent. Extraction of small melt fractions 
seems to be possible and common, and 
magma sources at active plate boundaries 
may differ from those within plates with 

respect to the presence or absence of a free 
vapor phase or the characteristics of the 
melt flow regime. The to's for basaltic mag- 
mas might be several hundred millennia, 
whereas t,'s are a few decades to millennia. 
The difference between the two regimes is 
the respective times when the last major 
chemical fractionation between the nu- 
clides occurred. 

Differentiation Processes and 
Time Scales 

Fractional crystallization results in relative- 
ly little separation of Th, U, and Ra in most 
magmas. Significant fractionation of T h  
from U does not occur until accessory phas- 
es such as magnetite,' zircon, apatite, or 
sphene precipitate. Variation in the [Th/U] 
ratio is slight even then because the mass 
fraction of accessory minerals is small. Ra- 
tios of [Th/U] increase by less than 20% in 
rhyolites because zircon is removed (49, 50) 
and decrease by about the same amount in 
trachytes because of sphene fractionation 
(5 1 ) . Plagioclase and especially alkali feld- 
spar concentrate Ra relative to Th, and 
their removal depletes the melt in Ra (24, 
25, 52). Feldspars also are enriched in "OPb 
relative to '16Ra; this "OPb enrichment in 
whole rocks may reflect feldspar accumula- 
tion (1 7). 

Vapor exsolution affects the physics of 
magmatic differentiation and the geochem- 
istry of volatile elements. Preferential re- 
moval of U from magma by hydrous fluids 
has been invoked to explain both a large 
range in [Th/U] ratios (up to 11) in subcon- 
temporaneous ultrapotassic rocks (53) and 
[Th/U] ratios higher in syenite nodules than 
in their otherwise chemically identical tra- 
chyte hosts (54). However, vapor fraction- 
ation in magmas primarily affects the end 
products of the 238U decay chain, 210Po and 
'lOBi, and can be used in the study of the 
residence time of degassed melt branches in 
shallow reservoirs (55). 

Assimilation of wall rocks by magmas 
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seems to have variable but minor effects on 
diseauilibria in the U series. at least in 
subaerially erupted magmas. Thorium iso- 
tooe ratios mav decrease bv as much as 20% 
frdm alkali basalts to con;emporaneous ha- 
waiites as a result of assimilation in the 
Chaine des Puys (French Massif Central), 
but the extent of variation in uncontami- 
nated parents is unknown (56). Sufficient 
assimilation to raise the 180/ '60 ratio by 
about 0.5 per mil and 87Sr/86Sr ratios by 
>0.001 had no effect on disequilibria be- 
tween '16Ra, 13'Th, and 238U or on T h  
isotope ratios in two andesites (57, 58). 
However. assimilation of oceanic crust that 
was hydrothermally altered might be re- 
sponsible for high (230Th)/(232Th) or 
(226Ra)/(230Th) ratios in MORB (41). 

In contrast to the limited information 
provided about differentiation, analysis of 
short-lived radionuclides is likely to become 
a powerful tool in the evaluation of magma 
mixing, a potential that is evident even in 
studies of bulk samples. For example, it is 
difficult to distinguish between the role of 
crvstal fractionation and that of crustal 
melting in the genesis of silicic magmas in 
Iceland because the two orocesses have the 
same isotopic consequences for most ele- 

ments. However, T h  isotope ratios are 
hieher in Icelandic basalts and andesites 

u 

than in dacites and rhyolites. Because dif- 
ferentiation times are too short to account 
for the difference, incorporation of a crust- 
ally derived silicic magma is required. 
Thorium is the only radiogenic isotope that 
changed quickly enough in the crust to 
differ (49). The lower (Th)i reflects the 
higher [Th/U] of the crustal rather than of 
the mantle sources. Similarly, the varia- 
tions in (226Ra)/(230Th) ratios between 
1950 and 1983 in lavas from Etna are best 
understood by the mixing of two magmas: 
one differentiated with a low (l16Ra)/ 
(13'Th) ratio (- 1.7) and a more recent, 
more mafic one with a higher (226Ra)/ 
(230Th) ratio (>2) (15). 

However, minerals have the best mag- 
matic memory in volcanic rocks, and results 
of disequilibria studies highlight the diffi- 
culty distinguishing phenocrysts, which 
precipitated from their host melts, from 
xenocrysts, which are foreign to and older 
than the host melt. Studies of common 
minerals are difficult. however. because 
their T h  and U conte'nts are low. Several 
grams of mineral separates are typically 
necessary for alpha spectrometry. As sample 

size is reduced with mass spectrometry, 
mineral studies will increase in number and 
quality. When they are combined with 
studies of chemical diffusion and crystal 
growth, the complex history of magmas will 
further unfold. 

Mineral data are usually analyzed with 
isochron diagrams such as (230Th)/(232Th) 
versus (238U)/(232Th) (Fig. 2). In this con- 
text, another important event during the 
history of volcanic rocks needs to be spec- 
ified, namely, when their phenocrysts form. 
The Th activity ratio of the melt at the 
time of phenocryst precipitation is (Th),, 
and t, is the time interval between pheno- 
cryst precipitation and measurement (the 
age of the phenocrysts). If the phenocrysts 
evolve as a closed system after precipita- 
tion, then their plot will form an isochron 
whose slope is 1 - epAt,  where t is t,. If 
the interval between phenocryst crystalli- 
zation and eruption (t, - t,) is short 
compared to the half-life of 13'Th [less 
than a few millennia, as expected from 
crystal growth rates of around lo-'' cmls 
(59)], then the time indicated by the 
isochron is the conventional age of the 
rock, or time since eruption. Determining 
t, was the original motivation for devel- 
opment of this yesearch field, and the 
prerequisite initial Th isotopic homogene- 
ity has been found in zero-age rocks with 
the precision of mass spectrometry and 
alpha spectrometry (24, 25, 33, 60). 

In the simplest case (Figs. 1 and 2A), all 
crystals are phenocrysts that crystallized at 
the same time with the same (13'Th)/ 
(131Th) ratio (isotopic homogeneity). 
However, neither initial isotopic homoge- 
neity nor subsequent closed system behav- 
ior is ubiquitous and neither can be safely 
assumed, especially in petrologically com- 
plex samples. Isotopic heterogeneity among 
crystals or between crystals and groundmass 
indicates either that t, - t, is appreciable 
or that the system has been open. The very 
heterogeneity that complicates measure- 
ment of the eruption age can be used to 
evaluate the pre-eruption history of the 
magma. Two examples from Mount St. 
Helens (25) and Santorini (61) are illus- 
trated and discussed below (Fig. 2, B to D). 

The age from the slope may significantly 
exceed the independently determined erup- 
tion age (that is, t, > t,) and, therefore, 
include appreciable time before eruption 
(Fig. 2B). This age (t,), the time since the 
last diffusive equilibrium between phenq- 
crysts and melt, may underestimate the 
time since phenocryst nucleation and is 
analogous to a closure age in the geochro- 
nology of metamorphic rocks. Phenocrysts 
in basalts to rhyolites sometimes yield ap- 
parent internal isochrons that give (t - t,) 
values of lo3 to lo5 years (25, 50, $2). 

Magmatic differentiation may last long 

Fig. 4. (a0ThP38U) ratios in (A) 
oceanic basalts (MORB and OIB) 
and (B) subduction zone basalts 
and andesites. When the same 
ratio was measured for historical 
products of the same volcano, 20- 
only one is plotted. In (A), the 
dashed line in the stippled field of 
OlBs refers to the tholeiites of 15- 
Hawaii and Iceland and the solid 
line refers to transitional and alkali 

10- basalts. Data are from the same 
sources as in F~gs. 3 and 4. 
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Fig. 5. Sr and Th isotope 
correlation for basalts 
and andesites less than 
10,000 years old from 2.2 - - 

subduction zones. Dif- 2 
ferent arc segments are 
shown by different sym- x T 

bols that are identified 
by letters as follows: A, 
Aleutians; An, Antilles; B, 
Banda; C, Costa Rica; 
Ca, Cascades; Ch, 
Chile; E,  Eolian; J ,  Japan 
(including Bonins); L, 
Luzon; M ,  Marianas; Mx, 
Mexico; N ,  Nicaragua; S, 
Sangihe; Su, Sunda; T, 
Ton~a ;  V, Vesuvius. 
~ a t a  are from sources 
listed in (3, 20, 57, 72). 
The Sr-Th correlation band is from Fig. 3. 

enough that phenocrysts never equilibrate 
isotopically with respect to short-lived nu- 
clides. Figure 2C illustrates a hypothetical 
example in which significant time elapsed 
between saturation, or closure, of different 
mineral ~hases.  Deviations from the iso- 
chron that were defined by the first mineral 
to crvstallize could date the subsequent 
crystallization sequence. No such integra- 
tion of petrology and U-series disequilibria 
has yet been achieved, but crystal growth 
rates are fast enough that this effect is more 
likely to be evident in the systematics of 
('16Ra) and (230Th). 

Much of the observed heteroeeneitv in - 
Th isotope ratios among crystals has been 
attributed to mixing of minerals from di- 
verse magmas (25, 63). A Santorini ande- 
site is a possible example of binary mixing 
(Fig. 2D). Here, dacitic and basaltic min- 
eral assemblages in the same rock seem to " 

define separate isochrons of similar slope 
but different T h  isotope ratios (61). 

Isochrons between (226Ra)i[Ba] and 
(230Th)/[Ba] ratios are well suited to the 
short differentiation times that we inferred 
in the previous section. Feldspar-glass Ra- 
Th isochrons for sam~les from the ~ h o n o -  
lite lava lake at Erebus volcano, Antarcti- 
ca, indicate that the cores of the large 
feldspar crystals were about 2400 * 250 
years old upon eruption (24). In addition, 
the presence of excess '"Ra with respect to 
232Th in these crystals indicates that their 
rims grew within years of eruption while 
floating in the lava lake. Ratios of higher 
(226Ra~/lBal for bulk rocks than for minerals 

, &  . 
in recent andesites and dacites that erupted 
from Mount St. Helens volcano suggest 
that some phenocrysts formed 500 to 3000 
years before eruption or that the magma 
reservoir was recharged by '"jRa-enriched 
melts (25). These "old" phenocrysts still 
have the same T h  isotope ratios as the bulk 
sample [homogeneous (Th)J. 

Time scales of differentiation can be stud- 
ied with whole rocks as well as minerals. 
Differences in initial T h  isotope ratios be- 
tween ~arental  m a m a  and differentiates - 
constrain time in a closed system, but suit- 
ably young eruptions of related parents and 
differentiates from the same volcano are 
uncommon. Chemically zoned eruptions 
povide examples of this relation. Pumices 
from the Fogo A eruption of Sao Miguel, 
Azores. exhibit homoeeneous initial T h  iso- - 
tope ratios despite an estimate of 75% crys- 
tallization of mafic trachyte that yields 2 km3 
of differentiate; therefore, 6 km3 of magma 
crystallized in < 10,000 years, primarily on 
sidewalls (52, 54). However, data for whole 
rocks sometimes define isochrons of a few 
millennia to 60,000 years in phonolitic and 
rhyolitic systems (50, 51). These plots 
record minimum differentiation times unless 
unrelated materials have mixed. 

Differentiation times also can be calcu- 
lated if one infers the (230Th)/(232Th) of 
the Darent maema from the initial T h  iso- u 

tope ratio of young nearby basalts, or from 
the plot in Fig. 3 if the Sr isotope ratio of 
older basalts is known. This approach sug- 
gests that differentiation from alkali basalt 
to trachyte or phonolite at large intraplate 
volcanoes with calderas typically takes lo4 
to lo5 years (24, 52). The decrease of 
excess 226Ra from basalt through andesite to 
dacite in arcs. and in increasinelv differen- " ,  

tiated lavas at Etna and Batur volcanoes, 
indicates that the differentiation time in 
these systems is at most a few thousand 
years (15, 17, 32-34). 

Radium, thorium, and uranium are sepa- 
rated more during partial melting than in 
crvstal fractionation or assimilation of con- 
tinental crust. Consequently, radionuclides 
constrain the time scale of differentiation 
better than these processes but are likely to 
become powerful tools for studying magma 
mixing. Ratios of (230Th)/(232Th) and 

(226Ra)/(23qh) can provide time resolution 
on scales of centuries to millennia. Differen- 
tiation time scales increase with melt viscos- 
ity. Carbonatites erupt within years of for- 
mation. Andesites and trachytes often form 
within a few millennia, but phonolites and 
rhyolites erupt tens of thousands of years 
after their last major chemical fractionation. 

Thorium Isotopes and 
Magma Sources 

T h e  isotopes of Sr and Pb in magmatic 
rocks have been used for 30 years to char- 
acterize magma sources. They respond to 
the magnitude and duration of variations in 
the ratios of RbiSr and either U P b  and 
ThPb,  respectively, in magma sources. For 
example, high 87Sr/86Sr ratios in basalt 
indicate that the source of Sr had high 
time-integrated Rb/Sr ratios and is likely to 
include the crust or subcontinental mantle, 
whereas high 207Pb/204Pb ratios indicate 
that the source of Pb had a high U P b  ratio 
during the first half of the earth's history 
when 235U was most abundant. These valu- 
able isotopic tracers were joined by Nd 
more than a decade ago as a result of 
instrumental improvements in mass spec- 
trometry that facilitated recognition of mul- 
tiple mantle source components (64). Fur- 
ther improvements have allowed Th, Hf, 
and 0 s  to become additional isotopic trac- 
ers, with Th as the most incompatible of 
them all. 

Isotopes of Th and Sr in oceanic basalts 
have an inverse relation (1 1 ) (Fig. 3). The 
same is true for Nd and Sr isotopes (64). 
The similarity between Th-Sr and Nd-Sr 
correlation diagrams indicates that Th/U, 
Rb/Sr, and Nd/Sm ratios covary in the 
source components. Consequently, Th, 
Rb, and Nd have been depleted with re- 
spect to U, Sr, and Sm, respectively, in the 
mantle. Continental lithosphere (crust and 
mantle) forms the enriched complementary 
reservoir (37, 65). 

There is greater scatter in Th-Sr than in 
Nd-Sr isotopic correlations for several rea- 
sons that affect Th more than Sr or Nd 
isotopes: (i) prolonged melting, (ii) slow 
ascent, (iii) nonlinear effects of mixing, 
and (iv) large or recent variations in the 
parentidaughter ratio of the source. 

Slow-continuous or sequential-fraction- 
a1 melting (that is, with an appreciable to) 
can raise (Th)o without affecting 87Sr/86Sr, 
which may explain the anomalously high 
Th isotope ratios for some MORBs, unles's 
these values are due to alteration or assim- 
ilation (8, 16, 30). 

Atypically long ascent times may help 
explain samples at the bottom or below the 
Th-Sr isotope correlation band, none of 
which are known to-have large '16Ra ex- 
cesses. Whenever k < 1.00 but ascent times 
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exceed 10,000 years, Th isotope ratios de- 
crease in the magma. Basalts that erupted 
near a large caldera on Sao Miguel, Azores, 
had initial T h  isotope ratios about 7% lower 
than predicted from local variations in Sr 
isotopic composition; their ascent may have 
been slowed by density anomalies beneath 
the caldera (66). ~, 

Isotope correlations among Sr, Nd, Pb, 
and Hf are generally interpreted as the result 
of multicomponent mixing of mantle sources. 
Even if the isotopic compositions of the source 
components are in the mixing array, mixtures 
of the components need not be if the concen- 
tration ratios of the tracer elements differ 
greatly among components. This process may 
explain ( T ~ I ) ~  below the Sr-Th correlation 
band in ocean islands such as Tenerife and 
Lanzarote in the Canarv Islands (67). Also, ~, 

T h  and He are the isotopic tracers mos; 
likely to be determined by an introduced 
fluid rather than by the matrix through 
which the fluid passes, because these tracers 
are the most incompatible. 

Magma mixing and assimilation of crust- 
ally derived components also contribute to 
scatter, even in oceanic islands. Although 
other radiogenic isotopes are usually unaf- 
fected unless seawater, sediment, or old 
continental crust is present, Th isotopes 
rapidly reflect differences in trace element 
ratios between the mantle and the rocks 
that are derived from it. For example, some 
quartz tholeiites from Iceland plot below 
the Th-Sr isoto~e correlation band because 
they have been contaminated by old hydro- 
thermally altered mafic rocks with relatively 
lower (230Th)/(232Th) ratios (68). 

Mantle sources mav differ more in Th 
than in other isotopes because either T h  
responds faster to changes in parentldaugh- 
ter ratios or because Th-U fractionation is 
greater than for other parentidaughter ra- 
tios in the decay scheme. The second pos- 
sibility is especially likely if the source has 
extensively interacted with fluids composed 
of C,  H, 0 ,  and halogens. Atypically high 
T h  isoto~e ratios at low 87Sri86Sr ratios mav 
be the result of carbonate alteration in the 
mantle [for example, at Nyiragongo volca- 
no (37)] because U partitions strongly into 
fluids in C03'- (14, 37, 69). Conversely, 
atypically low T h  isotope ratios at high 
87Sr/86Sr ratios indicate the presence of 
phlogopite in the mantle [for example, at 
Gaussberg volcano (1 9)]. These obvious 
examples of mantle alteration do not appear 
in Fig. 3, but the process may contribute to 
the location of data for Faial and Heard. for 
example. 

This sensitivity of fractionation between 
U, Th, and Ra to the nature and behavior 
of fluids also makes T h  isotopes and dis- 
equilibria useful in studies of magma genesis 
at subduction zones. Almost half of subduc- 
tion zone volcanic rocks lie within the 

Th-Sr isotope correlation band (Fig. 5), 
and a similar proportion lies within the 
Th-Pb isotope array (2, 3, 20, 33). Conse- 
quently, no exotic sources of Th, Sr, or Pb 
(for example, pelagic sediment) are re- 
quired in these rocks even though these 
fluid-mobile elements are often enriched 
relative to the rare earth elements. This 
proscription of sediment exists because the 
[ThISr] ratio is at least 30 times higher in 
clay than in the depleted mantle, and Th/U 
ratios are higher in clays than in the mantle 
for the same Pb isotopic composition. The 
addition of even 1 or 2% sediment would 
move mixtures out of the Sr-Th correlation 
band. Such mixtures may, however, ac- 
count for (Th)i below the Sr-Th array in 
the Sunda (Indonesia), southwest Japan, 
Luzon (Philippines), and South Chile arcs 
(2, 17, 20, 33, 57, 58). In South Chile, 
(238U)/(230Th) ratios correlate positively 
with 1°BePBe, indicating that the added 
sediments were subducted recently (70). 

Samples from several oceanic arcs plot 
above the Sr-Th array. Ratios of (230Th)l 
(232Th) rather than of (238U)l(230Th) cor- 
relate positively in these cases with "Be1 
9Be such as in lavas from the Bismarck arc 
(34), indicating that the high (Th), values 
are related to recent subduction of young 
sediment. The difference in Th isotopes 
between the Bismarck and South Chile arcs 
is attributed to variations in the residence 
time of slab-derived, fluid-mobile elements 
in the mantle wedge. Rapid transfer of Th 
(as well as Be and U) from the slab to the 
surface characterizes the slowly convecting 
subcontinental mantle wedge beneath 
South Chile. In contrast. transfer beneath 
the Bismarck arc is slowed by its more rapid 
downward convection of the mantle wedge 
matrix associated with formation of the 
adjacent back-arc basin, so that the Th in 
Bismarck arc magmas comes from the meta- 
somatized mantle wedge rather than from 
the slab itself (34). 

Lavas in both the South Chile and 
Bismarck arcs are enriched in U. However. 
almost 40% of arc magmas show no signif- 
icant U-Th fractionation (k = 1.00 ? 

0.05), in contrast to MORBs and oceanic 
island basalts (OIBs) (Fig. 4). The apparent 
absence of U-Th fractionation in many arc 
lavas may reflect intermediate conditions 
between those of mid-ocean ridees and " 
those of subduction zones that show U 
enrichment [for example, intermediate fo2 
(33)]. Alternatively, the Th and U budget 
of manv arc sources mav be determined bv 
minerals that precipitated from slab-derived 
fluids. If these secondary minerals are old 
enough to be in secular equilibrium before 
melting, then their [Th/U] and (230Th)/ 
(232Th) ratios will eaual those of the melt if 
D, - D,,, or melting is fast enough to 
avoid chemical equilibrium with the resi- 

due. Either condition would cause the lack 
of U-Th fractionation over a wide range of 
T h  isotope ratios in arcs (71). 

Although T h  isotope systematics appear 
similar to those of moderately incompatible 
isotopic tracers (Nd and Hf), there is great- 
er scatter in T h  isotopes than can be ac- 
counted for by the effects of ascent and 
differentiation. Prolonged melting may ex- 
plain high Th isotope ratios in depleted 
MORBs and arc basalts. but at least some of 
the latter are demonstrably related to sub- 
duction. Mixing between magma sources 
may explain atypically low T h  isotope ratios 
in both OIB and arcs. Carbonate metaso- 
matism may occur in both environments, 
can fractionate U from T h  more than other 
parent-daughter pairs, and may be respon- 
sible for some high T h  isotope ratios. Com- 
bined studies of U series and "Be show that 
slab dehydration leads to eruptions in less 
than 20,000 years in some subduction 
zones, whereas in others it results in sub- 
solidus metasomatism that only later con- 
tributes to magma genesis. 
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