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ABSTRACT
Absolute chronology of magma differentiation processes has been a long-desired goal,

given its importance in understanding magma chamber dynamics and its connection to a
fundamental understanding of the style and frequency of volcanic eruptions. Broad esti-
mates of the duration of magma differentiation and overall crustal residence times have
been made based on a variety of indirect approaches, such as physical models of magma
chamber cooling, rates of crystal growth and settling, and long-lived radiogenic isotopes.
In contrast, combined 231Pa-235U data may provide a robust measure of the time scale of
magma differentiation. Based on 231Pa-235U, 230Th-238U and 226Ra-230Th data from Taal
volcano, Luzon Arc, Philippine Archipelago, we show that 231Pa-235U data may provide a
robust direct measure of the time scale of magma differentiation. A closed-system magma
fractionation model gives a 231Pa-235U differentiation time scale in the range of 30 k.y.,
while the 226Ra-230Th time scale is considerably younger. The time scales are reconciled
if we consider either fluid-mixing or magma-mixing models. The fluid-mixing model gives
a time scale of differentiation similar to the 231Pa-235U closed-system time scale and is
supported by the 230Th-238U data. The magma-mixing model gives a considerably longer
time, in the range of 55 k.y. The combined observations support the robustness of the
231Pa-235U chronology, indicating a differentiation time scale in the range of 30 k.y., al-
though this time scale for other volcanoes may vary depending on size and thermal state
of the magma chamber. The 226Ra-230Th closed-system model ages, which yield much
younger estimates for magma differentiation, are not likely to reflect time scales of magma
differentiation.
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INTRODUCTION
The composition of most igneous rocks at

the surface is the result of significant modifi-
cation in crustal-level magma chambers of
more primitive mantle melts. This process of
differentiation is a fundamental step in gen-
erating more chemically evolved lavas. Ro-
bust estimation of the time scale of differen-
tiation is important for understanding magma
evolution and eruption dynamics of volcanic
centers (Sparks, 2003). Previous approaches to
constraining magma residence time at crustal
chambers and time scale of magma differen-
tiation have included physical methods, such
as estimates of crystal growth and settling
(e.g., Marsh, 1989; Martin and Nokes, 1988).
Long-lived radiogenic isotopes such as Rb-Sr
and U-Pb have also been used to estimate res-
idence times of large differentiated systems
(e.g., Halliday et al., 1989; Christensen and
DePaolo, 1991; Wolff and Ramos, 2003).

Technical advances in the analysis of
uranium-series (U-series) isotopes have made
it possible to use these isotope systems to
evaluate magma chamber processes. The
eventual decay of the two major isotopes of
U, 238U and 235U, to 206Pb and 207Pb, respec-
tively, involves a number of short-lived inter-

mediate daughters. One branch involves the
decay of 234U (an intermediate daughter of the
decay of 238U) to 230Th and the decay of 230Th
(half-life 75,690 yr; Cheng et al., 2000) to
226Ra (half-life of 1600 yr). The second
branch involves the decay of 235U to 231Pa
(half-life of 32 k.y.). The change in the
daughter-parent ratio, expressed as an activity
(number of atoms times the decay constant)
ratio, reflects either fractionation by some pro-
cess or time since a given ratio was estab-
lished. If any parent-daughter pairs are left un-
disturbed, then their activity ratio converges
to and stays at unity (secular equilibrium) after
about seven half-lives of the shorter-lived nu-
clide. All information is lost once the pair
achieves secular equilibrium. The potential
use of these nuclides for igneous processes
was recognized very early in the discovery of
radioactivity. Analytical difficulties had lim-
ited their applications until recently; e.g., it
was not until 1994 that the first high-precision
(231Pa/235U; activity ratio) data on igneous
rocks were made and reported by Pickett and
Murrell (1997). Our results reported here
are the first to combine (231Pa/235U),
(226Ra/230Th), and (230Th/238U) data for dif-
ferentiated lavas.

The samples for this study come from Vol-
cano Island, the active center within the Taal
volcano caldera complex of the Luzon Arc,
Philippine Archipelago. The composition of
the lavas varies from tholeiitic basalt (SiO2 5
50.5 wt%) to compositionally evolved rhyo-
dacites (SiO2 ;64.4 wt%). Bulk composition
and trace element data (except for U-Th data)
were reported by Miklius et al. (1991). The
lavas have a very narrow range in 87Sr/86Sr
and 143Nd/144Nd isotopic values: 0.70449–
0.70459 and 0.51281–0.51285, respectively
(Mukasa et al., 1994). Their Pb isotopic values
are also very similar, although less coherent
than the Sr and Nd isotopic values. For ex-
ample, their 206Pb/204Pb values vary from
18.554 to 18.639 (Mukasa et al., 1994). Based
on trace element data, the lavas used in this
study were previously thought to be related to
each other by simple crystal fractionation of a
common parental magma (Miklius et al.,
1991). The lavas are historical flows that
erupted within the past 300 yr, thus minimiz-
ing errors that may result from uncertainties
in eruption age.

RESULTS
Typical of arc lavas, the lavas exhibit 238U

over 230Th enrichment (230Th/ 238U) (activity
ratios) from 0.915 to 0.951 (Table 1; complete
U-series data are available in the data Repos-
itory1); the small variation is related to bulk
composition and is consistent with time-
induced variation. The lavas also show 231Pa
over 235U and 226Ra over 230Th enrichments,
(231Pa/235U) 1.31–1.51, and (226Ra/230Th)
1.02–1.61 (Table 1; Figs. 1A, 1B). The 1968
basalt flow, MB-5, has the highest 231Pa and
226Ra enrichments, 1.31 and 1.61, respective-
ly. There is general agreement that 231Pa en-
richment is generated in the mantle during
melting (Asmerom et al., 2000; Bourdon et
al., 1998; Thomas et al., 2002). Although
there is no general consensus on the timing of
226Ra enrichment, the large 226Ra enrichments
exhibited by arc lavas are attributed to fluid
addition occurring in the mantle (Turner et al.,
2001).

1GSA Data Repository item 2005120, Table
DR1, complete data and methods, and Appendix 1,
complete descriptions on models and parameters, is
available online at www.geosociety.org/pubs/
ft2005.htm, or on request from editing@
geosociety.org or Documents Secretary, GSA, P.O.
Box 9140, Boulder, CO 80301-9140, USA.
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TABLE 1. PROTACTINIUM, RADIUM, THORIUM, AND URANIUM DATA

MgO (231Pa/235U)* (226Ra/230Th)i
† (230Th/238U)

MB-5 Phil 7.29 1.506 6 14 1.63 6 5 0.917 6 8
CY-3 6.02 1.464 6 39 1.34 6 6 0.936 6 11
B-4 5.95 1.451 6 14 1.34 6 6 0.945 6 8
CAL-1 5.65 1.435 6 29 1.29 6 6 0.924 6 21
BAL-1-1 1.19 6 5
BAL-1-2 1.19 6 4
BAL-1-D 1.15 6 5
BAL-1 Average 1.97 1.312 6 11 1.18 6 6 0.941 6 6
BM-8-1 1.13 6 4
BM-8-D 1.12 6 4
BM-8 Average 1.50 1.282 6 25 1.13 6 3 0.951 6 12
TML-1 1.00 6 19
TML-2 0.995 6 35
TML-3D 0.989 6 21
TML-4D 1.006 6 18
Average 1.000 6 10

Note: See footnote 1 in text for complete data table and description of methods.
*Activity ratios and 2s errors; activity is equal to the number of atoms multiplied by the decay constant for that

nuclide.
†Initial activity ratios; uncertainties in initial ratios (values at time of eruption) reflect uncertainties in age

estimates, 0.250 ka, and analytical uncertainty, except for the 1968 erruption (MB-5). For historical lavas initial
corrections for U, Pa, and Th are insignificant. Values for the secular equilibrium standard and for Table Mountain
Latite (TML) are measured values.

Figure 2. A: Pa-Ra concordia diagram, con-
structed using (231Pa/235U) and (226Ra/230Th)
of least-differentiated samples as initial val-
ues and solving for activities of both sys-
tems at any given time. Samples with con-
cordant 231Pa-235U and 226Ra-230Th ages
should fall on concordia line; samples with
231Pa-235U ages greater than 226Ra-230Th ages
fall to left of line. Our samples, except for
one sample, fall far off concordia envelope,
encompassing 2s uncertainty of initial val-
ue. B: Pa-Th concordia diagram, construct-
ed using similar approach to A. Note that in
this case, all samples, except for one sam-
ple, fall within concordia envelope. Marked
contrast between Pa-Ra and Pa-Th system-
atics suggests that Ra is likely nuclide that
is mobile.

Figure 1. A: Variation of (231Pa/235U) vs. MgO
of Taal lavas, ranging in composition from
tholeiitic basalt (highest MgO) to evolved
rhyodacite (lowest MgO). Samples fall on
model isochron of magma differentiation.
Age model relates degree of differentiation,
expressed in MgO wt% values, to time scale
of magma differentiation, using functional
relationship derived from regression of MgO
and (231Pa/235U) (R2 5 0.995), assuming that
each lava started from a separate batch of
parental magma that had an initial value
similar to the least-differentiated sample.
Based on this model, time for differentiation
from a composition of least-differentiated to
most-differentiated lavas is ~27 k.y. B: Vari-
ation of (226Ra/230Th) with MgO (wt%) of sam-
ples shown in A. Data fall on a (226Ra/230Th)-
MgO model age, constructed similarly to
above model, but show more scatter than
data in A. More important, differentiation
ages are consistently younger than those
derived from (231Pa/235U) data (<6 ka).

The salient feature of our Pa and Ra data is
that the enrichments correlate with MgO con-
tent, an index of magma differentiation, with
wt% MgO 2 (231Pa/235U) R2 value of 0.995
(Fig. 1A). If these lavas had crystallized from
the same parental magma (Miklius et al.,
1991), there would be no variation in their
(231Pa/235U) and (226Ra/230Th). It is more like-
ly that they differentiated from different
batches of magma that were similar in com-
position, and that variations in (231Pa/235U)
and (226Ra/230Th) reflect the time scale of
magma differentiation.

DISCUSSION AND CONCLUSIONS
In Figure 1A, we show results of a differ-

entiation age model. If each of the lavas start-
ed from a distinct batch of magma that
had a (231Pa/235U) value similar to the least
differentiated sample (basalt), their position
on the curve shows the time of differentiation
from the parent magma. Similarly, the
MgO-(226Ra/230Th) variations are shown in
Figure 1B, including results from an age
model starting from the (226Ra/230Th) of the
least-differentiated sample. The (231Pa/235U)
chronology shows that differentiation from
basaltic composition to the most evolved end
member took 27 k.y. (Fig. 1A). In contrast,
significantly shorter durations are implied by
(226Ra/230Th) data. If the two chronometers
were concordant, based on the (231Pa/235U)
chronology, the most differentiated and
second-most differentiated sample would have
secular equilibrium (226Ra/230Th) values. Yet
the most differentiated sample (BAL-8) has a
slight measured 226Ra excess outside of its 2s
error range, (226Ra/230Th) 1.025 6 16, which,
when age corrected to the time of eruption,
corresponds to an initial (226Ra/230Th) of 1.13
6 3. The second-most differentiated sample
shows measurable enrichment, (226Ra/230Th)
5 1.071 6 43, 2s, with an initial ratio of 1.18

6 6. The (231Pa/235U) differentiation chronol-
ogy for the intermediate composition sample
ranges from 5 to 7 k.y. (Fig. 1A), while the
(226Ra/230Th) chronology varies from 1 to
,2.0 k.y. (Fig. 1B).

Given the coupling of the two uranium de-
cay series, the Pa and Ra may be combined to
construct a (231Pa/235U)-(226Ra/230Th) concor-
dia diagram (Fig. 2A), allowing for the graph-
ical analysis of the two chronologies. A sim-
ilar diagram can also be constructed for the
(231Pa/235U)-(230Th/238U) system (Fig. 2B).
Concordant samples should fall on the solid
lines in each diagram. All of our samples fall
off the line on the (231Pa/235U)-(226Ra/230Th)
diagram, except for one sample that is within
2s analytical error. The most primitive lava
by definition has to be on the concordia line.
In contrast, all the samples except one fall on
the (2301Pa/235U)-(230Th/238U) concordia line,
within analytical error. The broad concordance
between the Pa-U and Th-U data and the lack
of concordance between the Pa-U and Ra-Th
data show that other processes likely affect Ra
during differentiation. Although there are few
samples with combined Pa and Ra data, no
one has ever reported concordant Pa and Ra
chronologies.

Here, two alternative models are considered
to explain the discrepancy between the 231Pa
and 226Ra chronologies. Model I is a magma
replenishment model, based on the formula-
tions of Hughes and Hawkesworth (1999). In
this model, fresh magma with initial compo-
sition of the parent magma is added in an
amount equal to the fraction of magma that
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Figure 3. A: Results from magma replenish-
ment model (Model I), shown as gray line.
Data fit model well. Initial (226Ra/230Th) for
magma and melt that is subsequently added
is 10. This value is much higher than any-
thing reported; Philippine lavas, even ba-
salts, have low (226Ra/230Th) (e.g., BM-5). Fig-
ure is truncated to show portion relevant to
data. Time scale of differentiation of ~50 k.y.,
from basalt to most evolved sample, is in-
ferred. See text and Appendix 1 (see foot-
note 1) for detail on model. B: Results from
fluid replenishment model (Model II), shown
as gray line. Data fit model well. Differenti-
ation time scales calculated from this model
(from basalt with highest value to most dif-
ferentiated sample) are similar to those ob-
tained by simple closed-system model ob-
tained from 231Pa-235U chronology (Fig. 1A)
and 230Th-238U chronology (Fig. 2B). See text
and Appendix 1 (see footnote 1) for details
on model.

Figure 4. Diffusivities of Ra and Pa, calcu-
lated from elastic strain modeling, for cli-
nopyroxene, based on Van Orman et al.
(2001). Ra values are similar to those re-
ported by Saal and Van Orman (2004). Dif-
fusivities for U and Th are from Van Orman
et al. (1998).

crystallizes out, until the initial magma is
completely replaced (F, degree of crystalliza-
tion 5 1). The model takes into account iso-
topic fractionation due to crystal fractionation
and decay and magma mixing. Crystal frac-
tionation and decay are implemented in alter-
nating small steps in order to approximate a
continuous process (Appendix 1 has details of
parameters and implementation; see footnote
1). Best-fitting parameters were identified it-
eratively. The model that best fits the data,
Figure 3, has the following values: (226Ra/
230Th)Melt 5 10, (231Pa/235U)Melt 5 1.57, de-
gree of crystallization of 0.36% per batch, and
replenishment frequency of 200 yr and a du-
ration of crystallization of 56 k.y. As can be
seen in Figure 3A, the model fits the data well,
but it requires that the magma added has a
(226Ra/230Th) of 10. The (226Ra/230Th) value
in Philippine lavas, even of basalts, are very
low, e.g., BM-5 (Table 1). A value of 10 is
almost twice the value observed even in lavas
with the highest reported (226Ra/230Th) values
(Turner et al., 2000).

Model II is similar to Model I, except it
assumes fluid rather than magma replenish-
ment. Fluid replenishment is carried out ex-
actly as in Model I, taking into account the
effects of fractional crystallization, radioactive
decay, and fluid addition on the (226Ra/230Th)
and (231Pa/235U) values. The model best fits
the data (Fig. 3B) with the following param-
eters: low concentration of Ra (1% of magma)
but high (226Ra/230Th) of 70 and (231Pa/235U)
of 1.528, degree of crystallization of 0.01%
per replenishment cycle, replenishment fre-
quency of 370 yr, and a duration of crystalli-
zation of 37 k.y. The fluid addition model has
many attractive features. The time interval be-
tween the time of crystallization and the most
differentiated sample is similar to that arrived
at from the simple closed-system (231Pa/235U)
model ages (Fig. 1A) and the 230Th and 238U
chronology (Fig. 2B).

The apparent high (226Ra/230Th) required
by the fluid addition model is justifiable on
many grounds. Given the high diffusivity and
fluid mobility of Ra (Cooper, 2001), it is un-
likely that the Ra-Th will remain a closed sys-
tem during the differentiation process in a
fluid-dominated system such as an arc crustal
magma chamber. In Figure 4 we show diffu-
sivities for Ra and Pa calculated based on the
elastic strain diffusion models described by
Van Orman et al. (2001). The Ra values are
similar to those reported by Saal and Van Or-
man (2004). We also show U and Th diffusiv-
ity data from Van Orman et al. (1998), all for
diopside, which is the best characterized man-
tle mineral and is likely to be the principal
carrier of U, Th, and radiogenic Ra (and Pa
by extension). The diffusion data show that
the Pa-Th system is the least vulnerable to dif-
fusion re-equilibration. In contrast, the large
difference between the diffusivities of Ra and
U (almost 8 orders of magnitude, Fig. 4) and
fluid solubility of Ra (an alkaline earth)
should result in open-system behavior. Results
from numerical calculation show that ‘‘a fluid
trapped in isolated pockets at grain boundaries

due to incomplete wetting or percolating
through lherzolite under steady conditions can
achieve, and maintain during transport,
(226Ra/230Th) in excess of 100 due to the pref-
erential diffusion of 226Ra out of clinopyrox-
ene’’ (Feineman and DePaolo, 2003 p. 9).

Magma differentiation in arc magma cham-
bers is likely to involve a large fluid fraction
(Grove et al., 2002). To the extent that large
226Ra enrichments in arc lavas, compared to
intraplate and mid-ocean-ridge basalts, are at-
tributed to fluid involvement in some fashion
during melting (Turner et al., 2001), then fluid
modification of 226Ra-230Th should be expect-
ed during magma differentiation. The eventual
fate of the fluids involved during magma dif-
ferentiation is not clear. One possibility is that
magmatic fluids may be eventually lost as a
vapor, leaving the melt enriched in fluid-
mobile elements, such as Ra.

Although both the melt replenishment and
fluid replenishment models take the effect of
crystal fractionation into consideration, using
bulk distribution coefficients for Pa, Ra, U,
and Th, the potential effect of some important
minerals, such as plagioclase with respect to
Ra and accessory minerals with respect to U
and Th, is difficult to assess. Ra is more com-
patible than U, Th, and likely Pa in plagio-
clase (Cooper, 2001; Cooper and Reid, 2003),
and thus significant plagioclase fractionation
could potentially deplete a given evolved melt
with respect to Ra, as suggested by Zellmer
et al. (2000). However, the effect on U-Th and
U-Pa should be minimal; DU and DTh based
on phenocryst data (Cooper and Reid, 2003)
are low and of similar magnitude. Decrease in
the Ba/Th ratios from ;55 (for the interme-
diated lavas) to 42 for the most differentiated
lavas may indicate late-stage plagioclase re-
moval. In contrast, the U/Th ratios of all the
lavas are remarkably similar (0.28–0.29; Table
1), despite nearly a fourfold increase in con-
centration from basalt to the most differenti-
ated lavas.

The global coherence in igneous rocks be-
tween (230Th/238U) and (231Pa/235U) and the
apparent difficulty of reconciling the (226Ra/
230Th) has been suggested as evidence for se-
lective 226Ra mobilization (Saal and Van Or-
man, 2004). Our results showing the lack of
coherence between the 231Pa-235U and 226Ra-
230Th chronologies (Figs. 1A, 1B, and 2A)
and the coherence between 231Pa-235U and
230Th-238U chronologies (Fig. 2B) are in line
with the global observations. Although we are
not as pessimistic about the global igneous
226Ra data, the numerical data reinforce our
conclusions concerning the open-system na-
ture of the 226Ra chronology.

Although we think that the Ra data do not
provide the full time scale of differentiation,
they could provide a very useful constraint for
postdifferentiation magma chamber residence
time. In addition, as pointed out by Turner et
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al. (2001), the large 226Ra enrichments seen in
primitive lavas may provide a constraint on
the time scale of fluid-induced mantle melting
and melt transfer, although even this aspect
has been questioned (Feineman and DePaolo,
2003; Saal and Van Orman, 2004). The only
other Ra-Pa study of lavas from a single vol-
canic center was reported by Vigier et al.
(1999), although all the lavas were basalts.
The lavas have similar (231Pa/235U), 2.19 6 3,
2.27 6 7, and 2.20 6 2, while the (226Ra/
230Th) ranged from 1.866 to 1.302. Differenc-
es in (226Ra/230Th) model ages of these fluid-
poor, minimally differentiated lavas may
reflect differences in residence times, one of
the possibilities suggested by Vigier et al.
(1999).

Magma residence time scales obtained us-
ing long-lived radiogenic isotopes (e.g., Hal-
liday et al., 1989; Christensen and DePaolo,
1991; Wolff and Ramos, 2003) tend to be too
long and would preclude the existence of any
226Ra, and in some cases 231Pa, excesses.
Long-lived radiogenic isotope values of dif-
ferentiated lavas likely reflect relics of open-
system magma behavior with respect to highly
mobile alkaline earth elements like Sr (Wolff
and Ramos, 2003). In this regard the Sr iso-
tope data are indicative of the diffusive reset-
ting of alkaline earth elements in general, in-
cluding Ra. The short time scale calculated
from our data may in part reflect size and ther-
mal state of a magma chamber. Time scales of
magma differentiation for larger volcanic sys-
tems should be somewhat longer, given their
shallower thermal gradients. In addition, over-
all magma residence time could be higher than
the time for simple magma differentiation.
Long residence time inferred from U-Th iso-
topic data on zircons from large silicic vol-
canic centers (Reid et al., 1997; Vazquez and
Reid, 2002) likely reflects overall magma res-
idence time.

Given the ability to constrain the time scale
of magma differentiation, it should in the fu-
ture be possible to reassess processes related
to magma chamber dynamics, such as re-
charge rates, which are crucial in building pre-
dictive capabilities.
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