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FOREWORD

Anniversaries always cause us to reflect upon where we have been and where we are
going. Exactly 100 years before the publication of this volume, the first paper which
calculated the half-life for the newly discovered radioactive substance U-X (now called
24Th), was published. Now, in this volume, the editors Bernard Bourdon, Gideon
Henderson, Craig Lundstrom and Simon Turner have integrated a group of contributors
who update our knowledge of U-series geochemistry, offer an opportunity for non-
specialists to understand its basic principles, and give us a view of the future of this
active field of research. It was prepared in advance of a two-day short course (April 3-4,
2003) on U-series geochemistry, jointly sponsored by GS and MSA and presented in
Paris, France prior to the joint EGS/AGU/EUG meeting in Nice.

As Series Editor, I thank Bernard, Gideon, Craig and Simon for the considerable
time and effort that they put into the preparation and organization of this volume. I also
thank the many authors who contributed to this volume for their timely thoroughness
during the preparation and review process. And, as always, I thank my infinitely patient
and supportive family, Kevin, Ethan and Natalie.

Jodi J. Rosso, Series Editor
West Richland, Washington

January 31, 2003
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PREFACE

URANIUM DECAY SERIES
Karl K. Turekian

The discovery of the **®U decay chain, of course, started with the seminal work of
Marie Curie in identifying and separating **°Ra. Through the work of the Curies and
others, all the members of the **U decay chain were identified. An important milestone
for geochronometrists was the discovery of **°Th (called Ionium) by Bertram Boltwood,
the Yale scientist who also made the first age determinations on minerals using the U-Pb
dating method (Boltwood in 1906 established the antiquity of rocks and even identified a
mineral from Sri Lanka-then Ceylon as having an age of 2.1 billion years!)

The application of the **U decay chain to the dating of deep sea sediments was by
Piggott and Urry in 1942 using the “lonium” method of dating. Actually they measured
26Ra (itself through **’Rn) assuming secular equilibrium had been established between
20Th and **°Ra.

Although *°Th was measured in deep sea sediments by Picciotto and Gilvain in
1954 using photogra]é)hic emulsions, it was not until alpha spectrometry was developed in
the late 1950°’s that 2*°Th was routinely measured in marine deposits. Alpha spectrometry
and gamma spectrometry became the work horses for the study of the uranium and
thorium decay chains in a variety of Earth materials. These ranged from **’Rn and its
daughters in the atmosphere, to the uranium decay chain nuclides in the oceanic water
column, and volcanic rocks and many other systems in which either chronometry or
element partitioning, were explored.

Much of what we learned about the 2**U, *°U and #**Th decay chain nuclides as
chronometers and process indicators we owe to these seminal studies based on the
measurement of radioactivity.

The discovery that mass spectrometry would soon usurp many of the tasks
performed by radioactive counting was in itself serendipitous. It came about because a
fundamental issue in cosmochemistry was at stake. Although variation in >*°U/***U had
been reported for meteorites the results were easily discredited as due to analytical
difficulties. One set of results, however, was published by a credible laboratory long
involved in quality measurements of high mass isotopes such as the lead isotopes. The
purported discovery of ***U/**U variations in meteorites, if true, would have
consequences in defining the early history of the formation of the elements and the
development of inhomogeneity of uranium isotopes in the accumulation of the
protoplanetary materials of the Solar System.

Clearly the result was too important to escape the scrutiny of falsification implicit in
the way we do science. The Lunatic Asylum at Caltech under the leadership of Jerry
Wasserburg took on that task. Jerry Wasserburg and Jim Chen clearly established the
constancy and Earth-likeness of **U/**U in the samplable universe. In the hands of
another member of the Lunatic Asylum, Larry Edwards, the methodology was
transformed into a tool for the study of the **U decay chain in marine systems. Thus the
mass spectrometric techniques developed provided an approach to measuring the U and
Th isotopes in geological materials as well as cosmic materials with the same refinement
and accommodation for small sample size.
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Soon after this discovery the harnessing of the technique to the measurement of all
the U isotopes and all the Th isotopes with great precision immediately opened up the
entire field of uranium and thorium decay chain studies. This area of study was formerly
the poaching ground for radioactive measurements alone but now became part of the
wonderful world of mass spectrometric measurements. (The same transformation took
place for radiocarbon from the various radioactive counting schemes to accelerator mass
spectrometry.)

No Earth material was protected from this assault. The refinement of dating corals,
analyzing volcanic rocks for partitioning and chronometer studies and extensions far and
wide into ground waters and ocean bottom dwelling organisms has been the consequence
of this innovation.

Although Ra isotopes, 2'’Pb and *'°Po remain an active pursuit of those doing
radioactive measurements, many of these nuclides have also become subject to the mass
spectrometric approach.

In this volume, for the first time, all the methods for determining the uranium and
thorium decay chain nuclides in Earth materials are discussed. The range of problems
solvable with this approach is remarkable—a fitting, tribute to the Curies and the early
workers who discovered them for us to use.

ONE HUNDRED YEARS AGO:
THE BIRTH OF URANIUM-SERIES SCIENCE

Gideon M. Henderson

One hundred years ago: the date is 1903, and it is an auspicious year in the history
of radiochemistry. 1903 witnessed the first published version of a radioactive decay
chain; the submission of Marie Curie’s doctoral thesis; the award of the Nobel prize for
physics to Becquerel and the Curies; and the recognition that radioactivity released both
heat and He, with important implications for the age of the Earth and for absolute dating.
These events were part of the rapid development of a new science that followed the
discovery of radioactivity in 1896. For those geochemists familiar with U-series
geochemistry, the early history of the field can make fascinating reading. In these early
years, armed only with simple chemistry (the mass spectrometer, for instance, was not to
be invented until 1918), the pioneers of the field were able to piece together an almost
complete picture of the three naturally occurring decay series. This preface provides a
brief introduction to this period of discovery—discovery that underlies all the
geochemical applications detailed in the chapters that follow.

As the end of the 19th century approached, several workers were investigating the
recently discovered X-rays. One of these, Henri Becquerel, discovered that
phosphorescent uranium salts released penetrating rays, distinct from X-rays, which were
capable of exposing photographic plates (Becquerel 1896b). In a key, but somewhat
fortuitous experiment, Becquerel demonstrated that the rays from the uranium salts did
not require light in order to be emitted and were therefore independent of the
phosphorescence (Becquerel 1896a). Becquerel had discovered radioactivity, although it
was two years before this name was coined (by Marie Curie) and the phenomenon was
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initially termed “Becquerel” radiation, or “uranic” radiation. This discovery was pursued
by Marie Curie who checked the radioactivity of many compounds and minerals. She
demonstrated that radioactivity came particularly from uranium and thorium (Curie
1898). And she provided the first indication of its atomic, rather than molecular nature
because natural compounds emitted radioactivity proportionally to their U or Th content,
regardless of their chemical form.

One curious observation, however, was that pure U actually had a lower
radioactivity than natural U compounds. To investigate this, Curie synthesized one of
these compounds from pure reagents and found that the synthetic compound had a lower
radioactivity than the identical natural example. This led her to believe that there was an
impurity in the natural compound which was more radioactive than U (Curie 1898). Since
she had already tested all the other elements, this impurity seemed to be a new element.
In fact, it turned out to be two new elements—polonium and radium—which the Curies
were successfully able to isolate from pitchblende (Curie and Curie 1898; Curie et al.
1898). For radium, the presence of a new element was confirmed by the observation of
new spectral lines not attributable to any other element. This caused a considerable stir
and the curious new elements, together with their discoverers, achieved rapid public
fame. The Curies were duly awarded the 1903 Nobel prize in Physics for studies into
“radiation phenomena,” along with Becquerel for his discovery of ‘“spontaneous
radioactivity.” Marie Curie would, in 1911, also be awarded the Nobel prize in chemistry
for her part in the discovery of Ra and Po.

Shortly after the discovery of these new radioactive materials it was recognized that
there were two different forms of radiation. All radiation caused ionization of air so that it
would conduct electricity, but only some radiation was capable of passing through
material, such as the shielding paper which was placed on photographic plates to prevent
them being exposed by light (Rutherford 1899). Rutherford named the non-penetrating
form o-rays, and the penetrating form B-rays.

The discovery of two new elements started a frenetic race to find more. Actinium
was soon unearthed (Debierne 1900) and many other substances were isolated from U
and Th which also seemed to be new elements. One of these was discovered somewhat
fortuitously. Several workers had noticed that the radioactivity of Th salts seemed to
vary randomly with time and they noticed that the variation correlated with drafts in the
lab, appearing to reflect a radioactive emanation which could be blown away from the
surface of the Th. This “Th-emanation” was not attracted by charge and appeared to be
a gas, “Rn, as it turns out, although Rutherford at first speculated that it was Th vapor.
Rutherford swept some of the Th-emanation into a jar and repeatedly measured its
ability to ionize air in order to assess its radioactivity. He was therefore the first to
report an exponential decrease in radioactivity with time, and his 1900 paper on the
subject introduced the familiar equation dN/dt = —AN, as well as the concept of half-
lives (Rutherford 1900a). His measured half-life for the Th emanation of 60 seconds
was remarkably close to our present assessment of 55.6 seconds for **’Rn.

Rutherford also noticed that the walls of the vessels in which Th emanation was
investigated became radioactive during the experiment. This “excited activity” lasted
longer than the activity of the Th emanation, but itself decayed away with a half-life of
about 11 hours (Rutherford 1900b). Unwittingly, he was working down the Th decay
chain and was measuring the decay of *'*Pb, the grand-daughter of “’Rn, formed when it
decayed.

At about the same time, solid substances with strong radioactivity were separated
chemically from U and Th. That from U was named U-X (Crookes 1900) and turned out
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to be **Th, while that from Th was named Th-X (Rutherford and Soddy 1902) and was
224Ra. Becquerel, returning to radioactivity research, noted that U, once stripped of its U-
X, had a dramatically lower radioactivity and that this radioactivity seemed to return to
the uranium if it was left for a sufficiently long time (Becquerel 1901). Rutherford and
Soddy pursued this idea using the more rapidly decaying Th-X. They separated Th-X
from Th and made a series of measurements that demonstrated an exact correspondence
between the return of the radioactivity to the Th, and the decay of radioactivity in the Th-
X. On this basis they deduced that much of the, “radioactivity of thorium is not due to
thorium itself but to the presence of a non-thorium substance in minute amount which is
being continuously produced.” And they went on to give the first description of secular
equilibrium:

“The normal or constant radioactivity possessed by thorium is an equilibrium value, where the
rate of increase of radioactivity due to the production of fresh active material is balanced by the
rate of decay of radioactivity of that already formed” (Rutherford and Soddy 1902).

In the same paper, Rutherford and Soddy also suggested that elements were undergoing
“spontaneous transformation.” The use of the word transformation smacked of alchemy
and Rutherford was loath to use it, but by then it seemed clear that elements were really
changing and that “radioactivity may therefore be considered as a manifestation of
subatomic change” (Rutherford and Soddy 1902).

The recognition of element transformation allowed the idea of a series of elements
forming sequentially from the decay of a parent element and led to the first published set
of “U-series” in 1903 (Rutherford 1903):

Uranium Thorium Radium
| | |
Uranium-X Thorium X Radium emanation
| | |
? Thorium-emanation Radium-excited
| activity |
Thorium-excited |
activity | ditto Il
| |
ditto Il ditto Il
| |
? ?

By painstaking chemical separations, and careful study of the style and longevity of
radioactivity from the resulting separates, these series were rapidly added to and only a
year later more than 15 discrete radioactive substances were known, each with measured
half-lives, and all arranged into four decay series from U, Th, Ac, and Ra (Rutherford
1904).

Were all of these newly discovered substances also new elements? This question
would not be answered for some years but there was a flurry of other major discoveries
to keep the protagonists occupied. Pierre Curie discovered that radioactivity released
large quantities of heat (Curie and Laborde 1903) which appeared mysterious—as if the
heat was coming from nowhere. This discovery provided an extra heat source for the
Earth and reconciled the estimates of a very old Earth, based on geological estimates,
with the young age calculated by Lord Kelvin from cooling rates. The year 1903 also
witnessed the first demonstration that o-decay released He (Ramsay and Soddy 1903).
The build up of He was soon put to use to date geological materials, initially by
Rutherford in 1905 who calculated the first ever radiometric age of =500 Myr for a
pitchblende sample, and then by Strutt who examined a wide variety of minerals (Strutt

vil



U-series Geochemistry — Preface

1905). Shortly thereafter, Boltwood recognized that the Pb content of minerals
increases with age and it became clear that Pb was the final product of radioactivity.
Boltwood was also responsible for adding another substance to the decay series through
his discovery of ionium (**°Th), and therefore for linking the U and Ra decay chains
(Boltwood 1907). The discovery of ?**U, initially known as Urll, followed in 1912.

Increasingly, new attempts to use basic chemistry to separate substances from
radioactive material were meeting with failure. In many cases, two substances which
were known to have different radioactive properties and molecular masses simply could
not be separated from one another and appeared chemically identical. By 1910, this
problem led Soddy to speculate that there were different forms of the same element
(Soddy 1910). By 1913 he was confident of this interpretation and coined the term
“isotope” to describe the various types of each element, recognizing that each isotope had
a distinct mass and half-life (Soddy 1913b). In the same year he wrote that “radiothorium,
ionium, thorium, U-X, and radioactinium are a group of isotopic elements, the calculated
atomic masses of which vary from 228-234” (a completely accurate statement- we now
call these isotopes ***Th, ***Th, ***Th, #**Th, **’Th respectively). Soddy received the
Nobel prize for chemistry in 1921 for his work on isotopes.

The various U series were by now all but complete. Branched decays were
understood, and a daughter of U-X was discovered—>*Pa as it is now known, but
initially named “brevium” to reflect it’s short half-life (Fajans and Gohring 1913). By
1913, a published 2**U decay series (Fajans 1913) was remarkably close to that in use
today, differing only in the absence of some of the branched decays after Ra-A (*'*Po),
and in the precise values of some of the half-lives:

Ul % UrX 5 UrX, S Ull-% I, % Ra —“>RaEm—%>RaA-%> RaB £

5x10° yrs 24.6 days 10° yrs 10° yrs 2000 yrs 3.86 days 3 min 26.7 min

- RaC:

c'*/," 1.4 min
RaCi

19.5 min
&

¥ RaC’—%>RaD—E5RaE—E5 RaF —%5Pb
10sec 16 yrs 5 days 136 days

Working independently of one another, Fajans and Soddy also deduced the
displacement rule (Soddy 1913a) (Fajans 1913). Based on the chemical behavior of the
isotopes in the decay chains, and on their molecular masses, they realized that each time
an element changed by emitting an o-ray, the resulting element belonged to a group in
the periodic table shifted two to the left of the initial isotope. Similarly, each time an
element changed by emitting a 3-ray, the resulting element was shifted one group to the
right. This enabled the decay series to be plotted on a figure of mass against atomic
number, as shown in Figure 1, and to look even more familiar to the modern U-series
geochemist.

The fundamental work to establish the sequence of isotopes in the U and Th decay
chains was therefore almost complete by 1913, only 17 years after the first discovery of
radioactivity. It would be another 40 years before techniques for the routine measurement
of some of these isotopes were developed (as detailed in Edwards et al. 2003) and the U-
series isotopes started to see their widespread application to questions in the earth
sciences.
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Figure 1. The three decay series from uranium, thorium, and actinium as published by Soddy in 1913
(Soddy 1913b).
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PREFACE

URANIUM DECAY SERIES
Karl K. Turekian

The discovery of the **®U decay chain, of course, started with the seminal work of
Marie Curie in identifying and separating **°Ra. Through the work of the Curies and
others, all the members of the **U decay chain were identified. An important milestone
for geochronometrists was the discovery of **°Th (called Ionium) by Bertram Boltwood,
the Yale scientist who also made the first age determinations on minerals using the U-Pb
dating method (Boltwood in 1906 established the antiquity of rocks and even identified a
mineral from Sri Lanka-then Ceylon as having an age of 2.1 billion years!)

The application of the **U decay chain to the dating of deep sea sediments was by
Piggott and Urry in 1942 using the “lonium” method of dating. Actually they measured
26Ra (itself through **’Rn) assuming secular equilibrium had been established between
20Th and **°Ra.

Although *°Th was measured in deep sea sediments by Picciotto and Gilvain in
1954 using photogra]é)hic emulsions, it was not until alpha spectrometry was developed in
the late 1950°’s that 2*°Th was routinely measured in marine deposits. Alpha spectrometry
and gamma spectrometry became the work horses for the study of the uranium and
thorium decay chains in a variety of Earth materials. These ranged from **’Rn and its
daughters in the atmosphere, to the uranium decay chain nuclides in the oceanic water
column, and volcanic rocks and many other systems in which either chronometry or
element partitioning, were explored.

Much of what we learned about the 2**U, *°U and #**Th decay chain nuclides as
chronometers and process indicators we owe to these seminal studies based on the
measurement of radioactivity.

The discovery that mass spectrometry would soon usurp many of the tasks
performed by radioactive counting was in itself serendipitous. It came about because a
fundamental issue in cosmochemistry was at stake. Although variation in >*°U/***U had
been reported for meteorites the results were easily discredited as due to analytical
difficulties. One set of results, however, was published by a credible laboratory long
involved in quality measurements of high mass isotopes such as the lead isotopes. The
purported discovery of ***U/**U variations in meteorites, if true, would have
consequences in defining the early history of the formation of the elements and the
development of inhomogeneity of uranium isotopes in the accumulation of the
protoplanetary materials of the Solar System.

Clearly the result was too important to escape the scrutiny of falsification implicit in
the way we do science. The Lunatic Asylum at Caltech under the leadership of Jerry
Wasserburg took on that task. Jerry Wasserburg and Jim Chen clearly established the
constancy and Earth-likeness of **U/**U in the samplable universe. In the hands of
another member of the Lunatic Asylum, Larry Edwards, the methodology was
transformed into a tool for the study of the **U decay chain in marine systems. Thus the
mass spectrometric techniques developed provided an approach to measuring the U and
Th isotopes in geological materials as well as cosmic materials with the same refinement
and accommodation for small sample size.
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Soon after this discovery the harnessing of the technique to the measurement of all
the U isotopes and all the Th isotopes with great precision immediately opened up the
entire field of uranium and thorium decay chain studies. This area of study was formerly
the poaching ground for radioactive measurements alone but now became part of the
wonderful world of mass spectrometric measurements. (The same transformation took
place for radiocarbon from the various radioactive counting schemes to accelerator mass
spectrometry.)

No Earth material was protected from this assault. The refinement of dating corals,
analyzing volcanic rocks for partitioning and chronometer studies and extensions far and
wide into ground waters and ocean bottom dwelling organisms has been the consequence
of this innovation.

Although Ra isotopes, 2'’Pb and *'°Po remain an active pursuit of those doing
radioactive measurements, many of these nuclides have also become subject to the mass
spectrometric approach.

In this volume, for the first time, all the methods for determining the uranium and
thorium decay chain nuclides in Earth materials are discussed. The range of problems
solvable with this approach is remarkable—a fitting, tribute to the Curies and the early
workers who discovered them for us to use.

ONE HUNDRED YEARS AGO:
THE BIRTH OF URANIUM-SERIES SCIENCE

Gideon M. Henderson

One hundred years ago: the date is 1903, and it is an auspicious year in the history
of radiochemistry. 1903 witnessed the first published version of a radioactive decay
chain; the submission of Marie Curie’s doctoral thesis; the award of the Nobel prize for
physics to Becquerel and the Curies; and the recognition that radioactivity released both
heat and He, with important implications for the age of the Earth and for absolute dating.
These events were part of the rapid development of a new science that followed the
discovery of radioactivity in 1896. For those geochemists familiar with U-series
geochemistry, the early history of the field can make fascinating reading. In these early
years, armed only with simple chemistry (the mass spectrometer, for instance, was not to
be invented until 1918), the pioneers of the field were able to piece together an almost
complete picture of the three naturally occurring decay series. This preface provides a
brief introduction to this period of discovery—discovery that underlies all the
geochemical applications detailed in the chapters that follow.

As the end of the 19th century approached, several workers were investigating the
recently discovered X-rays. One of these, Henri Becquerel, discovered that
phosphorescent uranium salts released penetrating rays, distinct from X-rays, which were
capable of exposing photographic plates (Becquerel 1896b). In a key, but somewhat
fortuitous experiment, Becquerel demonstrated that the rays from the uranium salts did
not require light in order to be emitted and were therefore independent of the
phosphorescence (Becquerel 1896a). Becquerel had discovered radioactivity, although it
was two years before this name was coined (by Marie Curie) and the phenomenon was
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initially termed “Becquerel” radiation, or “uranic” radiation. This discovery was pursued
by Marie Curie who checked the radioactivity of many compounds and minerals. She
demonstrated that radioactivity came particularly from uranium and thorium (Curie
1898). And she provided the first indication of its atomic, rather than molecular nature
because natural compounds emitted radioactivity proportionally to their U or Th content,
regardless of their chemical form.

One curious observation, however, was that pure U actually had a lower
radioactivity than natural U compounds. To investigate this, Curie synthesized one of
these compounds from pure reagents and found that the synthetic compound had a lower
radioactivity than the identical natural example. This led her to believe that there was an
impurity in the natural compound which was more radioactive than U (Curie 1898). Since
she had already tested all the other elements, this impurity seemed to be a new element.
In fact, it turned out to be two new elements—polonium and radium—which the Curies
were successfully able to isolate from pitchblende (Curie and Curie 1898; Curie et al.
1898). For radium, the presence of a new element was confirmed by the observation of
new spectral lines not attributable to any other element. This caused a considerable stir
and the curious new elements, together with their discoverers, achieved rapid public
fame. The Curies were duly awarded the 1903 Nobel prize in Physics for studies into
“radiation phenomena,” along with Becquerel for his discovery of ‘“spontaneous
radioactivity.” Marie Curie would, in 1911, also be awarded the Nobel prize in chemistry
for her part in the discovery of Ra and Po.

Shortly after the discovery of these new radioactive materials it was recognized that
there were two different forms of radiation. All radiation caused ionization of air so that it
would conduct electricity, but only some radiation was capable of passing through
material, such as the shielding paper which was placed on photographic plates to prevent
them being exposed by light (Rutherford 1899). Rutherford named the non-penetrating
form o-rays, and the penetrating form B-rays.

The discovery of two new elements started a frenetic race to find more. Actinium
was soon unearthed (Debierne 1900) and many other substances were isolated from U
and Th which also seemed to be new elements. One of these was discovered somewhat
fortuitously. Several workers had noticed that the radioactivity of Th salts seemed to
vary randomly with time and they noticed that the variation correlated with drafts in the
lab, appearing to reflect a radioactive emanation which could be blown away from the
surface of the Th. This “Th-emanation” was not attracted by charge and appeared to be
a gas, “Rn, as it turns out, although Rutherford at first speculated that it was Th vapor.
Rutherford swept some of the Th-emanation into a jar and repeatedly measured its
ability to ionize air in order to assess its radioactivity. He was therefore the first to
report an exponential decrease in radioactivity with time, and his 1900 paper on the
subject introduced the familiar equation dN/dt = —AN, as well as the concept of half-
lives (Rutherford 1900a). His measured half-life for the Th emanation of 60 seconds
was remarkably close to our present assessment of 55.6 seconds for **’Rn.

Rutherford also noticed that the walls of the vessels in which Th emanation was
investigated became radioactive during the experiment. This “excited activity” lasted
longer than the activity of the Th emanation, but itself decayed away with a half-life of
about 11 hours (Rutherford 1900b). Unwittingly, he was working down the Th decay
chain and was measuring the decay of *'*Pb, the grand-daughter of “’Rn, formed when it
decayed.

At about the same time, solid substances with strong radioactivity were separated
chemically from U and Th. That from U was named U-X (Crookes 1900) and turned out
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to be **Th, while that from Th was named Th-X (Rutherford and Soddy 1902) and was
224Ra. Becquerel, returning to radioactivity research, noted that U, once stripped of its U-
X, had a dramatically lower radioactivity and that this radioactivity seemed to return to
the uranium if it was left for a sufficiently long time (Becquerel 1901). Rutherford and
Soddy pursued this idea using the more rapidly decaying Th-X. They separated Th-X
from Th and made a series of measurements that demonstrated an exact correspondence
between the return of the radioactivity to the Th, and the decay of radioactivity in the Th-
X. On this basis they deduced that much of the, “radioactivity of thorium is not due to
thorium itself but to the presence of a non-thorium substance in minute amount which is
being continuously produced.” And they went on to give the first description of secular
equilibrium:

“The normal or constant radioactivity possessed by thorium is an equilibrium value, where the
rate of increase of radioactivity due to the production of fresh active material is balanced by the
rate of decay of radioactivity of that already formed” (Rutherford and Soddy 1902).

In the same paper, Rutherford and Soddy also suggested that elements were undergoing
“spontaneous transformation.” The use of the word transformation smacked of alchemy
and Rutherford was loath to use it, but by then it seemed clear that elements were really
changing and that “radioactivity may therefore be considered as a manifestation of
subatomic change” (Rutherford and Soddy 1902).

The recognition of element transformation allowed the idea of a series of elements
forming sequentially from the decay of a parent element and led to the first published set
of “U-series” in 1903 (Rutherford 1903):

Uranium Thorium Radium
| | |
Uranium-X Thorium X Radium emanation
| | |
? Thorium-emanation Radium-excited
| activity |
Thorium-excited |
activity | ditto Il
| |
ditto Il ditto Il
| |
? ?

By painstaking chemical separations, and careful study of the style and longevity of
radioactivity from the resulting separates, these series were rapidly added to and only a
year later more than 15 discrete radioactive substances were known, each with measured
half-lives, and all arranged into four decay series from U, Th, Ac, and Ra (Rutherford
1904).

Were all of these newly discovered substances also new elements? This question
would not be answered for some years but there was a flurry of other major discoveries
to keep the protagonists occupied. Pierre Curie discovered that radioactivity released
large quantities of heat (Curie and Laborde 1903) which appeared mysterious—as if the
heat was coming from nowhere. This discovery provided an extra heat source for the
Earth and reconciled the estimates of a very old Earth, based on geological estimates,
with the young age calculated by Lord Kelvin from cooling rates. The year 1903 also
witnessed the first demonstration that o-decay released He (Ramsay and Soddy 1903).
The build up of He was soon put to use to date geological materials, initially by
Rutherford in 1905 who calculated the first ever radiometric age of =500 Myr for a
pitchblende sample, and then by Strutt who examined a wide variety of minerals (Strutt
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1905). Shortly thereafter, Boltwood recognized that the Pb content of minerals
increases with age and it became clear that Pb was the final product of radioactivity.
Boltwood was also responsible for adding another substance to the decay series through
his discovery of ionium (**°Th), and therefore for linking the U and Ra decay chains
(Boltwood 1907). The discovery of ?**U, initially known as Urll, followed in 1912.

Increasingly, new attempts to use basic chemistry to separate substances from
radioactive material were meeting with failure. In many cases, two substances which
were known to have different radioactive properties and molecular masses simply could
not be separated from one another and appeared chemically identical. By 1910, this
problem led Soddy to speculate that there were different forms of the same element
(Soddy 1910). By 1913 he was confident of this interpretation and coined the term
“isotope” to describe the various types of each element, recognizing that each isotope had
a distinct mass and half-life (Soddy 1913b). In the same year he wrote that “radiothorium,
ionium, thorium, U-X, and radioactinium are a group of isotopic elements, the calculated
atomic masses of which vary from 228-234” (a completely accurate statement- we now
call these isotopes ***Th, ***Th, ***Th, #**Th, **’Th respectively). Soddy received the
Nobel prize for chemistry in 1921 for his work on isotopes.

The various U series were by now all but complete. Branched decays were
understood, and a daughter of U-X was discovered—>*Pa as it is now known, but
initially named “brevium” to reflect it’s short half-life (Fajans and Gohring 1913). By
1913, a published 2**U decay series (Fajans 1913) was remarkably close to that in use
today, differing only in the absence of some of the branched decays after Ra-A (*'*Po),
and in the precise values of some of the half-lives:

Ul % UrX 5 UrX, S Ull-% I, % Ra —“>RaEm—%>RaA-%> RaB £

5x10° yrs 24.6 days 10° yrs 10° yrs 2000 yrs 3.86 days 3 min 26.7 min

- RaC:

c'*/," 1.4 min
RaCi

19.5 min
&

¥ RaC’—%>RaD—E5RaE—E5 RaF —%5Pb
10sec 16 yrs 5 days 136 days

Working independently of one another, Fajans and Soddy also deduced the
displacement rule (Soddy 1913a) (Fajans 1913). Based on the chemical behavior of the
isotopes in the decay chains, and on their molecular masses, they realized that each time
an element changed by emitting an o-ray, the resulting element belonged to a group in
the periodic table shifted two to the left of the initial isotope. Similarly, each time an
element changed by emitting a 3-ray, the resulting element was shifted one group to the
right. This enabled the decay series to be plotted on a figure of mass against atomic
number, as shown in Figure 1, and to look even more familiar to the modern U-series
geochemist.

The fundamental work to establish the sequence of isotopes in the U and Th decay
chains was therefore almost complete by 1913, only 17 years after the first discovery of
radioactivity. It would be another 40 years before techniques for the routine measurement
of some of these isotopes were developed (as detailed in Edwards et al. 2003) and the U-
series isotopes started to see their widespread application to questions in the earth
sciences.
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Figure 1. The three decay series from uranium, thorium, and actinium as published by Soddy in 1913
(Soddy 1913b).
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PREFACE

URANIUM DECAY SERIES
Karl K. Turekian

The discovery of the **®U decay chain, of course, started with the seminal work of
Marie Curie in identifying and separating **°Ra. Through the work of the Curies and
others, all the members of the **U decay chain were identified. An important milestone
for geochronometrists was the discovery of **°Th (called Ionium) by Bertram Boltwood,
the Yale scientist who also made the first age determinations on minerals using the U-Pb
dating method (Boltwood in 1906 established the antiquity of rocks and even identified a
mineral from Sri Lanka-then Ceylon as having an age of 2.1 billion years!)

The application of the **U decay chain to the dating of deep sea sediments was by
Piggott and Urry in 1942 using the “lonium” method of dating. Actually they measured
26Ra (itself through **’Rn) assuming secular equilibrium had been established between
20Th and **°Ra.

Although *°Th was measured in deep sea sediments by Picciotto and Gilvain in
1954 using photogra]é)hic emulsions, it was not until alpha spectrometry was developed in
the late 1950°’s that 2*°Th was routinely measured in marine deposits. Alpha spectrometry
and gamma spectrometry became the work horses for the study of the uranium and
thorium decay chains in a variety of Earth materials. These ranged from **’Rn and its
daughters in the atmosphere, to the uranium decay chain nuclides in the oceanic water
column, and volcanic rocks and many other systems in which either chronometry or
element partitioning, were explored.

Much of what we learned about the 2**U, *°U and #**Th decay chain nuclides as
chronometers and process indicators we owe to these seminal studies based on the
measurement of radioactivity.

The discovery that mass spectrometry would soon usurp many of the tasks
performed by radioactive counting was in itself serendipitous. It came about because a
fundamental issue in cosmochemistry was at stake. Although variation in >*°U/***U had
been reported for meteorites the results were easily discredited as due to analytical
difficulties. One set of results, however, was published by a credible laboratory long
involved in quality measurements of high mass isotopes such as the lead isotopes. The
purported discovery of ***U/**U variations in meteorites, if true, would have
consequences in defining the early history of the formation of the elements and the
development of inhomogeneity of uranium isotopes in the accumulation of the
protoplanetary materials of the Solar System.

Clearly the result was too important to escape the scrutiny of falsification implicit in
the way we do science. The Lunatic Asylum at Caltech under the leadership of Jerry
Wasserburg took on that task. Jerry Wasserburg and Jim Chen clearly established the
constancy and Earth-likeness of **U/**U in the samplable universe. In the hands of
another member of the Lunatic Asylum, Larry Edwards, the methodology was
transformed into a tool for the study of the **U decay chain in marine systems. Thus the
mass spectrometric techniques developed provided an approach to measuring the U and
Th isotopes in geological materials as well as cosmic materials with the same refinement
and accommodation for small sample size.
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Soon after this discovery the harnessing of the technique to the measurement of all
the U isotopes and all the Th isotopes with great precision immediately opened up the
entire field of uranium and thorium decay chain studies. This area of study was formerly
the poaching ground for radioactive measurements alone but now became part of the
wonderful world of mass spectrometric measurements. (The same transformation took
place for radiocarbon from the various radioactive counting schemes to accelerator mass
spectrometry.)

No Earth material was protected from this assault. The refinement of dating corals,
analyzing volcanic rocks for partitioning and chronometer studies and extensions far and
wide into ground waters and ocean bottom dwelling organisms has been the consequence
of this innovation.

Although Ra isotopes, 2'’Pb and *'°Po remain an active pursuit of those doing
radioactive measurements, many of these nuclides have also become subject to the mass
spectrometric approach.

In this volume, for the first time, all the methods for determining the uranium and
thorium decay chain nuclides in Earth materials are discussed. The range of problems
solvable with this approach is remarkable—a fitting, tribute to the Curies and the early
workers who discovered them for us to use.

ONE HUNDRED YEARS AGO:
THE BIRTH OF URANIUM-SERIES SCIENCE

Gideon M. Henderson

One hundred years ago: the date is 1903, and it is an auspicious year in the history
of radiochemistry. 1903 witnessed the first published version of a radioactive decay
chain; the submission of Marie Curie’s doctoral thesis; the award of the Nobel prize for
physics to Becquerel and the Curies; and the recognition that radioactivity released both
heat and He, with important implications for the age of the Earth and for absolute dating.
These events were part of the rapid development of a new science that followed the
discovery of radioactivity in 1896. For those geochemists familiar with U-series
geochemistry, the early history of the field can make fascinating reading. In these early
years, armed only with simple chemistry (the mass spectrometer, for instance, was not to
be invented until 1918), the pioneers of the field were able to piece together an almost
complete picture of the three naturally occurring decay series. This preface provides a
brief introduction to this period of discovery—discovery that underlies all the
geochemical applications detailed in the chapters that follow.

As the end of the 19th century approached, several workers were investigating the
recently discovered X-rays. One of these, Henri Becquerel, discovered that
phosphorescent uranium salts released penetrating rays, distinct from X-rays, which were
capable of exposing photographic plates (Becquerel 1896b). In a key, but somewhat
fortuitous experiment, Becquerel demonstrated that the rays from the uranium salts did
not require light in order to be emitted and were therefore independent of the
phosphorescence (Becquerel 1896a). Becquerel had discovered radioactivity, although it
was two years before this name was coined (by Marie Curie) and the phenomenon was

A\



U-series Geochemistry — Preface

initially termed “Becquerel” radiation, or “uranic” radiation. This discovery was pursued
by Marie Curie who checked the radioactivity of many compounds and minerals. She
demonstrated that radioactivity came particularly from uranium and thorium (Curie
1898). And she provided the first indication of its atomic, rather than molecular nature
because natural compounds emitted radioactivity proportionally to their U or Th content,
regardless of their chemical form.

One curious observation, however, was that pure U actually had a lower
radioactivity than natural U compounds. To investigate this, Curie synthesized one of
these compounds from pure reagents and found that the synthetic compound had a lower
radioactivity than the identical natural example. This led her to believe that there was an
impurity in the natural compound which was more radioactive than U (Curie 1898). Since
she had already tested all the other elements, this impurity seemed to be a new element.
In fact, it turned out to be two new elements—polonium and radium—which the Curies
were successfully able to isolate from pitchblende (Curie and Curie 1898; Curie et al.
1898). For radium, the presence of a new element was confirmed by the observation of
new spectral lines not attributable to any other element. This caused a considerable stir
and the curious new elements, together with their discoverers, achieved rapid public
fame. The Curies were duly awarded the 1903 Nobel prize in Physics for studies into
“radiation phenomena,” along with Becquerel for his discovery of ‘“spontaneous
radioactivity.” Marie Curie would, in 1911, also be awarded the Nobel prize in chemistry
for her part in the discovery of Ra and Po.

Shortly after the discovery of these new radioactive materials it was recognized that
there were two different forms of radiation. All radiation caused ionization of air so that it
would conduct electricity, but only some radiation was capable of passing through
material, such as the shielding paper which was placed on photographic plates to prevent
them being exposed by light (Rutherford 1899). Rutherford named the non-penetrating
form o-rays, and the penetrating form B-rays.

The discovery of two new elements started a frenetic race to find more. Actinium
was soon unearthed (Debierne 1900) and many other substances were isolated from U
and Th which also seemed to be new elements. One of these was discovered somewhat
fortuitously. Several workers had noticed that the radioactivity of Th salts seemed to
vary randomly with time and they noticed that the variation correlated with drafts in the
lab, appearing to reflect a radioactive emanation which could be blown away from the
surface of the Th. This “Th-emanation” was not attracted by charge and appeared to be
a gas, “Rn, as it turns out, although Rutherford at first speculated that it was Th vapor.
Rutherford swept some of the Th-emanation into a jar and repeatedly measured its
ability to ionize air in order to assess its radioactivity. He was therefore the first to
report an exponential decrease in radioactivity with time, and his 1900 paper on the
subject introduced the familiar equation dN/dt = —AN, as well as the concept of half-
lives (Rutherford 1900a). His measured half-life for the Th emanation of 60 seconds
was remarkably close to our present assessment of 55.6 seconds for **’Rn.

Rutherford also noticed that the walls of the vessels in which Th emanation was
investigated became radioactive during the experiment. This “excited activity” lasted
longer than the activity of the Th emanation, but itself decayed away with a half-life of
about 11 hours (Rutherford 1900b). Unwittingly, he was working down the Th decay
chain and was measuring the decay of *'*Pb, the grand-daughter of “’Rn, formed when it
decayed.

At about the same time, solid substances with strong radioactivity were separated
chemically from U and Th. That from U was named U-X (Crookes 1900) and turned out
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to be **Th, while that from Th was named Th-X (Rutherford and Soddy 1902) and was
224Ra. Becquerel, returning to radioactivity research, noted that U, once stripped of its U-
X, had a dramatically lower radioactivity and that this radioactivity seemed to return to
the uranium if it was left for a sufficiently long time (Becquerel 1901). Rutherford and
Soddy pursued this idea using the more rapidly decaying Th-X. They separated Th-X
from Th and made a series of measurements that demonstrated an exact correspondence
between the return of the radioactivity to the Th, and the decay of radioactivity in the Th-
X. On this basis they deduced that much of the, “radioactivity of thorium is not due to
thorium itself but to the presence of a non-thorium substance in minute amount which is
being continuously produced.” And they went on to give the first description of secular
equilibrium:

“The normal or constant radioactivity possessed by thorium is an equilibrium value, where the
rate of increase of radioactivity due to the production of fresh active material is balanced by the
rate of decay of radioactivity of that already formed” (Rutherford and Soddy 1902).

In the same paper, Rutherford and Soddy also suggested that elements were undergoing
“spontaneous transformation.” The use of the word transformation smacked of alchemy
and Rutherford was loath to use it, but by then it seemed clear that elements were really
changing and that “radioactivity may therefore be considered as a manifestation of
subatomic change” (Rutherford and Soddy 1902).

The recognition of element transformation allowed the idea of a series of elements
forming sequentially from the decay of a parent element and led to the first published set
of “U-series” in 1903 (Rutherford 1903):

Uranium Thorium Radium
| | |
Uranium-X Thorium X Radium emanation
| | |
? Thorium-emanation Radium-excited
| activity |
Thorium-excited |
activity | ditto Il
| |
ditto Il ditto Il
| |
? ?

By painstaking chemical separations, and careful study of the style and longevity of
radioactivity from the resulting separates, these series were rapidly added to and only a
year later more than 15 discrete radioactive substances were known, each with measured
half-lives, and all arranged into four decay series from U, Th, Ac, and Ra (Rutherford
1904).

Were all of these newly discovered substances also new elements? This question
would not be answered for some years but there was a flurry of other major discoveries
to keep the protagonists occupied. Pierre Curie discovered that radioactivity released
large quantities of heat (Curie and Laborde 1903) which appeared mysterious—as if the
heat was coming from nowhere. This discovery provided an extra heat source for the
Earth and reconciled the estimates of a very old Earth, based on geological estimates,
with the young age calculated by Lord Kelvin from cooling rates. The year 1903 also
witnessed the first demonstration that o-decay released He (Ramsay and Soddy 1903).
The build up of He was soon put to use to date geological materials, initially by
Rutherford in 1905 who calculated the first ever radiometric age of =500 Myr for a
pitchblende sample, and then by Strutt who examined a wide variety of minerals (Strutt

vil



U-series Geochemistry — Preface

1905). Shortly thereafter, Boltwood recognized that the Pb content of minerals
increases with age and it became clear that Pb was the final product of radioactivity.
Boltwood was also responsible for adding another substance to the decay series through
his discovery of ionium (**°Th), and therefore for linking the U and Ra decay chains
(Boltwood 1907). The discovery of ?**U, initially known as Urll, followed in 1912.

Increasingly, new attempts to use basic chemistry to separate substances from
radioactive material were meeting with failure. In many cases, two substances which
were known to have different radioactive properties and molecular masses simply could
not be separated from one another and appeared chemically identical. By 1910, this
problem led Soddy to speculate that there were different forms of the same element
(Soddy 1910). By 1913 he was confident of this interpretation and coined the term
“isotope” to describe the various types of each element, recognizing that each isotope had
a distinct mass and half-life (Soddy 1913b). In the same year he wrote that “radiothorium,
ionium, thorium, U-X, and radioactinium are a group of isotopic elements, the calculated
atomic masses of which vary from 228-234” (a completely accurate statement- we now
call these isotopes ***Th, ***Th, ***Th, #**Th, **’Th respectively). Soddy received the
Nobel prize for chemistry in 1921 for his work on isotopes.

The various U series were by now all but complete. Branched decays were
understood, and a daughter of U-X was discovered—>*Pa as it is now known, but
initially named “brevium” to reflect it’s short half-life (Fajans and Gohring 1913). By
1913, a published 2**U decay series (Fajans 1913) was remarkably close to that in use
today, differing only in the absence of some of the branched decays after Ra-A (*'*Po),
and in the precise values of some of the half-lives:

Ul % UrX 5 UrX, S Ull-% I, % Ra —“>RaEm—%>RaA-%> RaB £

5x10° yrs 24.6 days 10° yrs 10° yrs 2000 yrs 3.86 days 3 min 26.7 min

- RaC:

c'*/," 1.4 min
RaCi

19.5 min
&

¥ RaC’—%>RaD—E5RaE—E5 RaF —%5Pb
10sec 16 yrs 5 days 136 days

Working independently of one another, Fajans and Soddy also deduced the
displacement rule (Soddy 1913a) (Fajans 1913). Based on the chemical behavior of the
isotopes in the decay chains, and on their molecular masses, they realized that each time
an element changed by emitting an o-ray, the resulting element belonged to a group in
the periodic table shifted two to the left of the initial isotope. Similarly, each time an
element changed by emitting a 3-ray, the resulting element was shifted one group to the
right. This enabled the decay series to be plotted on a figure of mass against atomic
number, as shown in Figure 1, and to look even more familiar to the modern U-series
geochemist.

The fundamental work to establish the sequence of isotopes in the U and Th decay
chains was therefore almost complete by 1913, only 17 years after the first discovery of
radioactivity. It would be another 40 years before techniques for the routine measurement
of some of these isotopes were developed (as detailed in Edwards et al. 2003) and the U-
series isotopes started to see their widespread application to questions in the earth
sciences.
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Figure 1. The three decay series from uranium, thorium, and actinium as published by Soddy in 1913
(Soddy 1913b).
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PREFACE

URANIUM DECAY SERIES
Karl K. Turekian

The discovery of the **®U decay chain, of course, started with the seminal work of
Marie Curie in identifying and separating **°Ra. Through the work of the Curies and
others, all the members of the **U decay chain were identified. An important milestone
for geochronometrists was the discovery of **°Th (called Ionium) by Bertram Boltwood,
the Yale scientist who also made the first age determinations on minerals using the U-Pb
dating method (Boltwood in 1906 established the antiquity of rocks and even identified a
mineral from Sri Lanka-then Ceylon as having an age of 2.1 billion years!)

The application of the **U decay chain to the dating of deep sea sediments was by
Piggott and Urry in 1942 using the “lonium” method of dating. Actually they measured
26Ra (itself through **’Rn) assuming secular equilibrium had been established between
20Th and **°Ra.

Although *°Th was measured in deep sea sediments by Picciotto and Gilvain in
1954 using photogra]é)hic emulsions, it was not until alpha spectrometry was developed in
the late 1950°’s that 2*°Th was routinely measured in marine deposits. Alpha spectrometry
and gamma spectrometry became the work horses for the study of the uranium and
thorium decay chains in a variety of Earth materials. These ranged from **’Rn and its
daughters in the atmosphere, to the uranium decay chain nuclides in the oceanic water
column, and volcanic rocks and many other systems in which either chronometry or
element partitioning, were explored.

Much of what we learned about the 2**U, *°U and #**Th decay chain nuclides as
chronometers and process indicators we owe to these seminal studies based on the
measurement of radioactivity.

The discovery that mass spectrometry would soon usurp many of the tasks
performed by radioactive counting was in itself serendipitous. It came about because a
fundamental issue in cosmochemistry was at stake. Although variation in >*°U/***U had
been reported for meteorites the results were easily discredited as due to analytical
difficulties. One set of results, however, was published by a credible laboratory long
involved in quality measurements of high mass isotopes such as the lead isotopes. The
purported discovery of ***U/**U variations in meteorites, if true, would have
consequences in defining the early history of the formation of the elements and the
development of inhomogeneity of uranium isotopes in the accumulation of the
protoplanetary materials of the Solar System.

Clearly the result was too important to escape the scrutiny of falsification implicit in
the way we do science. The Lunatic Asylum at Caltech under the leadership of Jerry
Wasserburg took on that task. Jerry Wasserburg and Jim Chen clearly established the
constancy and Earth-likeness of **U/**U in the samplable universe. In the hands of
another member of the Lunatic Asylum, Larry Edwards, the methodology was
transformed into a tool for the study of the **U decay chain in marine systems. Thus the
mass spectrometric techniques developed provided an approach to measuring the U and
Th isotopes in geological materials as well as cosmic materials with the same refinement
and accommodation for small sample size.
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Soon after this discovery the harnessing of the technique to the measurement of all
the U isotopes and all the Th isotopes with great precision immediately opened up the
entire field of uranium and thorium decay chain studies. This area of study was formerly
the poaching ground for radioactive measurements alone but now became part of the
wonderful world of mass spectrometric measurements. (The same transformation took
place for radiocarbon from the various radioactive counting schemes to accelerator mass
spectrometry.)

No Earth material was protected from this assault. The refinement of dating corals,
analyzing volcanic rocks for partitioning and chronometer studies and extensions far and
wide into ground waters and ocean bottom dwelling organisms has been the consequence
of this innovation.

Although Ra isotopes, 2'’Pb and *'°Po remain an active pursuit of those doing
radioactive measurements, many of these nuclides have also become subject to the mass
spectrometric approach.

In this volume, for the first time, all the methods for determining the uranium and
thorium decay chain nuclides in Earth materials are discussed. The range of problems
solvable with this approach is remarkable—a fitting, tribute to the Curies and the early
workers who discovered them for us to use.

ONE HUNDRED YEARS AGO:
THE BIRTH OF URANIUM-SERIES SCIENCE

Gideon M. Henderson

One hundred years ago: the date is 1903, and it is an auspicious year in the history
of radiochemistry. 1903 witnessed the first published version of a radioactive decay
chain; the submission of Marie Curie’s doctoral thesis; the award of the Nobel prize for
physics to Becquerel and the Curies; and the recognition that radioactivity released both
heat and He, with important implications for the age of the Earth and for absolute dating.
These events were part of the rapid development of a new science that followed the
discovery of radioactivity in 1896. For those geochemists familiar with U-series
geochemistry, the early history of the field can make fascinating reading. In these early
years, armed only with simple chemistry (the mass spectrometer, for instance, was not to
be invented until 1918), the pioneers of the field were able to piece together an almost
complete picture of the three naturally occurring decay series. This preface provides a
brief introduction to this period of discovery—discovery that underlies all the
geochemical applications detailed in the chapters that follow.

As the end of the 19th century approached, several workers were investigating the
recently discovered X-rays. One of these, Henri Becquerel, discovered that
phosphorescent uranium salts released penetrating rays, distinct from X-rays, which were
capable of exposing photographic plates (Becquerel 1896b). In a key, but somewhat
fortuitous experiment, Becquerel demonstrated that the rays from the uranium salts did
not require light in order to be emitted and were therefore independent of the
phosphorescence (Becquerel 1896a). Becquerel had discovered radioactivity, although it
was two years before this name was coined (by Marie Curie) and the phenomenon was
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initially termed “Becquerel” radiation, or “uranic” radiation. This discovery was pursued
by Marie Curie who checked the radioactivity of many compounds and minerals. She
demonstrated that radioactivity came particularly from uranium and thorium (Curie
1898). And she provided the first indication of its atomic, rather than molecular nature
because natural compounds emitted radioactivity proportionally to their U or Th content,
regardless of their chemical form.

One curious observation, however, was that pure U actually had a lower
radioactivity than natural U compounds. To investigate this, Curie synthesized one of
these compounds from pure reagents and found that the synthetic compound had a lower
radioactivity than the identical natural example. This led her to believe that there was an
impurity in the natural compound which was more radioactive than U (Curie 1898). Since
she had already tested all the other elements, this impurity seemed to be a new element.
In fact, it turned out to be two new elements—polonium and radium—which the Curies
were successfully able to isolate from pitchblende (Curie and Curie 1898; Curie et al.
1898). For radium, the presence of a new element was confirmed by the observation of
new spectral lines not attributable to any other element. This caused a considerable stir
and the curious new elements, together with their discoverers, achieved rapid public
fame. The Curies were duly awarded the 1903 Nobel prize in Physics for studies into
“radiation phenomena,” along with Becquerel for his discovery of ‘“spontaneous
radioactivity.” Marie Curie would, in 1911, also be awarded the Nobel prize in chemistry
for her part in the discovery of Ra and Po.

Shortly after the discovery of these new radioactive materials it was recognized that
there were two different forms of radiation. All radiation caused ionization of air so that it
would conduct electricity, but only some radiation was capable of passing through
material, such as the shielding paper which was placed on photographic plates to prevent
them being exposed by light (Rutherford 1899). Rutherford named the non-penetrating
form o-rays, and the penetrating form B-rays.

The discovery of two new elements started a frenetic race to find more. Actinium
was soon unearthed (Debierne 1900) and many other substances were isolated from U
and Th which also seemed to be new elements. One of these was discovered somewhat
fortuitously. Several workers had noticed that the radioactivity of Th salts seemed to
vary randomly with time and they noticed that the variation correlated with drafts in the
lab, appearing to reflect a radioactive emanation which could be blown away from the
surface of the Th. This “Th-emanation” was not attracted by charge and appeared to be
a gas, “Rn, as it turns out, although Rutherford at first speculated that it was Th vapor.
Rutherford swept some of the Th-emanation into a jar and repeatedly measured its
ability to ionize air in order to assess its radioactivity. He was therefore the first to
report an exponential decrease in radioactivity with time, and his 1900 paper on the
subject introduced the familiar equation dN/dt = —AN, as well as the concept of half-
lives (Rutherford 1900a). His measured half-life for the Th emanation of 60 seconds
was remarkably close to our present assessment of 55.6 seconds for **’Rn.

Rutherford also noticed that the walls of the vessels in which Th emanation was
investigated became radioactive during the experiment. This “excited activity” lasted
longer than the activity of the Th emanation, but itself decayed away with a half-life of
about 11 hours (Rutherford 1900b). Unwittingly, he was working down the Th decay
chain and was measuring the decay of *'*Pb, the grand-daughter of “’Rn, formed when it
decayed.

At about the same time, solid substances with strong radioactivity were separated
chemically from U and Th. That from U was named U-X (Crookes 1900) and turned out
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to be **Th, while that from Th was named Th-X (Rutherford and Soddy 1902) and was
224Ra. Becquerel, returning to radioactivity research, noted that U, once stripped of its U-
X, had a dramatically lower radioactivity and that this radioactivity seemed to return to
the uranium if it was left for a sufficiently long time (Becquerel 1901). Rutherford and
Soddy pursued this idea using the more rapidly decaying Th-X. They separated Th-X
from Th and made a series of measurements that demonstrated an exact correspondence
between the return of the radioactivity to the Th, and the decay of radioactivity in the Th-
X. On this basis they deduced that much of the, “radioactivity of thorium is not due to
thorium itself but to the presence of a non-thorium substance in minute amount which is
being continuously produced.” And they went on to give the first description of secular
equilibrium:

“The normal or constant radioactivity possessed by thorium is an equilibrium value, where the
rate of increase of radioactivity due to the production of fresh active material is balanced by the
rate of decay of radioactivity of that already formed” (Rutherford and Soddy 1902).

In the same paper, Rutherford and Soddy also suggested that elements were undergoing
“spontaneous transformation.” The use of the word transformation smacked of alchemy
and Rutherford was loath to use it, but by then it seemed clear that elements were really
changing and that “radioactivity may therefore be considered as a manifestation of
subatomic change” (Rutherford and Soddy 1902).

The recognition of element transformation allowed the idea of a series of elements
forming sequentially from the decay of a parent element and led to the first published set
of “U-series” in 1903 (Rutherford 1903):

Uranium Thorium Radium
| | |
Uranium-X Thorium X Radium emanation
| | |
? Thorium-emanation Radium-excited
| activity |
Thorium-excited |
activity | ditto Il
| |
ditto Il ditto Il
| |
? ?

By painstaking chemical separations, and careful study of the style and longevity of
radioactivity from the resulting separates, these series were rapidly added to and only a
year later more than 15 discrete radioactive substances were known, each with measured
half-lives, and all arranged into four decay series from U, Th, Ac, and Ra (Rutherford
1904).

Were all of these newly discovered substances also new elements? This question
would not be answered for some years but there was a flurry of other major discoveries
to keep the protagonists occupied. Pierre Curie discovered that radioactivity released
large quantities of heat (Curie and Laborde 1903) which appeared mysterious—as if the
heat was coming from nowhere. This discovery provided an extra heat source for the
Earth and reconciled the estimates of a very old Earth, based on geological estimates,
with the young age calculated by Lord Kelvin from cooling rates. The year 1903 also
witnessed the first demonstration that o-decay released He (Ramsay and Soddy 1903).
The build up of He was soon put to use to date geological materials, initially by
Rutherford in 1905 who calculated the first ever radiometric age of =500 Myr for a
pitchblende sample, and then by Strutt who examined a wide variety of minerals (Strutt
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1905). Shortly thereafter, Boltwood recognized that the Pb content of minerals
increases with age and it became clear that Pb was the final product of radioactivity.
Boltwood was also responsible for adding another substance to the decay series through
his discovery of ionium (**°Th), and therefore for linking the U and Ra decay chains
(Boltwood 1907). The discovery of ?**U, initially known as Urll, followed in 1912.

Increasingly, new attempts to use basic chemistry to separate substances from
radioactive material were meeting with failure. In many cases, two substances which
were known to have different radioactive properties and molecular masses simply could
not be separated from one another and appeared chemically identical. By 1910, this
problem led Soddy to speculate that there were different forms of the same element
(Soddy 1910). By 1913 he was confident of this interpretation and coined the term
“isotope” to describe the various types of each element, recognizing that each isotope had
a distinct mass and half-life (Soddy 1913b). In the same year he wrote that “radiothorium,
ionium, thorium, U-X, and radioactinium are a group of isotopic elements, the calculated
atomic masses of which vary from 228-234” (a completely accurate statement- we now
call these isotopes ***Th, ***Th, ***Th, #**Th, **’Th respectively). Soddy received the
Nobel prize for chemistry in 1921 for his work on isotopes.

The various U series were by now all but complete. Branched decays were
understood, and a daughter of U-X was discovered—>*Pa as it is now known, but
initially named “brevium” to reflect it’s short half-life (Fajans and Gohring 1913). By
1913, a published 2**U decay series (Fajans 1913) was remarkably close to that in use
today, differing only in the absence of some of the branched decays after Ra-A (*'*Po),
and in the precise values of some of the half-lives:

Ul % UrX 5 UrX, S Ull-% I, % Ra —“>RaEm—%>RaA-%> RaB £

5x10° yrs 24.6 days 10° yrs 10° yrs 2000 yrs 3.86 days 3 min 26.7 min

- RaC:

c'*/," 1.4 min
RaCi

19.5 min
&

¥ RaC’—%>RaD—E5RaE—E5 RaF —%5Pb
10sec 16 yrs 5 days 136 days

Working independently of one another, Fajans and Soddy also deduced the
displacement rule (Soddy 1913a) (Fajans 1913). Based on the chemical behavior of the
isotopes in the decay chains, and on their molecular masses, they realized that each time
an element changed by emitting an o-ray, the resulting element belonged to a group in
the periodic table shifted two to the left of the initial isotope. Similarly, each time an
element changed by emitting a 3-ray, the resulting element was shifted one group to the
right. This enabled the decay series to be plotted on a figure of mass against atomic
number, as shown in Figure 1, and to look even more familiar to the modern U-series
geochemist.

The fundamental work to establish the sequence of isotopes in the U and Th decay
chains was therefore almost complete by 1913, only 17 years after the first discovery of
radioactivity. It would be another 40 years before techniques for the routine measurement
of some of these isotopes were developed (as detailed in Edwards et al. 2003) and the U-
series isotopes started to see their widespread application to questions in the earth
sciences.
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Figure 1. The three decay series from uranium, thorium, and actinium as published by Soddy in 1913
(Soddy 1913b).
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1. NEW DEVELOPMENTS IN U-SERIES GEOCHEMISTRY

During the last century, the Earth Sciences underwent two major revolutions in
understanding. The first was the recognition of the great antiquity of the Earth and the
second was the development of plate tectonic theory. These leaps in knowledge moved
geology from its largely descriptive origins and established the modern, quantitative,
Earth Sciences. For any science, and particularly for the Earth Sciences, time scales are
of central importance. Until recently, however, the study of time scales in the Earth
Sciences was largely restricted to the unraveling of the ancient history of our planet. For
several decades, Earth scientists have used a variety of isotope chronometers to unravel
the long-term evolution of the planet. A fuller understanding of the physical and chemical
processes driving this evolution often remained elusive because such processes occur on
time scales (1-10° years) which are simply not resolvable by most conventional
chronometers. The U-series isotopes, however, do provide tools with sufficient time
resolution to study these Earth processes. During the last decade, the Earth Sciences have
become increasingly focused on fundamental processes and U-series geochemistry has
witnessed a renaissance, with widespread application in disciplines as diverse as modern
oceanography and igneous petrology.

The uranium and thorium decay-series contain radioactive isotopes of many elements
(in particular, U, Th, Pa, Ra and Rn). The varied geochemical properties of these elements
cause nuclides within the chain to be fractionated in different geological environments.
while the varied half-lives of the nuclides allows investigation of processes occurring on
time scales from days to 10° years. U-series measurements have therefore revolutionized
the Earth Sciences by offering some of the only quantitative constraints on time scales
applicable to the physical processes that take place on the Earth.

1529-6466/00/0052-0001$05.00
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The application of U-series geochemistry to the Earth Sciences was thoroughly
summarized in 1982 and again in 1992 with the two editions of “Uranium-series
Disequilibrium, Applications to Earth, Marine and Environmental Sciences,” edited by
M. Ivanovich and R. S. Harmon. It is now over a decade since the publication of the
second of those volumes, and a great deal of new U-series work has been conducted.
Much of this new work has relied on the development of new analytical techniques.
These advances began in the late 1980’s with the development of thermal ionization mass
spectrometric techniques for the measurement of U, Th, Pa and Ra including the ability
to measure isotope ratios greater than 10° (see Goldstein and Stirling 2003). More
recently, multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS)
has further improved the sensitivity, speed, and possibly precision of U-series
measurements. Advances have also been made in the chemical separation techniques for
U-series nuclides. The analytical chemistry of these elements has been known since the
1950°’s but adapting these techniques to geological samples with a complex matrix
occurred more recently. Efficient techniques involving actinide-specific resin have also
only been implemented in the last 10 years.

The need to understand the processes operating on Earth, coupled to recent
analytical advances, have ensured that the U-series nuclides have seen widespread
application since the last Ivanovich and Harmon book (1992). This volume does not set
out to repeat material in that book, but is an attempt to bring together the advances in the
subject over the last ten years, highlighting the excitement and rapid expansion of U-
series research. The scope of the various chapters in this book is laid out at the end of this
introduction. The remainder of this chapter introduces some of the basic concepts of U-
series geochemistry, the chemical behavior of the elements involved, and the half-lives of
the U- and Th-series nuclides. This chapter is not intended to be an exhaustive summary
of the nuclear or radio-chemistry of the U-series nuclides and for additional information,
the reader is referred to Ivanovich (1992).

2. U AND Th RADIOACTIVE DECAY SERIES
2.1. Basic concepts

There are three naturally occurring radioactive decay chains; each starts with an
actinide nuclide (**U, U and ***Th) having a long half-life (t;, > 0.7 Gyr) and ends
with a stable isotope of lead (Fig. 1). In between is a series of nuclides with half-lives
ranging from microseconds to hundreds of thousands of years. U-series disequilibrium
refers to any fractionation between different members within a decay chain resulting in a
non-steady state condition (steady state is known as secular equilibrium as explained
below). The members of the decay chain most commonly studied are >**U (t,, = 245 ka),
20Th (ty, = 76 ka) and **Ra (t;, =1599 yr) in the ***U decay chain and **'Pa (t;» =33 ka)
in the 2*°U decay chain. The relatively long half-lives make these nuclides particularly
suited to investigating many geological processes that occur over time scales similar to
their decay period. An important characteristic of these decay-chains is that the ultimate
parent isotope (e.g., >*U) is radioactive and has a much longer half-life than all the
intermediate nuclides.

The equation of decay for a given number of atoms, N, of a given nuclide can be
written as follows:

For the parent nuclide:
dN,
dt

=-MN, (1)
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For all the intermediate nuclides of interest:

% = _}\’iNi + 7‘1—1Ni—1 (2)

where the decay constant, A is related to the half-life by A =1In2/t;; and subscript i — 1
refers to the next nuclide higher up in the decay chain. These equations were first solved
by Bateman (1910) and are illustrated here with reference to the first two nuclides of a
decay chain. The appendix provides a general solution using a Laplace transform that can
also be used in the case of linear box models which track changes in U-series nuclide
concentrations.

The concept most commonly used when dealing with radioactive nuclides is activity.
By definition, the activity of a number of atoms of a nuclide is the number of decay
events per unit of time. The law of radioactivity tells us that this activity is equal to the
decay constant times the number of atoms.

If we solve Equations (1) and (2) for the first two nuclides in a decay chain, we
obtain (Bateman 1910):

N, =Nle™' (3a)
and

Ny =t MX N (7t —e™ )+ Nje ™! (3b)
2~ M

where N? and NJ are the number of atoms of nuclides 1 and 2 at t = 0. In Equation (3b),
the first term represents the ingrowth of N, by decay of N, and the second term
represents the decay of N, initially present. In situations where there is no initial N,, the
second term can be dropped. These equations enable one to estimate the evolution of
activity as a function of time starting with an initial activity ratio A, N3 /A N/ .

If we consider this pair of radioactive isotopes for time scales greater than six half-
lives of N,, Equation (3b) can be simplified. Because each decay series starts with a
long-lived parent, it is commonly the case that A; << A,. In this case, after six half lives,
e 'approaches zero and can be removed from the equation. For time scales such that
6T2 <t << Tl then

X 7\,17\’ N?eiklt%}\’ 7\41%’
27 M 2 M

N, = N, 4)

With the second simplification reflecting the fact that insignificant decay of N, will have
occurred because t << T; Because A;>>A,, Equation (4) can be further simplified because
Ao — A1 = A; so that:

A
N, = tNl (5)

This situation, when the activity of the higher atomic number nuclide, the “parent,”
is equal to the activity in the next step in the chain, the “daughter,” is known as
radioactive equilibrium (also referred to as secular equilibrium). Thus, secular
equilibrium between a parent and a daughter implies an activity ratio of 1.

A useful analogy for understanding secular equilibrium is visualizing a decay chain
as a series of pools of water (Fig. 2). These pools eventually lead to a continuously filling
pool representing a stable isotope of lead (either *’°Pb, **’Pb or ***Pb). Over the timescale
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Figure 2. Analogy of U-series decay chain with a series of tanks feeding into each other. See text for
description.

relevant to U-series disequilibria studies, the parent nuclides 28U, 29U, and 2**Th all have
half-lives much longer than any of the other isotopes in the chain. Therefore, the flux of
radioactive decay (the activity) coming from the top of the chain remains essentially
constant over the time relevant to study of the short-lived members. Thus, we can assume
the flux of water coming out of the top pipe in Figure 2 is constant. In this schematic model,
each tank represents an individual nuclide and has a spout of size proportional to the decay
constant of that nuclide. In steady state, the flux of water through each tank in the system
will be constant when the hydraulic head within a tank increases to equalize the flux in and
out of the tank. Thus, the flux of water through a set of tanks is analogous to the activity (in
Bq/g or dpm/g) of all nuclides in the chain in secular equilibrium. In both the decay chain
and water analogy, flow occurs only in one direction and the change in any pool’s depth (or
nuclide concentration) does not affect the pool above it. Because the activity of any nuclide
is equal to AN, the amount of water in a given tank is proportional to the number of atoms
of a nuclide at secular equilibrium. In other words, a tank with a small spout having a large
volume of water is analogous to a long-lived nuclide that has a relatively high concentration
of atoms in secular equilibrium. In contrast, a tank with a large spout (which results in small
steady-state amount of water) is analogous to a short-lived nuclide that has a lower
concentration of atoms in secular equilibrium.
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2.2. Disequilibrium between U-series nuclides

Processes that fractionate nuclides within a chain produce parent-daughter
disequilibrium; the return to equilibrium then allows quantification of time. Because of
the prescribed decay behavior, U-series disequilibria can be used for geochronology or
for examining the rates and time scales of any dynamic processes which induces
fractionation. In many cases, the direction of disequilibrium (activity ratios above or
below one) provides a powerful means of tracing specific processes.

Based on Equation (3), in the case of a system where there is an initial
disequilibrium in the chain (namely: AN, #A,N,), it is generally stated that the system
returns to secular equilibrium after ~six half-lives of the daughter. The wide variety of
parent-daughter pairs allows disequilibria to provide temporal constraints over a wide
range in time scales (Fig. 3).

One of the behaviors of the system not easy to grasp is why the return to equilibrium
is mostly controlled by the half-life of the daughter nuclide? This can be investigated by
considering the *°Ra/**°Th system (**°Th decays to form **°Ra with a half-life of 1599
years). If fractionation by some process results in an activity ratio greater than 1 at time
t = 0, the equation describing the return to equilibrium, as shown above, is:

Ay

Ra _7"Th

226 Ra = zsoThO (e—xTht . ekaat)+ 226 Raoefx““t (6)

If we now take into account the fact that since Ar,>>Arn, this equation can be
rewritten using activity ratios as:

ESnTEI
Th Th |

B LELELLI llll'l LB} Illlll'I L | lllll1 LB} IIIII'I LI | lllll1 LI ) llllll'l LB} IIIII'I L | lllll-
- timescale of return to secular equilibrium .
N = ~5x half-life of the daughter nuclide ]
=) 2-0 B __
o 5 r [234U) ]
=k 15 [ Excess of (238Y) ]
o g L - daughter (21|]Pb) (225Ha] i
o - - 226 230
> 1.0 L (<SRa) (=59Th)
- - b
L - Excess of -
Q g 0.5 [ parent .
= ¢ 8 .
0.0 : {230'11-,) ‘:
C {234U) ]
L -

107" 10° 10" 10% 10%® 10* 10° 10° 107
Time since fractionation (years)

Figure 3. Parent daughter disequilibrium will return to equilibrium over a known time scale related to
the half-life of the daughter nuclide. To return to within 5% of an activity ratio of 1 requires a time
period equal to five times the half-life of the daughter nuclide. Because of the wide variety of half-lives
within the U-decay-series, these systems can be used to constrain the time scales of processes from
single years up to 1 Ma.
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The quantity in brackets represents the excess of **’Ra relative to 2*°Th. It follows
that after six half-lives of **Ra, the term ¢ ™ will be equal to 1/2° = 1/64 which means
that *’Ra/***Th activity ratios will be equal to 1 within approximately 1%. Now consider
the case of a system where there is no initial **°Ra. The same equation applies except that
in this case (***Ra/**°Th); = 0. Since there is no initial *°Ra, how is it possible that the
half-life of *°Ra controls the return to secular equilibrium for this system? In fact, the
system is also controlled by the half-life of **°Th and the issue boils down to the concept
of activity. In the case of a system with no initial 226Ra, there are Ay, NppAt atoms of 2*Ra
produced during At. If we assume that **°Ra is not decaying, it will take At = 1/Ag, to
accumulate enough **°Ra atoms to reach the condition for secular equilibrium
Nra = MN1/Ara. Because 2*°Ra is decaying, it effectively takes more time than 1/Ag, to
return to secular equilibrium (see Fig. 4). This illustrates that the return to secular
equilibrium is limited by the decay of **°Ra.

2.3. Processes creating disequilibria between U-series nuclides

The previous section showed that if the decay chain remains undisturbed for a period
of approximately 6 times the longest half-lived intermediate nuclide then the chain will
be in a state of secular equilibrium (i.e., equal activities for all the nuclides). The key to
the utility of the U-series is that several natural processes are capable of disrupting this
state of equilibrium.

Two types of mechanisms need to be distinguished here. Firstly, each element has
distinct chemical properties and thus, the U-series nuclides can become fractionated
during processes that discriminate chemical behavior: phase change, partial melting,
crystallization, partitioning, dissolution, adsorption, degassing, oxidation/reduction,
complexation. For example, during crystallization of a mineral from a melt, the
(P°Th/**U) activity ratio in the mineral will be:

230 Th DTh 230 Th
238U mineral ) DU 238U melt (8)

1o .
075 [ i
< [
- N
2 [
« 05 F _
m -
I L
Q [
T 025 F i
0 N N 2 2 | s 3 1 : . . .
0 5000 10000 15000

Time (years)

Figure 4. Return to secular equilibrium of ***Ra/*Th activity ratio with no initial ***Ra. The return to
secular equilibrium essentially depends on the half-life of the daughter isotope. If the decay of ***Ra is
“turned off,” the return to secular equilibrium takes 1/Ag, years.
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where D, and Dy are the mineral/melt partition coefficients. Provided that the partition
coefficients are different, the 2*°Th->**U activity ratio in the mineral will be distinct from
that of the melt. This process is generally called fractionation but for the U-series
nuclides, the result is transitory disequilibrium.

Secondly, fractionation can also take place as a result of radioactive decay, especially
in the low-temperature environment, and these effects are generally described as recoil
effects. To illustrate the physics of recoil, we choose for example the decay of ***U:

U > P*Th+ *He+Q 9)

The resulting particles (***Th and “He) are charged and emitted with finite kinetic
energy. In order to estimate this energy, it is necessary to undertake an energy balance for
decay that is analogous to the energy balance for a chemical reaction. During decay, we
assume that both total momentum and kinetic energy are conservative. If we also assume
that the nucleus was initially at rest:

Q=AMc* =E!" + E? (10a)
M(xva = MThVTh (10b)

where E;, M and V are the kinetic energy, the mass and the velocity of the daughter

nuclide and the helium atom. From these equations, the kinetic energy of the daughter

nuclide can be shown to be a small fraction of the total energy release Q:
M(X

EM=Q—2— 11
- =Q M,+M (1)
The effect of recoil is three-fold: firstly, the recoil atom is displaced from the site
where it was located. It can thus be ejected directly into an adjacent phase. The
displacement distance is approximately 40 nm, depending on the substrate (Harvey 1962)
and is known as the range. It can be estimated using the following equation:

M. +M (M E™K)(z% + 223"
8: Th a a—c Th a (12)
(MThZThZap)

where Zy, 1s the atomic number of 234Th, and Z, and M, denotes the atomic number and
mass of the absorber, K is a constant (6.02) and p is the density. E is given here in keV
while 0 is in nanometers. Secondly, the site is damaged by the a-particle, which makes
the daughter more prone to subsequent mobilization. Lastly, the atom is displaced from
its original site and can also be more easily removed. It is difficult to determine which of
these processes control the extent to which a daughter nuclide is more readily mobilized
than its parent. Nevertheless, it is possible to estimate the fraction of daughter nuclides
that would be directly ejected by recoil. This calculation was made by Fleischer and
Raabe (1975) for plutonium particles and is described below. For a spherical particle with
radius r and for a range J, the fraction of volume that will be affected by recoil into
another phase is:

f,=———5—— (13)

Out of this volume, only half of the particles will be ejected towards the rim of the grain
and only a half of those will have trajectories which actually cross the grain boundary
(Fig. 5). Thus, for a porous media with porosity ¢ and density ps the number of daughter
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d

0 Figure 5. Ejection of daughter
nuclide out of a grain due to
recoil. Only a fraction of the
nuclides located in a cone will be
ejected for a given range d. As
shown on the diagram, at a
distance x from the surface of the
grain, the only nuclide to escape
by recoil will be located in a cone
with an angle a.

nuclides ejected per unit of time per unit of mass is:

£ —(r-8)

Ry =Ps(1—¢)—( 3 ) AN (14)
4r

where A and N are the decay constant and number of atoms per unit of mass of the parent

nuclide.

Such alpha-recoil plays a fundamental role in fractionating the nuclides from one
another in the low-temperature environment. During igneous processes, on the other
hand, alpha recoil is probably not important in the generation of disequilibria (**°Th,
22Ra, and **'Pa). Beattie (1993) pointed out that the time scale of annealing of alpha
decay damage at high temperatures was much shorter than the time scale of decay of
these nuclides.

One of the important theoretical advances in the last decade was the development of
models of disequilibria generation based on the dynamic process of a fluid moving relative
to a solid. McKenzie (1985) was the first to show how radioactive disequilibrium can be
created if U-series nuclides have different residence times within a melting column during
two-phase flow. This model was developed to simulate mantle melting beneath mid-ocean
ridges but in reality applies to any earth process where U-series nuclides move at different
velocities due to exchange between the fluid and the solid. In this model, different elements
will have different effective velocities based on how they partition between the moving
fluid and a solid. This situation could be a magma exchanging with mantle minerals or
could be groundwater exchanging with the surfaces of minerals.

Consider a steady-state situation of a parent-daughter pair within a fluid flowing
through, and chemically exchanging with, mineral grains in a column of length x.
Assume the mineral grains and the fluid are homogenous and in chemical equilibrium
with each other and the U-series nuclides in both phases are in secular equilibrium
(Aparent = Adaughter)- If @ continuous stream of the fluid is fed into the column, elements
that do not partition into the solid (D¢ = () will move at the velocity of the fluid
whereas elements that partition into the solid, even slightly, will travel more slowly.
Thus, if an element favors the fluid phase, it will have a shorter residence time in the
column than elements which favor the solid phase. Once it has achieved steady state this
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system will have no effect on the concentration of non-radioactive elements in the fluid
leaving the column and they will equal the inputs to the column. Nevertheless, this
situation can have profound effects on short-lived nuclides within a decay chain, even
once steady state has been achieved.

If the parent nuclide, for instance, has a greater preference for the solid phase than
the daughter it will have a correspondingly greater residence time in the column. The
daughter will, therefore, effectively “see” more parent than in a static situation where
there is no differential movement of nuclides. For instance the total amount of the parent
in the column at a given time will be AparenX/Weft-parent Where Wesrparent 18 the effective
velocity of the parent. In contrast, the number of daughter atoms in the column will be
AdaughterX/ Weff-daughter- If Weff-daughter > Weff-parent, then AparentX/ Weff-parent will be greater than
A daughterX/ Weft-daughter and the daughter will be effectively supported by a greater amount of
parent than that in secular equilibrium. These dynamical effects will result in greater U-
series fractionation than expected in static systems.

3. CHEMISTRY AND GEOCHEMISTRY OF THE U-SERIES NUCLIDES

Knowledge of the chemical properties of the U-series nuclides is essential to any
understanding of fractionation within the U-series chains. The nuclides of particular
geochemical interest are *°U, **U, #*Th, #*°Th, **°Ra, **'Pa, *’Rn and ?!°Pb (Table 1).
In this section, we review some basic chemical properties of these nuclides. Much of this
material can also be found in Ivanovich and Harmon (1992).

Table 1. Chemical properties of the main U-series nuclides

7 Electronic Oxidation Geochemical Ili))nzzatzpilfz Melting point
Configuration States* Properties otentia (K)
(kJ/mol)

U 92 [Rn]5f6d'7s? 0,3,4,5,6 Lithophile 584 1405.5
Incompatible
Soluble (+6)
Insoluble (+4)

Pa 91 [Rn]5£6d'7s? 3,4,5 Lithophile 568 2113
Incompatible
Insoluble

Th 90 [Rn]6d*7s’ 0,3, 4 Lithophile 587 2023
Incompatible
Insoluble

Ra 89 [Rn]7s’ 2 Lithophile 509.3 973
Incompatible
Sl. soluble

Rn 86 [Rn] 0,2 Volatile 1037 202
Soluble

Po 84 [Xel4f'*5d%6s’6p* —2,+2,+4,+6  Volatile 812 527

Pb 82 [Xe] 4f'*5d"%s*6p? 0,2,4 Chalcophile 715.5 600.65
Incompatible
M. Volatile
Insoluble

*bold indicates preferred oxidation state in terrestrial material

Source material: Emsley (1989)
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Most of the U-series nuclides are metals. Five of them belong to the actinide family
corresponding to the filling of the internal orbitals while the orbitals 7s are filled. A sixth,
Ra is an alkali earth and shares some chemical properties with other alkali earths,
particularly the heavier ones (Sr and Ba), while a seventh, Rn, is a noble gas. The filling of
the orbitals prescribes the possible oxidation states of these elements. Their preferred
oxidation state is obtained when the electronic configuration is that of the closest rare gas
(Rn).

An important chemical property of relevance to geochemistry is the ionic radii in
different coordination. In general, Th has a larger ionic radius than U despite U having
the larger atomic number; this is a phenomenon known as the actinide contraction and is
similar to the well-known lanthanide contraction. This means that in general the heavier
actinide (e.g., U) should be more easily be accommodated in minerals than the lighter
ones (e.g., Th) at a given oxidation state. There are exceptions to this as explained by
Blundy and Wood (2003).

The diffusion of U and Th within a solid is, in general, very slow due to their large size
and charge (Van Orman et al. 1998). Even at mantle temperatures, it is expected that a
solid will not fully equilibrate with the surrounding phases (fluid, melt or other solid
phases) if solid diffusion controls the equilibration. As yet, there have been no direct
determinations of diffusion coefficients for any other decay chain element.

From a geochemical viewpoint, U is an incompatible lithophile and refractory
element. U exists in three distinct oxidation states in nature (Calas 1979) but the most
common are U*" ([Rn] 5f%) and U®" ([Rn]). The most reduced form (metal) is never found
in natural environments. At the surface of the earth, U is dominantly in the U®" form.
However, in a reducing environment, it will be in the U* state where it is insoluble and
therefore generally far less mobile than U(VI). In the mantle, U is thought to occur in the
U*" state, except in the subduction zone environment where the oxygen fugacity is
thought to be higher (as discussed by Turner et al. 2003).

In aqueous solutions, the chemistry of U and Th is highly dependent on their ability
to form complexes with other ions in solution. In non-complexing acid media, they
generally exists as M™. At higher oxidation states (e.g., U®"), the cations will react with
water, a reaction known as hydrolysis:

M™ +xH,0 — MO """ + 2xH* (15)

U®" in the aqueous solutions is thus present as the uranyl ion (UO,)*". As pH increases,
the form of these ions evolves to M(OH)™ V" or MO,OH™ 2" V" In a non-complexing
media, the limitation to solubility is generally the hydroxide form (e.g., Th(OH)4 or
UO,(OH),). The mobility of U and Th is largely controlled by their ability to form
complexes both with inorganic (F~, CI~, PO,*", COs*") and organic ligands. This has been
described in detail for Th, U and Pa (Langmuir 1978; Langmuir and Herman 1980;
Guillaumont et al. 1968). In natural environments, depending on the ratio of organic
acids to inorganic ligands, the dominant species might be variable. For inorganic ligands,
the strongest affinity is obtained with those ligands with the highest charge. The order of
affinity for single and double-charge species is:

F~ >H,PO,” >SCN,” >NO, >CI" for M*
CO,” >HPO,” >S0O,”

In general, however, organic ligands such as humic acids have the strongest affinities.

Radium has a distinctive chemistry compared with the actinides since it is an alkali
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earth. Its large ionic radius (Table 1) makes it incompatible in most minerals although
minerals which accommodate Ba generally take up large amounts of Ra (e.g., barite,
phlogopite or celsiane, a Ba-rich feldspar). In general, Ra is only slightly soluble
compared with Ca or Sr and its solubility is controlled by the concentrations of sulfate or
carbonate ions. In many cases, its concentration in natural waters is controlled by recoil
from the host rock (see above).

Protactinium is an element with complex behavior. It is part of the actinide family with
atomic number (Z = 91) between those of U and Th. It generally occurs in the +5 oxidation
state such that the +5 ion is slightly smaller than U or Th. The +4 oxidation state also exists
but is generally thought to be metastable, at least in solutions. The +5 oxidation state of
protactinium makes its properties in solutions similar in behavior to high field strength
element such as Nb and Ta but its ionic radii is very different. This similarity of properties
has mostly been noted in the case of aqueous solutions but their respective behavior in the
mantle could be quite different because their ionic radii which controls mineral/melt
partitioning are quite different. Pa is insoluble and forms hydroxide complexes or polymers
similar to Th (see above). Its affinity for inorganic ligands follows the following order:

F >S0,” >NO, >Cl >ClO,”

Pa has strong affinities for organic complexing ligands and so it is expected that Pa might
be more soluble in natural waters where such ligands are present compared with solutions
containing only inorganic ligands. For example, it has been shown that the residence time
of Pa in seawater is longer than that of Th (Henderson and Anderson 2003). At high
pressure and temperature, the behavior of Pa is far less well known that for U and Th
because of the difficulties in running experiments. Predictions of its partitioning behavior
are given in Blundy and Wood (2003).

Radon is a noble gas and is therefore not readily ionized or chemically reactive. Its
properties in terrestrial material will be controlled by its solubility in melt and fluid as
well as its diffusion coefficients. Compared with the lighter noble gases, Rn diffuses
more slowly and has a lower solubility in water. It will also more readily adsorb onto
surface that the lighter rare gases. It can, however be lost by degassing in magmatic
systems (Condomines et al. 2003). More information about the behavior of Rn can be
found in Ivanovich and Harmon (1992).

Lead is a chalcophile element that is also slightly volatile at high temperature.
During mantle melting, in the absence of sulfide phase, it tends to partition into the melt
relative to the solid. The solubility of lead in aqueous fluids is very low. However, in the
presence of complexing agent such as chloride, sulfide, carbonate or organic ligands, its
solubility is enhanced. This is particularly true at higher temperature where lead can be
transported in fluids and latter precipitate as galena (PbS). With respect to the short-lived
210pp, The short-lived lead nuclide, 2!°Pb, is often found in secular equilibrium with
22°Ra. Exceptions to this are environments where **’Rn is lost from the system by
degassing (e.g., see Condomines et al. 2003), or aqueous systems where the insoluble
nature of 2!°Pb leads to its preferential removal. The speciation of Pb in natural waters is
rather complex and heavily depends on the availability of organic complexing agents for
which Pb has the highest affinity. In the oceans, Pb has a very short residence (30-150
yrs) and is rapidly scavenged by particles.

4. DETERMINATION OF THE HALF-LIVES OF U-SERIES NUCLIDES

Application of the U-series theory outlined above relies on accurate knowledge of
the half-lives of the various nuclides, especially when U-series based chronologies are
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compared with other chronologies. Considerable analytical effort has gone into careful
measurement of the half-lives and most are now known to better than 1%. Recommended
half-lives for all U-series nuclides are provided in Table 2. These half-lives have been
assessed using one of five techniques as follows:

4.1. Methods for measurement of half life

Decay of the nuclide itself. The conceptually simplest approach is to take a known
quantity of the nuclide of interest, P, and repeatedly measure it over a sufficiently long
period. The observed decrease in activity with time provides the half-life to an acceptable
precision and it was this technique that was originally used to establish the concept of
half-lives (Rutherford 1900). Most early attempts to assess half lives, such as that for
24Th depicted on the front cover of this volume, followed this method (Rutherford and
Soddy 1903). This approach may use measurement of either the activity of P, or the
number of atoms of P, although the former is more commonly used. Care must be taken
that the nuclide is sufficiently pure so that, for instance, no parent of P is admixed
allowing continued production of P during the experiment. The technique is obviously
limited to those nuclides with sufficiently short half-lives that decay can readily be
measured in a realistic timeframe. In practice, the longest-lived isotopes which can be
assessed in this way have half-lives of a few decades (e.g., >!°Pb; Merritt et al. 1957).

Ingrowth of a daughter nuclide. For longer-lived nuclides where reduction of P
itself is not observable, an alternative is to start with a quantity of P which is initially
entirely clean of its daughter, D, and to observe the ingrowth of D with time. If D is
stable, calculation of the half-life is then straightforward. A stable daughter is not
normally the case for U-series nuclides; however a-decay also produces “He which is
stable. Ingrowth of “He has been used, for instance, to assess the half-life ?°Ra (Kohman
et al. 1949), although care must be taken to allow for additional “He production from the
decay of *’Rn and subsequent daughters when these start to grow in from *°Ra. Where
D is not stable, its ingrowth will be dependent on the product of the mean lives of P and
D. If the half-life of D is well known, the ingrowth of D can therefore still be used to
assess the half-life of P. This approach was used for most early attempts to assess the
half-life of ***Th, via the ingrowth of ***Ra.

Measurement of specific activity. The half-life of a nuclide can be readily calculated
if both the number of atoms and their rate of decay can be measured, i.e., if the activity A
and the number of atoms of P can be measured, then A is known from A = AP. As
instrumentation for both atom counting and decay counting has improved in recent
decades, this approach has become the dominant method of assessing half-lives. Potential
problems with this technique include the accurate and precise calibration of decay-
counter efficiency; and ensuring sufficient purity of the nuclide of interest. This
technique provides the presently used half-lives for many nuclides, including those for
the parents of the three decay chains, 2*®U, 2°U (Jaffey et al. 1971), and ***Th.

Calorimetry. Radioactive decay produces heat and the rate of heat production can be
used to calculate half-life. If the heat production from a known quantity of a pure parent,
P, is measured by calorimetry, and the energy released by each decay is also known, the
half-life can be calculated in a manner similar to that of the specific activity approach.
Calorimetry has been widely used to assess half-lives and works particularly well for
pure o-emitters (Attree et al. 1962). As with the specific activity approach, calibration of
the measurement technique and purity of the nuclide are the two biggest problems to
overcome. Calorimetry provides the best estimates of the half lives of several U-series
nuclides including B1py, 22°Ra, 227 Ac, and ?'°Po (Holden 1990).
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Secular equilibrium materials. For materials that have remained a closed system for
sufficient time that secular equilibrium has been achieved, the half-lives of nuclides
within the decay chain can be calculated from the relationship ApP = ApD. If the atom
ratio P/D is measured, and one of the decay constants is well known, then the other can
be readily calculated. Limitations on this approach are the ability to measure the atom
ratios to sufficient precision, and finding samples that have remained closed systems for a
sufficient len%th of time. This approach has been used to derive the present recommended
half lives for “*°Th and **U (Cheng et al. 2000; Ludwig et al. 1992).

4.2 Recommended half-lives for key nuclides

In general, the half lives of the U-series nuclides are known with sufficient precision
and accuracy that the geological uncertainty in the behavior of the nuclides far outweighs
any uncertainty due to poorly known half-lives. The one area where this is not entirely true
is in some applications of absolute chronology where analytical precisions are now
sufficiently high (typically at the permil level), and the geochemical system sufficiently
well understood, that half-life uncertainty can become a significant fraction of final age
uncertainty. The key nuclides presently used for such chronology are »**U, #°Th, and **'Pa
and a brief word follows about the recommended half lives for each of these three nuclides.

41, The history of »*U half-life measurements has recently been summarized by
Cheng et al. (2000). For many years a value of 244,500 + 1000 kyr was used, based on the
close agreement between two assessments: 244,600 + 730 yrs (De Bievre et al. 1971) and
244,400 = 1200 yrs (Lounsbury and Durham 1971). The Commission on Radiochemistry
and Nuclear Techniques assessed the half-lives of several nuclides and, for 234U, reassessed
the data of both of these studies together with five other studies and suggested a half-life of
245,500 + 1,200 yrs (Holden 1989). This differs by 4%o0 from the commonly used value, a
significant difference given present analytical precisions of =1%o. Ludwig et al. (1992) used
a secular equilibrium approach using a single uraninite material and measured a half-life of
245,290 + 140 yrs. Using a similar approach, but applying it to a wide variety of secular
equilibrium materials, Cheng et al. (2000) derived a half-life of 245,250 + 490 yrs, in good
agreement with the values of Ludwig et al. (1992) and Holden (1989) This value is
therefore the present best estimate of the **U half live (Table 2). Given the relative ease of
measurement of **U/**®U atom ratios with modern technology, other laboratories have
already repeated this secular equilibrium approach (e.g., Bernal et al. 2002) and further
refinement of the half-life is possible. Nevertheless, at the time of publication of this
volume, the broad agreement between various laboratories suggests that the true value lies
within the uncertainty quoted by Cheng et al. (2000)

20Th, The early history of *°Th half-life measurements was summarized by
Meadows et al. (1980). These measurements relied on a variety of techniques including
daughter ingrowth, calorimetry, and specific activity. The study of Meadows et al. itself
used specific activity to derive a value of 75,381 £ 590 yrs and a very similar value was
recommended by the Commission on Radiochemistry and Nuclear Techniques (Holden,
1989). The uncertainty on this value of some 8%o is significant given present analytical
precisions of ~1%o. This has led to a recent re-appraisal of the *°Th half-life using a
variety of secular equilibrium materials (Cheng et al. 2000). The Cheng et al value of
75,690 + 230 yrs is within error of the Meadows et al. (1980) value but with a two-fold
improvement in uncertainty. This value is therefore recommended (Table 2).

»1pg. The most recent measurement of the **'Pa half-life established a value of
32,760 £ 220 yrs based on calorimetry (Robert et al. 1969). This value has been accepted
as the commonly used value by most laboratories (e.g., Picket et al. 1994; Edwards et al.
1997). The Commission on Radiochemistry and Nuclear Techniques suggest a value of
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32,500 + 200 yrs based on a straightforward average of five studies. The difference
between these two values, and indeed the uncertainty on either value, is comparable to
the best presently achievable measurement precision and so the choice of half-life is not
particularly significant. With future improvements of measurement precision, the
uncertainty on the **'Pa may become a dominant source of error and a reassessment will
be required. Until that time, we recommend a value of 32,760 + 220 (Robert et al. 1969)
to enable straightforward comparison with published data.

5. OUTLINE OF THE VOLUME

The chapters of this volume provide detailed reviews of the current understanding in
a range of U-series isotope applications with emphasis on advances made since 1992.
Although each chapter has been written to stand alone, cross referencing to other chapters
is included where appropriate.

The second chapter (Goldstein and Stirling) gives an overview of developments in
analytical techniques over the last decade including, thermal ionization and MC-ICP
mass spectrometry. This chapter shows how the development of these new techniques
have improved the sensitivity and accuracy of U-series measurements and how new
analytical schemes have been developed for measuring Ra and Pa by mass spectrometry.
These breakthroughs have greatly aided many of the exciting new advances discussed in
subsequent chapters.

In the third chapter, Blundy and Wood discuss the advances made in our
understanding of U-series partitioning between minerals and their melts. In the second
edition of “Uranium-series disequilibria” (Ivanovich and Harmon 1992), Gascoyne wrote
“At present, little information is available on the partitioning of uranium and thorium
between crystals and silicate melts.” This picture has radically changed over the past ten
years. This has been made possible by both the introduction of ion-microprobe
measurements of partition coefficients and by the development of the lattice-strain model
allowing prediction of mineral/melt partition coefficients for a wide range of U-series
nuclides in the major igneous rock forming minerals.

The next four chapters are concerned with the application of U-series isotopes to
magmatic processes within the Earth. Chapter four reviews recent developments in the
dating of young volcanic rocks and in the rapidly expanding study of magma residence
times and magma chamber processes. These authors emphasize some of the difficulties in
interpreting mineral ages but also how these may often provide different, but
complimentary, information to groundmass ages. New methods for estimating the rates of
degassing have also emerged providing the potential for closer links to volcanology and
hazard prediction. Chapters five to seven deal with the study of magmatism at mid-ocean
ridges, above hotspots and at convergent margins respectively. Over the last decade many
investigations of melting processes have been made and our view of this field has
completely changed due to both a greater number of high-quality analyses and to
improved theoretical modeling. Thus, it is now possible to build a much more detailed
picture of how melt generation, migration and modification occurs within the Earth—
aspects fundamental to models for Earth differentiation and dynamics. Central to these
advances is the notion that knowledge of time scale constrains the physical mechanism of
a process.

From Chapter 8 onwards, the focus of the volume shifts to lower temperature
geochemistry, starting with a chapter on the behavior of the U-series nuclides in
groundwaters. This subject merited a chapter on its own in the Ivanovich and Harmon
(1992) volume and its continued interest has led to significant advances in understanding
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and in application over the last decade. The next two chapters deal with the dating of
carbonates: in ocean and lakes in Chapter 9; and in caves in Chapter 10. The U/Th
chronometer is one of the few tools that can be applied to date important climate and sea-
level events in the Quaternary and this area has seen some of the more high-profile
applications of the U-series in the past decade.

Chapters 11 and 12 focus on the oceans. The first of these describes the use of U-
series nuclides in the modern ocean, where they have been particularly useful during the
last decade to study the downward flux of carbon. The second ocean chapter looks at the
paleoceanographic uses of U-series nuclides, which include assessment of sedimentation
rates, ocean circulation rates, and paleoproductivity. Both of these ocean chapters
demonstrate that knowledge of the behavior of the U-series is now sufficiently well
developed that their measurement provides useful quantitative information about much
more than just the geochemistry of these elements.

The emphasis shifts to the continental domain in Chapter 13 which addresses the
fractionation of the U-series nuclides during continental weathering and subsequent
riverine transport. This subject area also merited a chapter in the volume by Ivanovich
and Harmon (1992) and, to some extent, the community has been slow to capitalize on
the understanding of terrestrial fractionation processes during the last decade. Recent
studies of soil and riverine U-series chemistry look set to change this omission, however,
and these are detailed in this chapter. Having seen how the U-series nuclides are
mobilized and transported in surface waters, Chapter 14 summarizes their behavior
during transfer to the oceans at estuaries. This is a complicated field, with diverse aspects
of the river chemistry and environment controlling the precise behavior. But our
developing understanding of the possible range of behavior is providing ever more
accurate oceanic budgets for the U-series elements.

Chapter 15 brings the emphasis to the human scale as it describes the use of U-series
chronometers to date the history of human evolution. U/Th dating provides one of the
few chronometers for a crucial period of such evolution which saw the emergence of
modern humans, the extinction of both Neanderthals and H. erectus, and a great deal of
environmental change. Recently developed tools, described in this chapter, look set to put
the time scales for such change onto a much more secure footing.

Finally, Chapter 16 provides information about the handling of U-series data, with a
particular focus on the appropriate propagation of errors. Such error propagation can be
complex, especially in the multi-dimensional space required for ***U-*U-Th-***Th
chronology. All too often, short cuts are taken during data analysis which are not
statistically justified and this chapter sets out some more appropriate ways of handling U-
series data.
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APPENDIX:
GENERAL SOLUTIONS OF U-SERIES DECAY
EQUATION USING LAPLACE TRANSFORMS

The solution to the general decay equations is often given in textbooks (e.g., Faure
1986). However, this solution is given for initial abundances of the daughter nuclides that
are equal to zero. In the most general cases, the initial abundances of the daughter
nuclides are not equal to zero. For example, in many geological examples, we make the
assumptions that the decay chain is in secular equilibrium. The solutions of these
equations can also be used to solve simple box models of U-series nuclides where first
order kinetics are assumed.

The Laplace transform of a function f is defined as:

f(s) = J: f(t)e dt (A1)

By applying the Laplace transform to the U-series decay equation, one obtains
simple linear equations that can be solved for the Laplace transforms of N; (the number
of nuclei i in the system). By inverting the Laplace transforms using tables, the time-
dependent solutions are directly obtained. The Laplace transform for Equation (1) is:

sN, =N’ = -4 N, (A2)
For Equation (2), the Laplace transform is:
sN, -N! = -AN, +A,_ N, , (A3)

We now give a solution for the first four nuclides in the chain corresponding for example
to 8U-2*U-#'Th-*?Ra which has relevance for application in the study of magmatic
processes or weathering.

0
N, = N, (Ada)
S+A,
- N? A N?
N. = 2 4 11 A4b
25, st h) (5 (A40)
- N? AN A AN
N. = 34 2°Y2 + 1420 Adc
Ttk ) (5eh) (a5 +h) (v h) (Ade)
N4: Ng + 7‘3N2 + }szsNg
s+h,  (s+A5)(s+2,) (s+2,)(s+2A;)(s+1,) (Add)
A A NT

lsta)(s 00 )(5+0) (51 4y)

Each of these equations can then be inverted to time-space once the fractions are
decomposed as follows:

1 a,
(S+K1)(S+K2)...(s+kn)=Zs+ki (AS)

i=1
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1
where a. =

j#i

By remembering that the inverse of the function 1/(s+A;) is e ™', the general solutions
can be written in a rather compact form as:

N, (t)=Nje ™ + 2{[1_1[ XjJN?Zn:akiewJ (A6)
1 j=i

i= k=i

where N? is the initial number of atoms of nuclide i and a,, = H 1 .
A=A,

ek j=i
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1. INTRODUCTION

Advances in geochemistry and geochronology are often closely linked to
development of new technologies for improved measurement of elemental and isotopic
abundance. At the beginning of the past decade, thermal ionization mass spectrometric
(TIMS) methods were just beginning to be applied for long-lived uranium-series nuclide
measurement (Edwards et al. 1987; Goldstein et al. 1989; Bard et al. 1990), with
considerable advances in measurement speed, precision, and sensitivity over decay-
counting methods. This opened up a vast number of applications in uranium-series
geochronology and geochemistry of young sediments, volcanic rocks, and aqueous
systems. Over the past decade there have continued to be advances in thermal ionization
techniques, and the advent of alternative mass spectrometric methods, particularly multi-
collector inductively coupled plasma mass spectrometry (MC-ICPMS), has continued to
improve the quality of uranium-series studies.

So the past decade has been a particularly dynamic time for not only development of
mass spectrometric techniques, but initiation of other methods related to long-lived
uranium-series nuclide measurement. In the area of sample preparation, further
development of microwave digestion methods had led to advances in speed and cost of
analysis. In chemical separations, development of extraction chromatographic resins for
isolating specific elements have simplified many separation problems and consequently
improved analytical characteristics including sensitivity, speed of analysis, waste
generation, and cost. With regard to instrumental analysis, advances in both decay-counting
and mass spectrometry instrumentation have improved either measurement sensitivity or
precision, speed of analysis, or analytical cost. One could argue that instrumental
developments will continue to drive scientific breakthroughs in the application of uranium-
series nuclides as tracers and chronometers in the earth and other sciences.

In this chapter we discuss improvements documented in the literature over the past
decade in these areas and others. Chemical procedures, decay-counting spectroscopy, and
mass spectrometric techniques published prior to 1992 were previously discussed by Lally
(1992), Ivanovich and Murray (1992), and Chen et al. (1992). Because ICPMS methods
were not discussed in preceding reviews and have become more commonly used in the past
decade, we also include some theoretical discussion of ICPMS techniques and their
variants. We also primarily focus our discussion of analytical developments on the longer-
lived isotopes of uranium, thorium, protactinium, and radium in the uranium and thorium
decay series, as these have been more widely applied in geochemistry and geochronology.

1529-6466/00/0052-0002$05.00
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2. SAMPLE PREPARATION
2.1. Microwave digestion of solids

Sample digestion/dissolution is generally required for all forms of uranium-series
analysis excluding gamma spectrometry, and for all sample matrices excluding the
dissolved components of aqueous solutions. Development of microwave digestion
techniques for solids predates the 1990’s, and numerous reviews have documented use of
these systems for sample digestion (e.g., Kuss 1992; Lamble and Hill 1998). Prior to the
past decade, most of these digestion systems were closed system, in which both pressure
and temperature increases in the vessel during the microwave process were used to aid
the digestion process. In the past decade, systems with more precise temperature and
pressure control have been developed to dissolve samples under more specifically
predetermined conditions. These methods have been applied to measurement of
elemental U and Th in geologic standards (e.g., Totland et al. 1992; Sen Gupta and
Bertrand 1995), and excellent agreement has been obtained with consensus values for
these elements using open vessel-hot plate or fusion digestions.

In addition, open system microwave processes where pressure is maintained at
atmospheric have also been developed. These systems provide additional options for
sample digestion and avoid safety issues with pressurized closed-system digestion. Along
with open system methods, automated techniques for addition of acid solutions to
reaction vessels have also been implemented, providing options for on-line elemental or
isotopic analysis. The size range of samples to be digested has also been extended to 1
gram or greater through use of larger sample vessels in the open and closed system
configurations, which also provides more suitability for uranium-series analysis.
Although microwave methods have been mainly applied to determination of elemental
concentrations, these techniques may provide distinct advantages for uranium-series
isotopic analysis in terms of reduced acid requirements and improved speed of analysis.
In addition, microwave energy may also promote more complete sample-tracer
equilibration in isotope dilution analysis than would be achieved using only conventional
digestion methods.

2.2. Tracer addition and tracer/sample equilibration

In most alpha and mass spectrometric methods for which sample preparation is
extensive and chemical recoveries can vary considerably from sample to sample, precise
elemental concentrations are determined by isotope dilution methods (e.g., Faure 1977).
This method is based on the determination of the isotopic composition of an element in a
mixture of a known quantity of a tracer with an unknown quantity of the normal element.
The tracer is a solution containing a known concentration of a particular element or
elements for which isotopic composition has been changed by enrichment of one or more
of its isotopes.

In these situations, addition of a tracer of unique isotopic composition is required,
and the nature of the tracers added depends on the measurement technique. For example,
short-lived **U and ***Th (with respective half-lives of 70 and 1.9 years) are commonly
used as a tracer for alpha spectrometric analysis of U and Th, whereas longer-lived **°U,
233U and **Th (with half-lives of 23 million, 160 thousand and 7900 years, respectively)
are commonly used for mass spectrometric isotope dilution analysis. For thorium and
uranium, measurement of isotopic composition (i.e., *°Th/***Th and **U/***U) can be
combined with measurement of abundance, and in these cases the tracer must be of high-
purity and appropriate corrections must be made for the low levels of natural U and Th
isotopes that are inevitably present. For isotope dilution measurements only, it is also
advantageous to have high-purity tracers to minimize errors associated with measurement
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of the isotopic composition of the tracer. When a mixed spike (e.g., Wasserburg et al.
1981) is used, such as **U-**Th, the relative abundances of U-series isotopes can be
determined more precisely, leading to improvements in dating precision. Normally,
tracers are standardized by mixing them with either a gravimetric standard or a well-
characterized secular equilibrium standard for which U-series isotope abundances are
well known (e.g., Ludwig et al. 1992). Analysis of secular equilibrium rock standards
such as Table Mountain Latite or TML (Williams et al. 1992) and Harwell Uraninite or
HU-1 (e.g., Ludwig et al. 1992), ideally matching the matrix to be analysed, also allow
one to evaluate U-series measurement accuracy.

Methods for preparing U-series tracer isotopes vary according to element, but
generally involve nuclear reactions to provide the radioactive tracers of interest.
Preparation of the tracer is particularl;/ an issue for protactinium, since the only option for
mass spectrometric measurement (“°Pa) has a short half-life (27 d) and must be
replenished frequently (Pickett et al. 1994; Bourdon et al. 1999). >**Pa can be prepared by
milking a solution of *’Np or by neutron activation of >**Th. Both methods are somewhat
limiting, as the »*’Np method involves handling of considerable alpha activity, and the
22Th method requires frequent access to a nuclear reactor. For radium, enriched ***Ra
solutions can be prepared by milking a solution of ***Th (Volpe et al. 1991; Cohen and
O’Nions 1991). *Th is commonly prepared by milking a ***U supply, whereas *>*U and
26U can be prepared by neutron and alpha activation of **2Th, respectively. These
nuclear reactions are commonly followed by chemical separations to purify the element
of interest.

Regardless of the tracers added, proper tracer-sample equilibration must be obtained
for accurate isotope dilution analysis. For chemically unreactive elements such as Th and
Pa, it is generally desirable to ensure tracer-sample equilibration with acids that have a high
boiling point such as nitric and perchloric acids, for which tracer and sample are converted
to the same chemical form upon increasing temperature and dry-down. Some laboratories
have reported good results for Th (Stirling et al. 1995; Pietruszka et al. 2002) and Pa
(Bourdon et al. 1999) using only nitric acid during dry-down, whereas earlier work has
generally found perchloric acid to be necessary for accurate results for these elements
(Goldstein et al. 1989; Pickett et al. 1994; Lundstrom et al. 1998). Other laboratories use
boric acid rather than perchloric acid to eliminate fluorides and help promote complete
equilibration. For more reactive elements such as U and Ra, such steps are less critical due
to the tendency for these elements to chemically exchange between different compound
forms, hence nitric or hydrochloric acid dry-downs are thought to be sufficient.

For precise measurement of isotopic composition by mass spectrometry, it is also
common to use either a natural, known isotopic ratio to correct for instrumental mass
fractionation (e.g., internal normalization) or to add a tracer for this purpose. For example
for natural uranium samples, one can use the natural >**U/*U of 137.88 to correct for
fractionation. Alternatively, one can use an added ***U-*°U double spike of ratio ~unity
for the most precise fractionation correction and/or non-natural samples (e.g., Chen et al.
1986; Goldstein et al. 1989).

In contrast to thermal ionization methods, where the tracer added must be of the
same element as the analyte, tracers of different elemental composition but similar
ionization efficiency can be utilized for inductively coupled plasma mass spectrometry
(ICPMS) analysis. Hence, for ICPMS work, uranium can be added to thorium or radium
samples as a way of correcting for instrumental mass bias (e.g., Luo et al. 1997; Stirling
et al. 2001; Pietruszka et al. 2002). The only drawback of this approach is that small
inter-element (e.g., U vs. Th) biases may be present during ionization or detection that
need to be considered and evaluated (e.g., Pietruszka et al. 2002).
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3. CHEMICAL SEPARATIONS

Chemical separations to purify the element of interest are required for most forms of
decay-counting excluding gross gamma spectrometry and for most mass spectrometric
methods excluding some types of ICPMS analysis. This is mainly due to the necessity for
removal of unwanted interferences in the mass or decay-energy spectrum of uranium-
series elements. In many cases in mass spectrometry, chemical separations are also
required to provide optimal ionization efficiency or measurement signal to noise ratio.
While most standard separation methods of anion or cation exchange chemistry, solvent
extraction, phase separation, and/or coprecipitation were developed prior to the last
decade, recently developed extraction chromatography materials have improved many
aspects of uranium-series analysis. Automated separation systems based on these
materials and others have also been developed which further increase analytical
throughput (e.g., Hollenbach et al. 1994).

3.1. Extraction chromatography resins/disks

Extraction chromatography resins consist of inert beads that are coated by an organic
extractant that can be selective for concentration of any of a number of elements from
aqueous solutions. These materials were largely developed and basic separation
capabilities determined at Argonne National Laboratory by P. Horwitz and colleagues
and have been applied for uranium-series measurement by investigators around the
world. These materials have been applied in two geometric configurations: as extraction
chromatography beds for standard gravimetric column chromatography, and as disks for
more rapid extraction of elements from aqueous solutions (e.g., Joannon and Pin 2001).

One of the first bed materials was based on the extractant diamyl amylphosphonate
(DAAP; marketed under the name U-TEVA-Spec ) and was designed for purification of
the tetravalent actinides (U (IV), Th (IV), Pu (IV)) and hexavalent uranium (U(VI)). This
material is characterized by high (>10-100) distribution coefficients for U and Th in
significant (>3 M) concentrations of both nitric and hydrochloric acids, and so is useful
for both U and Th purification (Horwitz et al. 1992; Goldstein et al. 1997; Eikenberg et
al. 2001a).

An additional material based on the extractant octyl-phenyl-N,N-diisobutyl-
carbamoylmethylphosphine oxide, or CMPO, (marketed under the name TRU-Spec) has
also been widely utilized for separations of transuranic actinides (Horwitz et al. 1993a)
but is also useful for uranium-series separations (e.g., Burnett and Yeh 1995; Luo et al.
1997; Bourdon et al. 1999; Layne and Sims 2000). This material has even greater
distribution coefficients for the uranium-series elements U (>1000), Th (>10000), and Pa.
As shown in Figure 1, use of this material allows for sequential separations of Ra, Th, U,
and Pa from a single aliquot on a single column. Separations of protactinium using this
material (Bourdon et al. 1999) provide an alternative to liquid-liquid extractions
documented in Pickett et al. (1994).

Another material based on the crown ether extractant 4,4°(5)-bis(t-butyl-
cyclohexano)-18 crown-6, marketed under the name Sr-Spec, is useful for separations
involving divalent cations including Pb, Ba, and Ra (Horwitz et al. 1991). For **Ra
analysis by TIMS, Ra-Ba separations are required because the presence of Ba drastically
decreases the ionization efficiency of fg Ra samples from 10% to <1%. This material has
been widely used for separations of Ra from Ba (e.g., Chabaux et al. 1994; Lundstrom et al.
1998; Rihs et al. 2000; Joannon and Pin 2001; Pietruszka et al. 2002) and is a complement
or alternative to cation exchange separations for EDTA complexes of these elements
(Volpe et al. 1991; Cohen and O’Nions 1991). Sr-Spec material would also be useful for
219Pb analysis, since Pb has a greater distribution coefficient than Sr with this extractant.
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Separation of U, Th, Pa, and Ra on a TRU™ Spec Resin Column

1. Sample Adjustment

Sample Size: 0-2 g rock

Dissolve in 3-20 mL 10M HCI.

Add equal volume of 10M HCI + saturated H3;BOs.
Equilibrate overnight.

2. Condition Column

Add 6 cv 0.01M HCI + 4 cv 10M HCI.
2-10 mL TRU Resin—}»

3. Radium Fraction

Load sample on column and save for Ra.

Add 1 cv 9M HCI (beaker wash) and save for Ra.

4. Thorium Fraction
Add 1 cv 4M HCIl and 10 cv 1.2M HCI and save for Th.

0.5 mL Eichrom
5. Uranium and Protactinium Fraction inert beads
Add 10 cv (0.1M HCI + 0.05M HF) and save for U and Pa.
May pass U+Pa fraction through 2" column of 0.5 mL Eichrom
Inert bead material to remove extractant.

Figure 1. Schematic diagram showing a TRU-spec extraction chromatography method for separation of
uranium, thorium, protactinium, and radium from a single rock aliquot. Further purification for each
element is normally necessary for mass spectrometric analysis. Analysis of a single aliquot reduces
sample size requirements and facilitates evaluation of uranium-series dating concordance for volcanic
rocks and carbonates. For TIMS work where ionization is negatively influenced by the presence of
residual extractant, inert beads are used to help remove dissolved extractant from the eluant.

However, there are some negative side-effects of these extractant materials, both in
TIMS and ICPMS. For TIMS work, residual extractant in the eluant may negatively
influence ionization behavior of uranium-series elements. This may occur by raising
ionization temperature due to formation of refractory organic compounds on the filament,
or by contributing to undesirable organic isobars in the mass spectrum. These effects can
be minimized by using a lower bed of uncoated resin beads to help absorb the excess
extractant (Pietruszka et al. 2002) and/or use of appropriate clean-up anion or cation
exchange column chemistry. Similar effects have generally not been reported for ICPMS,
presumably due to effective breakdown of the extractants at higher temperature in the
ICP source, although in a few cases organic interferences in the ICPMS spectrum may be
attributed to residual resins or extractants (Pietruszka et al. 2002). The presence of
organic extractants in final ICPMS sample solutions may also contribute to significantly
increased washout times between sample analysis.

4. INSTRUMENTAL ANALYSIS METHODS
4.1. Alpha spectrometry

Sources. It is well known that the optimal geometry for source preparation for alpha
spectrometry is as an “infinitely thin” and uniform deposit on a flat surface. In practice,
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“infinitely thin” can correspond to up to 100 pug of material deposited on a planchet of 1-2
cm in diameter. Both electrodeposition and co-precipitation (NdF;) methods have
traditionally been utilized for preparation of alpha spectrometric sources (e.g., Lally 1992).

However, during the past decade some innovative methods for preparation of
radium, thorium, and uranium sources for aqueous samples have been reported (e.g.,
Surbeck 2000; Morvan et al. 2001; Eikenberg et al. 2001b). In these methods,
radionuclides in water samples are adsorbed onto a thin layer (20 um) of manganese
oxide, followed by direct alpha counting of the oxide layer. As shown in Figure 2, energy
resolution obtained from alpha counting of these materials can be nearly as good as for
electroplated sources. Uranium adsorbing films (Surbeck 2000) have also been prepared
utilizing a commercially available cation exchanger containing diphosphonate and
sufonate groups (Horwitz et al. 1993b). Energy resolution with these films is poorer than
for the manganese oxide films, but is better than obtained with liquid scintillation alpha
spectrometry (see below).

Instrumentation. Traditional methods of alpha and beta spectrometry
instrumentation have changed little over the past decade. Alpha spectrometric methods
typically rely on semi-conductor or lithium-drifted silicon detectors (Si(Li)), or more
historically gridded ion chambers, and these detection systems are still widely used in
various types of uranium-series nuclide measurement for health, environmental, and
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Figure 2. Alpha spectrum for a radium adsorbing manganese-oxide thin film exposed to a groundwater
sample, after Surbeck (2000) and Eikenberg et al. (2001b). A 2x2 cm sheet is exposed to 0.1-1.0 L of
sample for 2 days, capturing nearly all of the radium in the sample. These sample discs can be used
directly for low-level alpha spectrometry without the need for further separation and preparation
methods to produce planar sample sources. Energy resolution is nearly as good as for electroplated
sources, and detection limits are typically 0.2 mBg/L (6 fg ***Ra/L) for ***Ra and ***Ra for a one-week
counting period. These sensitivities are comparable to traditional methods of alpha spectrometry. [Used
by permission of Elsevier Science, from Eikenberg et al. (2001), J Environ Radioact, Vol. 54, Fig. 4, p.
117]
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geological applications. For many short-lived isotopes in the uranium and thorium decay
series, traditional alpha spectrometry with semi-conductor detection is still either the
method of choice or currently the only realistic alternative for low-level detection (e.g.,
Po-210 (Rubin et al. 1994) and Ac-227 (Martin et al. 1995)).

However, new techniques for detection of alpha-emitting isotopes via alpha liquid
scintillation spectrometry have recently been developed (PERALS, or photon-electron
rejecting alpha-liquid scintillation; e.g., Dacheux and Aupiais 1997). These methods
combine chemical separation by liquid-liquid extraction with measurement of alpha
activity by liquid scintillation. Scintillation detection is obtained because the organic
extractant also contains an energy transfer reagent and a light-emitting fluor. A variety of
combinations of aqueous phases and organic phases can be utilized, depending on the
particular isotopes to be measured. For instrumentation, the method uses pulse shape
discrimination to nearly eliminate the background from beta-emitting isotopes and to
reduce background from gamma-ray activity. Detection limits comparable to alpha
spectrometry are obtained, but with much less sample preparation for many matrices.
Although isotope dilution is required for analysis of samples with complex matrices,
aqueous solutions have more consistent recoveries, resulting in the option of direct
analysis without tracer addition.

4.2. Gamma spectrometry

Over the past decade, traditional instrumentation for highest resolution gamma
spectrometry has continued to rely on solid-state germanium detectors (e.g., Knoll 1989).
Although there have been developments in the geometry of such detectors to improve
counting efficiency, from extension of flat-planar detectors to larger sizes and to different
geometries (e.g., well-type), their basic characteristics have not changed (El-Daoushy and
Garcia-Tenorio 1995).

Minimization of background from cosmic rays or earth’s natural radioactivity
continues to be a major focus and relies on development of improved shielding or
shielding materials (e.g., Semkow et al. 2002). Ground-level locations may use active
rejection of cosmic-ray muons, either using Nal active shields, plastic scintillator, or
proportional counters, and these anti-coincidence techniques provide reduced
background. However, lowest backgrounds are achieved at deep-underground locations
(e.g., Neder et al. 2000) for which cosmic rays are greatly reduced or not present.

Compton suppression gamma spectrometry has been applied for **Ra determination
(James et al. 1998), but is particularly applicable for high-activity measurements where
background is created by Compton scattering of gamma radiation originating from the
sample itself. For low-activity measurements the Compton suppressor may act as a guard
against cosmic radiation, although surrounding a Ge detector with the Compton
suppressor may actually increase background from natural radioactivity present in the
components of the suppressor.

In addition to instrumental improvements, various approaches have been used to
improve the purity or geometry of sources of natural samples for gamma spectrometric
measurement. For example, improvements in source preparation for 2**Th measurement
in water and sediment samples by gamma spectrometry are discussed in Cochran and
Masque (2003). It should be emphasized that one of the main advantages of gamma
spectrometry is ease of use, since in many cases samples may be analyzed directly or
with significantly reduced sample preparation compared to alpha, beta, or mass
spectrometric techniques.
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4.3. Thermal ionization mass spectrometry (TIMS)

The end of the 1980’s saw the application of TIMS to U-series measurement (Chen
et al. 1986; Edwards et al. 1987; Goldstein et al. 1989). This represented a major
technological advance. Analysis time was reduced from one week to several hours,
sample sizes for many carbonate or volcanic rock samples decreased from ~10-100 pg to
0.1-1 yg U or Th, measurement precision improved from percent to permil levels, and for
the 2**U-?*U-?'Th decay series, the dating range was extended from 350,000 years to
500,000 years, compared with earlier alpha-spectrometric techniques. The first TIMS
instruments utilized a single-collector and “peak jumping” analysis routines (e.g.,
Edwards et al. 1987; Goldstein et al. 1989; Bard et al. 1990). Despite the sequential
measurement of isotopes, peak-tailing corrections, and limited dynamic range, analytical
uncertainties of ~5%o could be attained for U and Th. As a result, 2*°Th-age uncertainties
improved from +10,000 to £2,000 years in 120,000 year-old carbonate samples, and
20Th-ages could be determined with uncertainties of £10,000 years in 300,000 year-old
samples. The improved precision and sensitivity opened up a vast number of applications
in paleoclimatology and geochemistry.

Subsequently, a wide array of developments in TIMS methods for uranium-series
measurement occurred during the past decade including initiation of methods for
measurement of long-lived radium (Volpe et al. 1991; Cohen and O’Nions 1991) and
protactinium isotopes (Pickett et al. 1994; Bourdon et al. 1999), development of
improved sources or ionization methods for TIMS analysis, and introduction of
commercially available multi-collector TIMS instruments designed specifically for
uranium and thorium isotopic measurement.

Sources. The ionization efficiency in a TIMS source depends on a number of factors
including the difference between filament work function and elemental ionization
potential, as well as the temperature of the filament, elemental oxidation state and
volatility, distribution of sample on the filament surface, etc. lonization efficiency is
defined as the number of atoms ionized in the source relative to the total number of atoms
introduced to the instrument. In TIMS, transmission of ionized material through the mass
spectrometer is normally assumed to be close to 100%, and ionization efficiency is given
as the number of ions detected as a proportion of the number of atoms loaded onto the
filament. Although effects of ionization potential, filament work function and
temperature are theoretically given by the Saha-Langmuir equation (e.g., Wayne et al.
2002), in practice other chemical, physical, and geometrical effects often exert a more
significant influence on ionization behavior and efficiency. In addition, evaporation and
ionization of an element off the filament surface under vacuum causes an increasing
depletion of the lighter isotopes over the heavier isotopes as progressively more of the
sample is volatilized. This gives rise to a time-dependent instrumental mass fractionation,
which varies with ionization method and may be corrected by either internal
normalization or external standardization techniques.

Over the past decade, a number of improvements in source preparation have been
utilized for uranium-series nuclide analysis by TIMS. These generally either involve
methods to increase the work function of the filament material, addition of enhancers to
optimize elemental volatility and oxidation state, geometrical improvements in filament
configuration or sample loading, or instrumental improvements in source mechanism or
design. Early TIMS uranium and thorium work utilized single Re filaments for analysis
of small Th and U samples (ng or smaller; Chen et al. 1986; Edwards et al. 1987), and
multiple filament assemblies for more effective ionization of larger samples (Goldstein et
al. 1989). For single filament measurements of Th isotopics in low->**Th carbonate or
water samples, °Th filament blanks can be significant and need to be carefully
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controlled or monitored (Edwards et al. 1987). Samples for single filaments were
typically loaded as dilute HCl or HNOs solutions between layers of colloidal graphite,
called the graphite sandwich method. In this case, the graphite provides a reduced
environment and samples are analyzed as the U" and Th" metal species at temperatures
around 1700°C and 1900°C, respectively. Because ionization efficiency for this method
is quite negatively correlated with sample size loaded, particularly for Th, triple filament
configurations provide better ionization efficiency for larger U and Th samples
(Goldstein et al. 1989). In multiple filament techniques for U and Th, the side filaments
are used to control sample volatility at lower temperatures than the center, ionizing
filament which is typically maintained at about 2100°C to produce U" and Th" metal
species more efficiently. For U and Th, ionization efficiencies are typically a few epsilon
to a few permil, but in exceptional cases, have been reported at the percent-level (e.g.,
Edwards et al. 1987; Esat 1995). More recently, Yokogama et al. (2001) used a silicic
acid—dilute phosphoric acid activator to measure >**U/**®U by TIMS using UO," ions.
This approach yielded analytical uncertainties of 1%o (20) on small samples of uranium
(10-100 ng).

Radium samples for TIMS work can be prepared in a number of ways, due to the
low ionization temperature for this element (~1300°C). For single filament analysis,
samples can be loaded with a silica-gel mixture on single Re or Pt filaments, in either
standard or reduced length (Delmore) configurations (Volpe et al. 1991). Alternatively,
samples can be loaded onto the center W filament of a triple Ta-W-Ta filament assembly
with a Ta-HF-H3;POy activator solution (Cohen and O’Nions 1991). In this method, the
side filaments are used to preheat the center filament and gently remove hydrocarbon
interferences from the sample filament prior to Ra ionization. Lundstrom et al. (1998)
modified these procedures slightly and used a TaCls activator on single Re filaments.

Protactinium samples for TIMS analysis are typically prepared by the graphite
sandwich technique on single Re filaments (Pickett et al. 1994; Lundstrom et al. 1998),
similar to methods for small Th and U samples (Chen et al. 1986; Edwards et al. 1987).
An alternative method is to analyze protactinium with a silica-gel enhancer on tungsten
filaments as the double-oxide at filament temperatures around 1400°C (Bourdon et al.
1999). For the graphite sandwich methods, identifying the appropriate amount of graphite
is critical, since it is desirable to let uranium ionization complete prior to protactinium
isotopic measurement to remove the **U isobar produced from ***Pa decay from the
21pa/*3Pa measurement. With too much graphite, uranium and protactinium ionization
overlap, resulting in more complicated data reduction or rejection of data. However, it is
desirable for some graphite to be present at the higher temperatures of Pa ionization
(1900°C), so proper adjustment is a somewhat tricky aspect of these methods. The **°U
isobar can also be minimized by ensuring a clean separation of Pa from U during ion
exchange column chemistry, although some #**U isobar is inevitably present due to **Pa
decay between separation and analysis.

Carburization of rhenium filaments has been used to optimize Th and Pa ionization
efficiency for TIMS analysis on single filaments (Esat 1995). ReC has a greater work
function than Re metal, and elemental oxidation state is maintained in the reduced or
metal state by the presence of carbon in the filament. Using this method and a mass
spectrometer with improved ion optics, Esat (1995) was able to improve Th transmission
and ionization efficiency by about a factor of 30 over conventional methods. Using more
conventional mass spectrometry, Murrell et al. (personal communication) were able to
improve ionization efficiency for Pa and Th by a factor of 5-10 over conventional
graphite sandwich loads on Re filaments (Goldstein et al. 1989; Pickett et al. 1994). For
Pa analysis, one drawback is that Pa and U ionization commonly overlap using this
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procedure, and so a deconvolution procedure, where >*®U and ?*°U peak intensities are
approximately correlated and involving the isotopes ***U, 23U + ***Pa, and **'Pa, should
be applied to utilize more data and obtain accurate 2*'Pa/***Pa ratios.

Resonance ionization methods (RIMS) have also been explored for improving Th
ionization efficiency for mass spectrometric measurement (Johnson and Fearey 1993). As
shown in Figure 3, two lasers are required, a continuous resonant dye laser for resonance of
thorium atoms, and a continuous UV argon laser for transition from resonance to
ionization. Consequently, sophisticated laser instrumentation is required for these methods,
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Figure 3. a) Simplified schematic of continuous wave resonance ionization mass spectrometry for
thorium isotopic analysis, after Johnson and Fearey (1993). Two lasers are required for ionization, a
narrow band laser for the resonant step and a high-powered ultraviolet Ar* laser for the ionization step,
and are coupled with a standard (NBS-1290) mass spectrometer. b) Thorium energy level diagram
illustrating the two-step ionization process. lonization/detection efficiency is improved by at least an
order of magnitude (to 0.4%) relative to standard TIMS methods for large thorium samples. Internal
precision is comparable to TIMS techniques (~0.5%), although a small bias of 2-4% is introduced due
to differences in the transition strengths of 2**Th vs. 2*Th. However, the bias is reproducible and can be
corrected using standards. [Used by permission of Elsevier Science, from Johnson and Fearey (1993),
Spectrochim Acta Part B, Vol. 48, Figs. 1 & 2, p. 1066 & 1067]
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and laser stability needs to be maintained over the measurement period for these methods
to be utilized. However, ionization efficiency was increased by greater than an order of
magnitude (to ~0.4%) relative to standard TIMS techniques. Consequently, volcanic rock
samples with as little 1-5 ng Th may potentially be analyzed using this method.

Ion guns or cavity sources have also been developed for improving elemental
ionization for TIMS measurement (Duan et al. 1997; Wayne et al. 2002). As shown in
Figure 4, one ion source is based on a tungsten crucible with a cavity (0.02 cm diameter,
I cm depth) into which sample is loaded. The crucible is heated by electron
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Figure 4. Schematic diagram of a cavity ionization source designed for TIMS or quadrupole mass
spectrometry, after Duan et al. (1997). a) the ion source mounted on a mass spectrometer: 1, electrodes
for power supply; 2, water or air cooling tubing; 3, electron bombardment shielding can; 4, the orifice
of the shielding can; 5, crucible holder; 6, crucible; 7, electron bombarding filament; 8, ion lens; 9-10,
quadrupole mass spectrometer; b) a coaxial view of the source, with same components as in a), c)
tungsten crucibles used for the thermal ionization source. Top diagram illustrates a crucible for an
isotope separator, bottom is the crucible for a quadrupole or magnetic sector spectrometer. 1, ionization
channel; 2, crucible cap. Dimensions for the smaller thermal ionization crucible are 0.02 cm diameter
and 1 cm depth. lonization efficiency for many elements (ng to ug) is improved by at least an order of
magnitude relative to standard filaments, although backgrounds can also be elevated relative to standard
methods and need to be carefully evaluated. [Used by permission of Elsevier Science, from Duan et al.
(1997), Int J Mass Spectrom Ion Processes, Vol. 161, Figs. 1 & 2, p. 29 & 30]
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bombardment from a filament surrounding the crucible that can be modified to control
the crucible temperature. lonization efficiency for large samples (ng to ug) of many
elements is enhanced by factors of 10-100 relative to standard TIMS sources due to the
increased interaction of gaseous analyte atoms with the greater surface area of the
crucible walls (Duan et al. 1997). Wayne et al. (2002) adapted this source to a time-of-
flight mass spectrometer and obtained a maximum ionization of efficiency of 1-3% for
thorium samples of ~0.1-20 ng size, representing a factor of 10-30 improvement over
conventional methods. However, blanks from the W cavity source are a particular issue
for uranium analysis and also need to be carefully evaluated for thorium and other
uranium-series measurements.

Detection systems. Prior to the past decade, most instruments used for uranium-
series analysis were single-collector instruments, for which ion beams of the various
isotopes are cycled onto a single low-intensity detector, usually with electronics operating
in pulse counting mode (Chen et al. 1986; Edwards et al. 1987; Bard et al. 1990;
Goldstein et al. 1989; VOI})e et al. 1991; Pickett et al. 1994), in order to measure the low-
intensity ion beams of 20Th, 24U, 2'Pa, *¥Pa, **°Ra and **®Ra. Daly detectors and
discrete-dynode multipliers provide the best combination of linearity and dynamic range
for isotope ratio measurement, although precise measurement (<1%) is usually limited to
ratios below a few thousand (Cheng et al. 2000; Richter et al. 2001). Thus, the
measurement of extremely large isotope ratios of uranium and thorium (3*U/A*U =
20,000 and ***Th/?°Th = 200,000) is problematic using single-collector instruments. A
“bridge” isotope must instead be used (e.g., 2°U and **Th) and two isotope ratio
measurements of about 100-1000 in magnitude are combined (e.g., Z*U/*°U x 2°U/A*U
and **Th/*®Th x **Th/*Th) to yield the desired measurement (Chen et al. 1986;
Goldstein et al. 1989).

An alternative to the bridge technique was recently reported for thorium analysis in
silicate rocks for which both *Th and ***Th are measured on a single ion-counting
detector (Rubin 2001). With careful chemistry and mass spectrometry, >*°Th/***Th ratios
of igneous rocks can be measured with this technique with a precision that is similar to
the bridge method. The disadvantage of this technique is that *°Th ion-count rates are
extremely low (around 10 cps) with normal silicate thorium ratios and are therefore
subject to perturbations from background variation and low-level isobaric interferences in
“normal” samples.

A double-focusing magnetic sector TIMS was initially used for thorium isotope
measurements in silicate rocks to provide adequate abundance sensitivity (Goldstein et al.
1989). However in the late 1980’s, commercially available multi-collector instruments
became available that provide more options for uranium-series analysis. These
instruments generally consist of an array of Faraday cups situated after the magnet, with a
Faraday cup and/or low level counting system (Daly knob or electron multiplier) located
after an electrostatic analyzer (ESA) or retarding potential filter (e.g., Palacz et al. 1992;
Cohen et al. 1992; Rubin 2001). The energy filter improves abundance sensitivity.
Abundance sensitivity is defined as the peak tailing contribution from one mass to an
adjacent mass and is normally determined by measuring the contribution of mass 238 to
mass 237 using a pure U standard solution. By using an energy filter, abundance
sensitivity is typically <0.5 ppm at one amu, enabling the measurement of low abundance
2Th in the presence of high-abundance ***Th, typical of silicate rocks. Without an
energy filter, abundance sensitivity is about an order of magnitude worse (~5 ppm at one
amu), and in silicate rocks, the >*Th peak may be of the same order of magnitude to the
contribution from **’Th tailing. Tailing corrections based on mathematical subtraction
can be made (McDermott et al. 1993), but these can also be difficult to determine
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precisely. With an energy filter, more time can also be spent measuring peak count rates
rather than counting backgrounds, increasing the efficiency of the analysis. An energy
filter may also be desirable to enhance the abundance sensitivity on **U in the presence
of peak tailing from ***U.

The first multiple-collector TIMS instruments permitted simultaneous measurement of
the U-series isotopes in static or multi-static mode. The main advantage of these techniques
is that multi-collection permits simultaneous collection of the major and minor isotope
beams, improving the efficiency of data collection. In addition, greater variations in ion
beam intensity can be accommodated than with single-collector techniques. In static
collection, the main disadvantage is that the Faraday-ion counting gain must be stable
during the course of the analysis and must be measured either during or before analysis. In
multi-static modes of collection for uranium, the gain can be obtained during analAP/sis by
switching the U beam between Faraday and ion-counting detectors, and so ***U/**®U
ratios with extremely high precision can be obtained. This, coupled with high abundance
sensitivity capabilities, permits reduced analysis times, smaller sample sizes and analytical
precisions of up to 1-2%o for the U-Th isotopes for carbonates (e.g., Stirling et al. 1995).
Analysis is possible on high-**Th silicate rocks, as well as low->**Th carbonate samples.

Despite the application of multiple-collector arrays to TIMS U-series measurement,
it is usually still necessary to cycle the low-level Th isotopes (**°Th, *°Th and carbonate
232Th) through a single low-level detector, so that measurement precision is still limited
by beam intensity fluctuations and poor data acquisition efficiency. To overcome these
limitations, Esat (1995) applied charge-collection TIMS (CC-TIMS) to thorium isotope
measurement. In “charge-collection” mode, a Faraday collector is still utilized, but the
usual high-value feed-back resistor (10'! Q) in the electrometer amplifier is replaced with
a 20 pico-Farad air-core capacitor (Fig. 5). Provided that the ion beam is stable, charge
builds up on the capacitor with time in a linear fashion and is displayed in analogue mode
as a monotonic increase in voltage and the rate of voltage accumulation is related to the
ion current. This technique allows the measurement range to be extended below 107* A,
while preserving the advantages of Faraday cup arrays, allowing all low-level ion
currents to be monitored simultaneously, in multilz)le channels. Charge collection achieves
very high levels of precision; the uncertainty in *Th/**°Th is routinely 0.6%o for sample
sizes corresponding to 30 pg of »*°Th.

In static collection for untraced thorium samples, the gain is typically measured
during the warm-up stage of analysis for which the ***Th beam is switched between
Faraday and ion-counting detectors, and variations in this gain during a run have
sometimes been noted (Rubin 2001). In multi-static collection for traced Th analysis,
22Th can be switched between Faraday and ion-counting detectors to provide an in-run
measurement of Faraday-ion counting gain. This method can therefore provide very high
precision results, similar to uranium analysis by this technique.

Accuracy for all thorium measurements by TIMS is limited by the absence of an
appropriate normalization isotope ratio for internal correction of instrumental mass
fractionation. However, external mass fractionation correction factors may be obtained
via analysis of suitable thorium standards, such as the UC-Santa Cruz and IRMM
standards (Raptis et al. 1998) for 2*°Th/***Th, and these corrections are usually small but
significant (< few %o/amu) . For very high precision analysis, the inability to perform an
internal mass fractionation correction is probably the major limitation of all of the
methods for thorium isotope analysis discussed above. For this reason, MC-ICPMS
techniques where various methods for external mass fractionation correction are
available, provide improved accuracy and precision for Th isotope determinations (Luo et
al. 1997; Pietruszka et al. 2002).
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Figure 5. Schematic diagram of one of the five channels of a charge-collection system for thermal
ionization mass spectrometry of thorium, after Esat (1995). In “charge-collection” mode, a Faraday
collector is still utilized, but the usual high-value feed-back resistor (10" Q) in the electrometer
amplifier is replaced with a 20 pico-Farad air-core capacitor. Charge builds up on the capacitor with
time and is displayed in analogue mode as a monotonic increase in voltage, with the rate of voltage
accumulation related to the ion current. This technique allows the measurement range to be extended
below 10"* A, while preserving the advantages of Faraday cup arrays, allowing all low-level ion
currents to be monitored simultaneously, in multiple channels. Charge collection achieves very high
levels of precision; the uncertainty in *Th/*Th is routinely 0.6%o for sample sizes corresponding to
30 pg of 2°Th. [Used by permission of Elsevier Science, from Esat (1995), Int J Mass Spectrom Ion
Processes, Vol. 148, Fig. 1, p. 163]

4.4. Secondary ion mass spectrometry (SIMS)

SIMS has also been successfully applied for thorium isotopic measurement during
the past decade. This technique has been applied for both chemically separated thorium
samples (England et al. 1992; Bourdon et al. 1994; Layne and Sims, 2000), as well as in-
situ analysis of minerals with high thorium content such as zircons (Reid et al. 1997).

Although detailed methods depend on the instrument used, sources and ionization
method are the major difference between SIMS and TIMS methods. SIMS methods
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employ either primary Ar" or O” beams which bombard spectrographically pure carbon
planchets containing precipitated thorium sample. Ion separation is similar to TIMS
methods, obtained with either large radius magnetic sectors and/or electrostatic analyzers,
which can provide adequate abundance sensitivity for measurement of *°Th in the
presence of a large »**Th beam (<0.1 ppm for a change in one mass unit at mass 232). Ion
detection is similar to TIMS methods, with sequential or simultaneous collection of ***Th
on a Faraday cup and **°Th on an axial electron multiplier, and the use of standards to
determine the Faraday-multiplier gain. The main advantage of SIMS techniques for
chemically separated samples is that ionization efficiency for Th (~2%) is substantially
greater than for TIMS methods. Hence sample size requirements for Th analysis in
volcanic rocks are substantially lower with SIMS work (10 ng or less), while overall
measurement reproducibility is comparable to TIMS methods (0.5 to 1%). However, the
main disadvantage of SIMS is equipment cost, as commercially available SIMS
instrumentation is considerably more expensive than TIMS instruments.

4.5. ICPMS and MC-ICPMS

Inductively coupled plasma mass spectrometry (ICPMS) techniques have been
widely applied for uranium-series nuclide measurement during the past decade. The
major strengths of ICPMS are five-fold. First, the high ~6000 K temperature attained in
the plasma source produces efficient ionization (>90%) of nearly all elements (Gray
1985; Jarvis et al. 1992). This includes those with high first ionization potentials that are
difficult to ionize by TIMS, thorium being just one example. Second, in contrast to
TIMS, ionization efficiency is not a function of load size and signal intensity can be
increased simply by using a more concentrated solution. Third, the mass discrimination
of the plasma source, although large, is essentially constant during an analysis and can be
reliably corrected at high levels of precision (Walder and Freedman 1992, Walder et al.
1993; Halliday et al. 1995; 1998). Fourth, the mass discrimination is widely considered to
be independent of the chemical properties of the element, and to a first order, is a
function of mass only with relatively minor inter-element biases during ionization and/or
detection. Therefore, two elements with overlapping mass ranges can be admixed, and
the mass bias in the isotopic composition of one can be used to correct for mass
discrimination in the isotopic composition of the other (e.g., Halliday et al. 1995; Luo et
al. 1997; Marechal et al. 1999; Rehkamper and Halliday 1999). Fifth, sample throughput
is typically faster than can be achieved using TIMS. Less sample preparation may be
required in certain applications such as direct analysis of aqueous solutions, although care
must be taken to eliminate matrix effects. Matrix effects refer to the influence of the
major element composition on measured isotopic composition, due to mass
discrimination, isobaric interferences, or other phenomena in the source region.

Techniques in “conventional” ICPMS are comprised of quadrupole ICPMS (Q-
ICPMS), high-resolution sector-field ICPMS (HR-ICPMS) and time-of-flight ICPMS
(TOF-ICPMS). For low-level ion counting, all are equipped with a single detector,
typically an electron multiplier operating in pulse counting mode. These techniques share
the same ICP source but utilize different methods of ion separation and focusing
(quadrupole, magnetic sector, and time-of-flight). Further comparisons between these
methods are discussed in Section 5.

Multiple-collector inductively coupled plasma mass spectrometry (MC-ICPMS)
combines sector-field ICPMS with a multiple collector detector system and has recently
emerged as an alternative to TIMS for precise U-Th isotope measurement. The full
potential of MC-ICPMS has yet to be realized. Yet despite this, its performance in high
precision isotope measurement already challenges and, in some cases, surpasses that ever
achieved by TIMS (e.g., Lee and Halliday 1995; Blichert-Toft and Albarede 1997).
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The first isotopic measurements of U using MC-ICPMS were published by Walder
and Freedman (1992) and Taylor et al. (1995). This work was followed by a series of
combined U and Th isotopic studies at the University of Michigan using a VG Elemental
Plasma 54, the first commercially available MC-ICPMS instrument (Fig. 6). The results
of these studies demonstrated that uncertainties of ~1%o (2o\) were achievable for
B4u/28U, POTh/*8U and 2°Th/”*’Th in both standard reference materials and natural
samples containing ~200-600 ng of U and silicate Th (Luo et al. 1997; Stirling et al. 2000
and Stirling et al. 2001). This is competitive with even the highest quality data acquired
by TIMS.

The weakness of MC-ICPMS lies in the inefficiency by which ions are transferred
from the plasma source into the mass spectrometer. Therefore, despite very high
ionization efficiencies for nearly all elements, the overall sensitivity (defined as
ionization plus transmission efficiencies) of first generation MC-ICPMS instruments is of
the order of one to a few permil for the U-series nuclides. For most, this is comparable to
what can be attained using TIMS.

Several second-generation MC-ICPMS instruments have been developed since this
initial work. With one exception, all are double-focusing instruments, and in contrast to
the Plasma 54, all are equipped with fast laminated magnets to allow rapid switching
between masses. Some have variable mass resolution (400 to 10,000). While moderate to
high mass resolution is critical for some elements to avoid spectral interferences, these
are not considered to be problematic in the U-Th mass range and the standard resolution
of 400 normally suffices for U-series measurements. All second-generation instruments
have benefited from design improvements at the interface between the plasma source and
the mass spectrometer, resulting in significantly enhanced sensitivities of up to an order
of magnitude compared with the Plasma 54. This has allowed precise data to be acquired

multiple Faraday off-axis Faraday cup
collector block

Daly detector
with ion counting

d.c. quadrupole lens
electrostatic sector

Figure 6. Schematic outline of the first commercially available multiple collector ICPMS, the “Plasma
54,” after Halliday et al. (1995). This instrument uses Nier-Johnson double-focusing and is equipped
with eight independently adjustable Faraday collectors. The axial collector can be wound down to
provide access to a Daly detector equipped with ion counting capabilities and a second-stage energy
filter for high abundance sensitivity measurements. The sample may be introduced to the plasma source
by either solution aspiration or laser ablation.
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on smaller sample sizes with U and Th contents at the 100-10 ng level (e.g., Nakai et al.
2001; Turner et al. 2001; Robinson et al. 2002). Multiple-collector ICPMS is thus fast
becoming a widely accepted means for obtaining high-quality data for the U-series
isotope systems. The following discussion mainly focuses on features of MC-ICPMS
analysis, although both MC-ICPMS and ICPMS methods share basic characteristics in
source and general design.

Sources/sample introduction. Solution aspiration. In both ICPMS and MC-ICPMS,
the standard means of sample introduction is to aspirate the chemically separated analyte
into the plasma source as an aerosol. It is usual to first dissolve the sample in a solution
of dilute acid. For U-Th analysis, solutions of dilute HNOs3 are normally used for sample
introduction, although it may be desirable to add a trace amount of HF to the thorium
fraction to prevent precipitation. Molecular interferences and/or memory effects may also
determine the acid medium for sample introduction. Conventional glass aspiration
systems use a Meinhard cross-flow nebulizer to aspirate the sample into droplets, coupled
to a cooled spray chamber, which removes the larger droplets and excess solution by
condensation. Solution uptake rates are typically ~500 pl/min. Conventional aspiration
produces a “wet” plasma containing some polyatomic oxides and hydrides, which may
create molecular interferences that require correction. Such interferences can often be
reduced to negligible proportions by injecting the sample as a “dry” aerosol using a
micro-concentric nebulizer or MCN (with solution uptake rates of 50 to 150 ul/min;
Vanhaecke et al. 1996) coupled to a heated spray chamber and membrane desolvator.
Molecular interferences can also be controlled by chemically separating the analyte from
the sample matrix so that only pure solutions are introduced to the system. As an added
benefit, desolvating nebulization systems are highly efficient, typically resulting in
significantly better sample utilization compared with conventional nebulizers. Other
high-efficiency systems are available (e.g., Liu and Montaser 1994; Becker et al. 1999;
Huang et al. 2000; McLean et al. 2001), but in general, all are wet nebulizers and as such,
are still prone to hydride and oxide interference formation. Between sample runs, the
nebulizer must be flushed with a cleaning solution, typically dilute acid in order to
minimize sample memory effects.

Laser ablation. A laser ablation system can be used in place of solution nebulization
as the sample introduction system. During laser ablation sampling, the high-energy laser
beam produces a micro-plasma from the sample and nebulizer gas that ablates the sample
surface. The sample is enclosed by an optical cell, through which the laser beam may
pass undisturbed. Typically, the cell is mounted on a stage that can be rotated or moved
in the x, y and z directions by computer control, and several samples can be loaded
simultaneously to minimize sample changeover time. Sample preparation is very easy;
provided the sample fits into the sample chamber, and sits a minimum distance below the
top of the sample cell, all that is required is to attach the sample to a mount with an
adhesive. Polishing of the sample surface may also be desirable to enhance any surface
textures and to promote stable ion beams. During ablation, it is usual to view the sample
and pit morphology with transmitted (plane or polarized) or reflected light using a
binocular microscope or an on-line video camera and monitor. Laser ablation sampling
for U-series isotopic analysis has been used in both conventional ICPMS and MC-ICPMS
(e.g., Becker et al. 2000; Stirling et al. 2000; Guillong and Giinther 2002).

Ion extraction. The aspirated or laser ablated sample is transported from the sample
introduction system into the center of the torch by a ~1 1/min flow of Ar carrier gas where
it is immediately dissociated and ionized by energy transfer with the hot ~6000 K
temperature of the surrounding Ar plasma. Ionization efficiencies are >95% for U and Th
(Jarvis et al., 1992). For laser ablation sampling, helium may be employed as the carrier
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gas instead of Ar because ablation in a pure He atmosphere has been found to
significantly enhance sensitivity for some elements (e.g., Eggins et al. 1998; Giinther and
Heinrich 1999; Horn et al. 2000).

For most instrument configurations, the ions are then accelerated into a rotary-
pumped “expansion chamber” situated between the first water-cooled Ni “sample” cone
and second Ni “skimmer” cone by a large accelerating voltage of up to 10,000 volts. The
expansion chamber is held at a vacuum of ~1 mbar, enabling the ions to undergo
supersonic expansion and a small proportion (several permil) are extracted behind the
skimmer cone. It is during this extraction process that most of the sample is lost. lon
sampling in this interface region is associated with the preferential extraction of heavy
isotopes over lighter ones. This is generally ascribed to steady-state “space-charge
effects,” in which heavy isotopes are less deflected from the optical axis than lighter
ones, and creates an essentially constant instrumental mass bias that is largely a function
of mass alone. The MC-ICPMS mass bias is large— ~0.5 to 1% per a.m.u in the mass
range of the U-Th isotopes—and is in stark contrast to TIMS, where instrumental bias is
approximately an order of magnitude smaller but time-dependent due to the progressive
evaporation of the sample from the filament surface. Once behind the skimmer cone, the
ions are optically focused onto the entrance slit into the mass analyzer by a series of ion
lenses. This transfer lens region is held at a vacuum of ~107 to 10~® mbar by turbo-
molecular pumps.

Ion focusing. Collision/reaction cells. Collision or reaction cells are commonly
employed to convert molecular interferences into either neutral species or species that are
different from the analyte mass, which enables the analyte ions to emerge from the cell
free of interferences. The analyte ions can then be directed into the mass analyzer
(quadrupole or sector) for normal mass separation. Single-focusing instruments often
utilize a quadrupole or hexapole collision cell/reaction cell, positioned between the mass
spectrometer interface and the magnetic sector analyzer. As analyte ions are directed into
the collision/reaction cell, they collide with a “collision gas” fed into the cell. Energy is
transferred during collision-induced reactions, which thermalizes or cools the sample
ions, reducing their energy spread, and dissociates molecular ions creating potential
interference masses. In Q-ICPMS, the application of a collision/reaction cell has been
found to significantly enhance ion transmission, sensitivity and measurement precision,
compared to Q-ICPMS without a collision cell (e.g., Becker and Dietze 2000).
Collision/reaction cells have also been utilized in MC-ICPMS, most notably with the
second-generation Micromass IsoProbe.

Nier Johnson double focusing. Most MC-ICPMS instruments utilize double-focusing
with Nier Johnson geometry, in which ions passing through the mass spectrometer
entrance slit are energy- then direction-focussed. The ICP sector magnet provides double
dispersion and direction-focusing and is similar to that used in TIMS. Energy-focusing is
combined with the magnet because the ion beams produced during plasma ionization
show a large ion energy spread, significantly larger than the range of kinetic energies
produced during thermal ionization. This must be compensated for to prevent a blurring
of the image, which occurs because an ion beam passing through a magnetic field is
deflected by an amount dependent on its ion energy as well as its mass and charge.
Normally energy-focusing is achieved using an electrostatic analyzer. The double-
focusing configuration provides the “flat-topped” peak shapes that are a requisite in high-
precision isotope measurement. Nier Johnson (or reversed Nier Johnson) geometry is also
used in double-focusing sector field HR-ICPMS.

The quadrupole mass analyzer utilized by Q-ICPMS is comprised of quadrupole rods
with combined DC and RF potentials that can be set to allow analyte ions with a specific
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mass-to-charge ratio access to the detector. All other ions will collide with the quadrupole
rods and will not reach the detector. In TOF-ICPMS, the analyte ions are accelerated into
the flight tube with the same kinetic energy, so that ions of a different mass will also have
different velocities. The lightest ions will arrive at the detector first. The entire mass
spectrum will reach the detector within 50 ps, providing ~20,000 spectra/s.

Ion detection. Only moderately high precision (0.5-10%) can normally be obtained
using conventional ICPMS instruments and “peak-hopping” because the ionization
conditions in the plasma source are highly unstable. This causes short-term fluctuations
in ion beam intensity at the 1-second level (referred to as “plasma flicker”) upon which
longer period intensity oscillations may be superimposed due to irregularities in nebuliser
uptake and sample introduction rates. MC-ICPMS instruments alleviate these difficulties
by the simultaneous collection of ion beams in multiple detectors. Isotope ratios are
monitored instead of ion beam intensities (as is often the approach in TIMS and ICPMS),
in order to cancel out plasma source instability, thereby increasing measurement
precision dramatically. High levels of precision have also been reported for HR-ICPMS
instruments employing fast electrostatic mass scanning (by adjusting the acceleration
voltage while keeping the magnetic field constant) to smooth out signal fluctuations due
to plasma flicker (e.g., Quetel et al. 2000a; Choi et al. 2001; Shen et al. 2002).

All MC-ICPMS instruments are equipped with a multiple Faraday collector array
oriented perpendicular to the optic axis, enabling the simultaneous “static” or “multi-static”
measurement of up to twelve ion beams. Most instruments use Faraday cups mounted on
motorized detector carriers that can be adjusted independently to alter the mass dispersion
and obtain coincident ion beams, as is the approach adopted for MC-TIMS measurement.
However, some instruments instead employ a fixed collector array and zoom optics to
achieve the required mass dispersion and peak coincidences (e.g., Belshaw et al. 1998).

For low-level ion detection, the first-generation Plasma 54 instrument is equipped
with a single Daly detector behind a second stage ESA for the sequential measurement of
low-level isotopes at high abundance sensitivity. The second-generation instruments are
each equipped with multiple ion-counting channels, one operating at high abundance
sensitivity, for the simultaneous measurement of multiple low-level ion beams (Figs. 7-
9). This feature may greatly improve the precision and sensitivity of radium and
protactinium isotope measurement, where both tracer and analyte isotopes are typically
measured on low-level ion detectors.

Multiple-collection techniques. Uranium. Table 1 shows a typical protocol used by
multi-collector instruments (equipped with one ion counting channel) both in MC-TIMS,
MC-ICPMS and LA-MC-ICPMS (e.g., Cohen et al. 1992; Stirling et al. 1995; Luo et al.
1997, Stirling et al. 2000; Pietruszka et al. 2002). A first sequence monitors the atomic
ratios between >*U, U and **®U by aligning Faraday collectors for masses *°U (107"
A) and 2%U (107" A), while the low intensity **U ion beam (107" to 107'® A) is
measured simultaneously in the low-level detector. A second sequence shifts all masses
to monitor *°U in the ion counting channel relative to >**U. A comparison of the two
sequential *°U/?**U measurements using different collector configurations provides an
estimate of the drift in the relative gain between the ion counter and Faraday cup, for
which the 2**U ion beam intensity must be corrected at the end of each two-sequence
cycle. In TIMS, where the ion beams are relatively stable, either *°U ion beam
intensities, or more precisely 2°U/***U ratios, can be used to monitor the gain. A second
correction is also applied at the cycle level: Using empirically derived linear, power or
exponential laws (e.g., Russell 1978; Wasserburg et al. 1981; Hart and Zindler 1989;
Habfast 1998), all ratios are corrected for instrumental mass fractionation using **U/?*°U
normalized to the assumed “true” value of 137.88 (Steiger and Jager 1977) for natural
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Figure 7. Schematic outline of a second-generation MC-ICPMS instrument (Micromass IsoProbe 2) (top)
and its collector array (bottom). This instrument is single focusing and utilizes a collision cell to minimize
the energy spread of ions entering the magnet. A schematic of the collector array also illustrates one
possible configuration for multi-collection for either TIMS or MC-ICPMS, with a motorized multiple-
collector array of moveable Faraday cups on the high mass side and moveable channeltrons for ion
counting on the low mass side. The axial position is occupied by a removable Faraday, with a Daly detector
located behind the retarding potential filter for high abundance sensitivity measurements. [Used with
permission of Micromass. ]
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Figure 8. Schematic outline of a second-generation MC-ICPMS instrument (Nu Instruments Nu Plasma),
equipped with a multiple-Faraday collector block for the simultaneous measurement of up to 12 ion beams,
and three electron multipliers (one operating at high-abundance sensitivity) for simultaneous low-intensity
isotope measurement. This instrument uses zoom optics to obtain the required mass dispersion and peak
coincidences in place of motorized detector carriers. [Used with permission of Nu Instruments Ltd.]
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Figure 9. Schematic diagram showing a second-generation MC-ICPMS instrument (ThermoFinnigan
Neptune). This instrument utilizes double-focusing and is equipped with a motorized multiple-Faraday
collector block with two channels that can be operated in high-resolution mode. Optional multiple-ion
counting channels are also available for the simultaneous measurement of low-intensity ion beams.
[Used with permission of Thermo Finnigan.]

samples. This practice of normalizing the measured ratio to an invariant ratio of the same
element is referred to as “internal normalization”. The large instrumental mass
fractionations inherent to MC-ICPMS (up to 1% per amu in the mass range of the U-Th
isotopes for all signal intensities) necessitates careful control and monitoring of the
correction factors. Applying a mass fractionation correction at the cycle level also allows
the small but time dependent TIMS correction to be reliably made.

For solution nebulization MC-ICPMS and MC-TIMS, typical runs consist of up to
100 ratios collected over ~30 minutes to 1 hour. This includes time for background
measurement (typically monitored at half mass on either side of the peak) and peak
centering, but excludes filament warm-up time for TIMS and nebulizer cleaning for MC-
ICPMS. Sample sizes of ~1000-10 ng of total U for TIMS and MC-ICPMS are required
to attain 2 measurement uncertainties of a permil or better on 2*U/**U (e.g., Stirling et
al. 1995; Luo et al. 1997; Yokoyama et al. 2001; Robinson et al. 2002). Smaller samples
containing only 1 ng-levels of **U have been measured by laser ablation MC-ICPMS,
over shorter acquisition times of ~10 minutes, yielding 2**U/***U measurements at 100
um scale resolution, with 2c uncertainties of +3-4%o (Stirling et al. 2000).

Isotope dilution measurements using a ***U and/or U spike tracer can be
performed separately, or combined with the isotopic composition run. Spike tracers can
be measured on an ion counting channel, or alternatively, it may be preferable to
concentrate the tracer (provided the spike corrections are small) and measure it on a
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Table 1. Examples of collector configurations for U-series measurements
using a multiple-Faraday array coupled to a single ion counter.

Far-1 IC Far-2 Far-3 Far-4 Far-5
URANIUM
Uranium Multi-Static, Internal Normalization using MC-TIMS or MC-ICPMS
Sample s1 (233u) 234U 235U (23ﬁu) 238U
Sz 235U 238U
Uranium Static, External Standardization using MC-ICPMS
Standard s1 (233u) 234U 235U (23ﬁu) 238U
sample s1 (233u) 234U 235U (236u) 238U
Standard S1 (233u) 234U 235U (23eu) 238U
THORIUM

Thorium Static, External Standardization (no internal mass fractionation correction) using TIMS
Faraday-lon Counter gain determined at the start of the session

Sample s1 BOTH B2Th

Thorium Multi-Static, Traced analysis using TIMS
Faraday-lon Counter gain determined during analysis

Sample s1 (**Th) BOTH B2Th
32 (229Th) 232Th
Thorium Multi-Static, External Normalization using MC-ICPMS
Sample s1 (*°Th) 59Th 22T
32 (233u) 234U 235U (236u) 238U
Thorium Static, External Standardization using MC-ICPMS
Standard S1 (233u) 234U 235U (236u) 238U
Sample S1 (**Th) 230Th B2Th
Standard s1 (233u) 234U 235U (236u) 238U
or
Standard S1 (**Th) 230Th B2Th
Sample S1 (**Th) BOTh B2Th
Standard s1 (**Th) BOTh 22T
Thorium Multi-Static, External Standardization using MC-ICPMS
Standard S1 BOTh B2Th
Sz (229Th) 232Th
Sample s1 BOTh 22T
32 (229Th) 232Th
Standard S1 B0Th B2Th
s2 (***Th) *Th

URANIUM-THORIUM
U-Th Multi-Static, Internal Normalization using MC-ICPMS or LA-MC-ICPMS

Sample s1 (32°Th) BOTH 22T
S2 (233u) 234U 235U (236u) 238U
S3 235U 238U

Notes: S1 through S3 refer to respective sequences 1 through 3 in a single cycle of data acquisition. Internal
normalization protocols for uranium monitor 2°U sequentially in a Faraday collector and in the ion counter (IC). The ion
counter to Faraday relative gain is then determined by comparing (**U/”*U)raraday With (***U)raraday/(**U)c. Internal
normalization also corrects each ratio for instrumental mass fractionation at the end of each cycle using (***U/°U)earaday
normalized to the true value of 137.88. For traced Th analysis by TIMS, the ion counter to Faraday relative gain can be
determined by comparing (**Th/??Th)earagay With (*°Th)ic/(***Th)rarasey- External standardization corrects for the ion
counter/Faraday gain based on normalization to bracketing measurements for well-characterized standards. The mass
fractionation correction may also be applied using sample-standard bracketing, or alternatively, may be applied at the
cycle level, as is the approach for internal normalization protocols. Spike tracers, 2*U or U and ?**Th, shown in
parentheses, can also be monitored during combined isotopic composition and isotope dilution runs. During LA-MC-
ICPMS, #°Th and #*Th are monitored during the same sequence as 2*®U (monitored on a high-mass Faraday collector;
not shown) to obtain reliable measurements of 2°Th/?8U and 2*2Th/?*8U without isotope dilution.
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Faraday collector, simultaneously with **U, U and ***U during the first sequence. This
shortens the analysis routine, consuming less sample. Ion beam intensities are typically
larger in MC-ICPMS than in TIMS due to the ease with which signal size can be
increased by introducing a more concentrated solution. While this yields more precise
data, non-linearity of the low-level detector response and uncertainties in its dead-time
correction become more important for larger beam intensities, and must be carefully
monitored (Cheng et al. 2000; Richter et al. 2001).

In MC-ICPMS, external standardization procedures have also been implemented
(Table 1), whereby sample—standard bracketing is used to cancel out the drift in the
Faraday to ion counter gain (Stirling et al. 2000; Robinson et al. 2002). In this case, U
isotopic composition is determined as a static measurement in one cycle only, by
normalizing mass fractionation-corrected ratios for the unknown sample to those
determined on a well-constrained standard. It may also be desirable to monitor
instrumental mass fractionation using external standardization techniques. A typical
approach is to analyze the standard before and after the sample so that drift in the Faraday
to ion counter gain can be cancelled out by linear interpolation. External standardization
protocols have two main advantages. First, data acquisition times are shorter than those
for multi-static protocols, so that less samg)le is consumed. Second, ion beam intensities
are not restricted by the necessity to keep **U ion counts below 1,000,000 cps. The main
disadvantages of external standardization are also two-fold. First, it is not possible to
correct for short-term non-linear perturbations in the Faraday to ion counter gain, which
may ultimately limit the precision and accuracy of the measurement. Second, matrix
differences between the sample and standard may compromise the reliability of the mass
bias correction, although during solution nebulization, these may not be significant at the
permil-levels of precision attainable in U-Th isotopic measurement. Matrix-dependent
effects during laser ablation MC-ICPMS, on the other hand, can be extremely large and at
the 10 to 100% level (e.g., Stirling et al. 2000). External standardization was tested for
solution nebulization measurements by Luo et al. (1997) using a Plasma 54 instrument,
but was found to create greater variability in the data than observed for multi-static
protocols, which was presumed to be due to non-linear short-term variability in the gain
correction. For this reason, internal monitoring of the gain at the cycle level is often
considered preferable, particularly for U where sample size is generally not limited.
Nevertheless, provided the gain is stable, and care is taken to matrix-match the bracketing
standard with the sample, external standardization can yield results that are of
comparable precision and accuracy to those determined using internal normalization
techniques (e.g., Robinson et al. 2002).

Thorium. Multiple-collector measurement protocols by TIMS for thorium isotopic
analysis tyg)ically involve the simultaneous measurement of 2**Th and **°Th (for silicate
rocks), or “*Th and *°Th, then ?*Th and **Th (for low-***Th samples), using an axial
ion counter and off-axis Faraday collector (Table 1). Various methods are used to correct
for the relative gain between the low-level and Faraday detectors and 2c-uncertainties of
1-5%o are typically obtained (Palacz et al. 1992; Cohen et al. 1992; McDermott et al.
1993; Rubin 2001). Charge-collection TIMS protocols enable **’Th, **Th and ***Th to be
monitored simultaneously on a multiple-Faraday array and can achieve measurement
uncertainties at the sub-permil level (Esat et al. 1995; Stirling et al. 1995).

However, thorium has only two naturally occurring long-lived isotopes, and all Th
measurements by TIMS are limited by the absence of a well-constrained isotope ratio that
can be used for internal normalization purposes to correct for instrumental mass
fractionation. In this regard, one of the most important advantages of MC-ICPMS over
MC-TIMS is the ability to admix two elements with overlapping mass ranges and use the
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instrumental mass discrimination factor determined for one to calculate mass
fractionation corrections for the other. This approach, referred to as external
normalization, relies on the mass fractionation factor being independent of the chemical
properties of the analyte, but means that U chemically separated from the same sample
can be admixed with the Th fraction, allowing all thorium ratios to be corrected for mass
fractionation using **U/*°U normalized to the 137.88 true value. A two-sequence multi-
static routine can then be utilized (Table 1), in which thorium isotopic composition is
measured in one sequence, and uranium isotopic composition in the other (Luo et al.
1997; Stirling et al. 2001; Pietruszka et al. 2002). The U sequence provides both the mass
fractionation and Faraday—ion counter gain corrections, the latter of which can be
determined by monitoring ?**U in the ion counter and comparing the fractionation-
corrected 2**U/**"U to the true ratio determined earlier from the U run. For isotope
dilution runs, the protocols can be modified to include ***Th measurement, either in an
ion counter or Faraday cup. As is the case for U, 100 thorium ratios can be collected over
30 minutes to one hour, although Th measurement is normally significantly faster by
MC-ICPMS than by MC-TIMS because thermal ionization often requires very long
warm-up times of up to several hours. Very precise and accurate data can be acquired
using these MC-ICPMS 3protocols; measurement precision is ~1%o on 2*°Th/***Th and can
be better than 1%o on **°Th/?%U. T%gpical sample sizes are ~10-100 ng of total Th for
silicate rocks and 10 pg-levels of **°Th for low-*>Th measurements. For TIMS, Th
ionization efficiency is a function of load size. Therefore TIMS, with lower overall
background count rates, may be best suited for small Th samples, whereas MC-ICPMS,
with significantly greater ionization efficiency, may provide significantly improved
results for large Th samples. In MC-ICPMS, thorium isotopic composition can be
measured at the same time as U in a combined U-Th analysis. Although this consumes
more Th than a two-sequence routine, analytical precision is comparable and accuracy
may be better when Th and U are monitored simultaneously (Stirling et al. 2001).

External standardization was applied to silicate Th isotopic measurement using MC-
ICPMS by Nakai et al. (2001). These authors determined Faraday-ion counter gain and
mass fractionation corrections for thorium based on bracketing measurements for
standard solutions of natural uranium. The advantage of this approach is that Th isotopic
compositions can be acquired on small samples (~10 ng of **2Th) as a single static
measurement over a short 10-15 minute analysis period. However, because instrumental
mass fractionation (and Faraday-ion counter gain) can vary between solution runs, as a
function of both time and solvent loading, it is advantageous to check the veracity of the
instrument calibrations using additional, matrix-matched Th standards if using techniques
in external standardization. Turner et al. (2001) determined **°Th/***Th to a precision of
1% or better on ng levels of silicate thorium, and Robinson et al. (2002) obtained
measurement uncertainties at the 1%o-level on ~250 ng of carbonate thorium using
bracketing measurements for a well-characterized Th standard.

Without isotope dilution, the simultaneous measurement of U and Th is essential in
LA-MC-ICPMS, although Ilarge (10-100% Ilevel) elemental, matrix-dependent
fractionation effects can still be observed between U and Th (e.g., Stirling et al. 2000). As
a result, Th/U ratios can be systematically lower, and apparent >**U-?**U-***Th-ages
systematically younger than the true values. The source of this U-Th fractionation
appears to be incomplete vaporization and ionization of laser-generated particles within
the plasma (Giinther 2002; Guillong and Giinther 2002) and the effect becomes
increasingly problematic for larger particle sizes.

Radium and Protactinium. TIMS protocols for both radium and protactinium
currently involve cycling the isotopes **°Ra and ***Ra (tracer or normal), and **'Pa and
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233pg (tracer), through a single low-intensity detector (Cohen and O’Nions 1991; Volpe et
al. 1991; Pickett et al. 1994; Bourdon et al. 1999). These two-isotope TIMS methods do
not permit internal correction for instrumental mass fractionation, which is generally
thought to be small relative to overall measurement precision (5-10%o). MC-ICPMS
techniques can provide more precise corrections for mass fractionation utilizing external
normalization. For example, multiple-collector measurement protocols using MC-ICPMS
for ~100 fg load sizes of silicate radium have been reported by Pietruszka et al. (2002).
Natural uranium was admixed to the Ra sample fractions to allow instrumental mass
fractionation to be monitored using >**U/?U, and the isotopes **Ra and ***Ra were
cycled through a single Daly detector. Using this approach analytical precision to ~3%o
on **Ra/**°Th was obtained. However, unlike uranium and thorium, overall collection
efficiency for MC-ICPMS of 0.5% is still lower than typically achieved by TIMS (1-
10%).

5. COMPARISON OF ANALYTICAL METHODS
FOR U-SERIES NUCLIDES

A variety of parameters for various analytical methods for uranium, thorium, radium,
and protactinium isotopes are summarized in Table 2. Estimated detection limits for
various techniques are also presented in Figure 10. Alpha spectrometric methods are the
traditional method of measurement for these isotopes, and still provide one of the more
cost effective methods of analysis. Hence they are well suited for many applications
where higher detection limits and lower precision are acceptable and analytical cost is
paramount (e.g., environmental monitoring). They are also in many cases the only option
for analysis of very short-lived isotopes of the uranium and thorium decay series.
However, for the longer-lived isotopes in terms of basic parameters including sample size
requirements, detection limit, analytical precision, and time of analysis, alpha
spectrometry currently lags behind other methods based on atom counting. Gamma
spectrometry also continues to be a viable option for measurement of beta-emitting
uranium-series nuclides with short half-lives, such as Pb-210, Ac-227, Ra-228, and Th-
234 (Fig. 10). Although this method has higher detection limits than other techniques, it
generally has simpler and faster sample preparation compared to alpha, beta, or mass
spectrometry.

TIMS methods emerged in the late 1980’s and early 1990’s as an alternative to decay
counting techniques. Order of magnitude improvements in sample size requirements,
analytical precision, and time of analysis were achieved for uranium, thorium,
protactinium, and radium analysis, with a corresponding penalty in terms of analytical cost
and throughput. Although analysis times are smaller for TIMS, sample throughput is
normally lower than for decay counting, for which chemical separations are not as
extensive, clean laboratory chemistry space may not be required, and multiple counters can
be operated simultaneously at less cost. However application of TIMS methods has led to
many scientific breakthroughs in uranium-series geochronology and geochemistry.

In the past three years, MC-ICPMS has emerged as an alternative to TIMS for
precise measurement of the U-series isotopes with comparable or better precision. U-Th
isotopes can now be routinely measured at the sub-permil level. Previously, this had only
been demonstrated using charge-collection TIMS applied to thorium isotope
measurement. Data collection efficiency, sample size requirements, and detection limits
can also be greatly improved over TIMS. For the **U-**U-*"Th system applied to
carbonate samples, this has extended the dating range beyond 600,000 years, and ***Th-
age uncertainties of +2000 years are now attainable on 300,000 year-old samples (e.g.,
Stirling et al. 2001).
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Figure 10. Estimates of detection limits as a function of uranium-series nuclide half-life for various
decay and atom counting techniques. Gamma spectrometry has the highest detection limits but also is
the simplest and least expensive method of uranium-series analysis in terms of sample preparation.
Alpha spectrometry has higher detection limits for longer-lived nuclides but provides optimal detection
for short-lived (<10 yr half-life) nuclides. TIMS sensitivities vary with element analyzed and ionization
efficiency, but TIMS provides improved detection limits (~0.1 fg) for longer lived nuclides. MC-
ICPMS detection limits are relatively element independent (~0.01 fg). Detection limits are generally
lower than for TIMS due to improved signal collection utilization (ion multi-collection) and
ionization/collection efficiency, although for some elements (e.g., radium) TIMS would provide optimal
detection. Detection limits are based on counting statistics only (three times the standard deviation of
the background) and are estimated for situations where interferences or isobars are absent. In cases of
longer-lived nuclides (**°U, 233U, #**Th), detection limits are blank limited. Parameters used for each
method are: 1) Gamma spectrometry: 7 day count period, 3% detector collection efficiency, 10 count
per day background; 2) Alpha spectrometry: 7 day count period, 30% detector collection efficiency, 1
count per day background; 3) TIMS: ionization/collection efficiency ranges from 0.1 to 5%, 1 count per
second background, 60 min total measurement period with 10% collection utilization 4) MC-ICPMS:
ionization/collection efficiency is 0.5%, 1 count per second background, 20 min total measurement
period with 50% collection utilization.

Conventional ICPMS has been widely applied to U-series isotope measurement over
the past decade (e.g., Shaw and Francois 1991; Heumann et al. 1998; Becker et al. 1999;
Hinrichs and Schnetger 1999; Platzner et al. 1999; Becker et al. 2000; Becker and Dietze
2000; Halicz et al. 2000; Quetel et al. 2000a; Quetel et al. 2000b; Choi et al. 2001;
McLean et al. 2001; Shen et al. 2002). Isotope ratio measurements are based on the
successive “peak-jumping” measurement of isotopes as they are cycled through a single
electron multiplier. Using Q-ICPMS, analytical precision (2c) approaches 3-10% for
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various isotope ratios and is limited by instability of the plasma during sequential peak
measurement and difficulties in obtaining reliable peak shapes. In general, higher
precision measurements to the permil-level can be obtained from HR-ICPMS because the
magnetic sector design produces flat-topped peak shapes, significantly higher sensitivities
and lower instrumental background, resulting in higher signal-to-noise ratios and lower
detection limits. Low abundance sensitivity (at the ~5 ppm level) can affect the accuracy
of °Th/***Th measurements on silicate samples, and accuracy is typically monitored
using a well-characterized matrix-matched standard, and corrected by employing a tailing
correction (e.g., Shen et al. 2002). Corrections for instrumental mass fractionation are
normally obtained using external standardization procedures, although internal
normalization has also been applied (e.g., Shen et al. 2002). HR-ICPMS instruments can
be operated in high-resolution mode (normal mass resolution M/AM is 300) in order to
resolve molecular interferences and/or to improve abundance sensitivity (e.g., Hinrichs
and Schnetger 1999), but this results in a decrease in sensitivity and in precision.
Techniques in Q-ICPMS can rival those of HR-ICPMS if collision cells are installed
(e.g., Becker and Dietze 2000). TOF-ICPMS allows measurements of up to 20,000
spectra per second but to date, has not been extensively applied to the U-series systems.

None of the above-mentioned ICPMS techniques can rival MC-TIMS and MC-
ICPMS in terms of analytical precision, but the advantage of conventional ICPMS lies in
the speed and ease with which data can be acquired. Analysis times are typically less than
10 minutes, and results can be obtained on solid, liquid or gas samples directly, without
chemical preparation. Direct analysis will, however, 5give rise to high levels of molecular
ion formation (e.g., **’Pb'°0">C" or **T1'°0," on **°U") and matrix effects, which limit
precision and are difficult to correct.

SIMS techniques have occupied somewhat of a narrower niche in uranium-series
analysis, but have significantly improved Th isotope analysis relative to TIMS for
chemically separated samples. The major improvement relative to TIMS is an
improvement by about an order of magnitude in efficiency or sample size requirements
for silicates. For uranium and/or thorium rich minerals such as carbonates and zircons,
both SIMS and laser-ablation MC-ICPMS have been used for the direct in sifu analysis of
U and Th isotopes (Reid et al. 1997; Stirling et al. 2000) on very small (pg to ng levels of
total U and Th) samples, at 10-100 um scale resolution.

6. FUTURE DEVELOPMENTS

MC-ICPMS instruments have only recently been applied for uranium-series analysis,
and so there is much potential for further development of measurement techniques using
their unique capabilities. Second-generation instruments are now equipped with multi-
collecting ion counting capabilities, and such capabilities are also available for TIMS
instruments. In particular, application of low-level multi-collection to uranium, thorium,
radium, and protactinium analysis may greatly improve analytical sensitivity for these
measurements, thereby extending analysis to materials with lower U and Th
concentrations such as mineral separates for internal mineral isochron dating
applications. Low-level multi-collection may also significantly improve many aspects of
direct uranium and thorium analysis of minerals using laser-ablation techniques. Finally,
multi-collection ion counting may extend the range of analytes to uranium-series isotopes
with shorter half-lives, such as lead-210 and actinium-227.

For both TIMS and MC-ICPMS, improvements in sources are likely to play a major
role in enhancing measurement sensitivity. This includes further development of cavity
sources for TIMS and newer ICP sources and nebulizers with reduced isobaric
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interferences or background. With regard to measurement sensitivity, one of the current
weaknesses of MC-ICPMS lies in the inefficiency by which ions are transferred from the
plasma source into the mass spectrometer. The challenge of future instrumentation will
be to improve the overall sensitivity in this “interface” region, resulting in additional
improvements in detection limits for many elements. However, continued application of
MC-ICPMS techniques should almost certainly lead to enhanced analytical throughput
and decreased analytical costs. For example, it may be possible to reduce costly and time-
intensive chemical separations for many types of uranium-series analysis, with particular
emphasis on aqueous systems. This may lead to larger uranium-series data sets than are
now possible, improving both the quality and quantity of uranium-series applications and
studies in geochemistry and geochronology.
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1. INTRODUCTION

The uranium and thorium decay series (hereafter “U-series”) include the nuclides of
ten elements, all of which can be found at trace levels in rocks and minerals. The
relatively short half-lives of the U-series nuclides give them considerable potential to
decipher a wide variety of natural processes. The common observation of secular
radioactive disequilibrium between parent and daughter nuclides provides a time
dimension that is not possible with the more commonly used trace elements. However,
just like conventional trace elements, the behavior of U-series elements depends on their
partitioning between coexisting phases, such as minerals and melts. Interpreting
radioactive disequilibrium behavior of the U-series critically requires an understanding of
how parent and daughter nuclides of these elements are fractionated one from another
under the conditions of interest. Without appropriate partition coefficients (D) it is
difficult to separate that part of any disequilibrium signal that is due to process and that
part which is due to time. This problem is minimized, but by no means eliminated, by the
use of activity ratios rather than concentration ratios, as conventionally used for trace
elements. But still, there is very little point in determining isotopic concentrations at the
sub-femtogram level, if the data themselves cannot be interpreted or modeled with
comparable precision and accuracy. Unfortunately, with the partial exception of U, Th
and Pb, our knowledge of partitioning of the U-series elements lags well behind our
ability to measure them. The problem is exacerbated by the fact that, because nearly all of
the elements of interest are highly incompatible (D <<1) in all common silicate and
oxide minerals, and many lack stable or long half-life isotopes, there are serious technical
difficulties associated with determining their partition coefficients experimentally

The purpose of this chapter is to first establish a case for the importance of using the
correct partition coefficients. Second we review experimental techniques for measuring
partitioning and highlight any new advances that may be suitable for the U-series. Third
we describe and implement a simple lattice strain model that can be used to estimate one
partition coefficient from that of a “proxy” with the same charge and similar ionic radius.
Finally we propose a set of proxies for U-series elements in the key mineral phases in
magmatic environments. The partitioning behavior of the proxies is well understood in a
wide range of conditions, and can be used to derive partition coefficients for those U-
series elements for which there are presently no experimental determinations. The
elements to be considered include nine of the ten U-series members: uranium, thorium,
protactinium, radium, radon, actinium, polonium, bismuth and lead. In view of the very
short half-lives (minutes) of both thallium nuclides (*°*T1 and 2°’TI) in the U-series this
element will not be considered further.

Although our principal objective is to develop an understanding of U-series
partitioning in magmatic situations, it is worth noting that partitioning of U-series
elements is not confined to natural geochemical problems. All of the elements in the
natural U and Th decay series, together with a number of chemically similar transuranic
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elements, occur in nuclear wastes. Many strategies of radioactive waste encapsulation
rely on assumptions about element solubility and partitioning (e.g., Lumpkin et al. 1995).
Devising containment strategies that involve both melt and solid phases requires an
understanding of how trace radionuclides will partition between them. This is an
important area of applied geochemistry, though beyond the scope of this chapter.

We make no attempt to discuss the partitioning behavior of U-series elements
between aqueous fluids and minerals at ambient conditions. Examples where this
behavior is important include uptake of U-series elements by calcite in speleothems or by
bone apatite. Also we do not consider U-series behavior in hydrothermal solutions at high
temperatures, such as during dehydration of subducted crust. In both cases complexation
behavior in the fluid may play an important role, and at low temperatures kinetic controls
may dominate. These are fruitful areas for future experimental study.

2. PARTITIONING PRELIMINARIES

Partition coefficients are conventionally expressed as the weight concentration ratio
of an element in one phase to that in another. In the case of magmatic processes it is
conventional to express the partition coefficient as the trace element concentration in the
mineral over that in the melt. An element, i, is said to be incompatible if the mineral-melt
partition coefficient (D;) is less than 1 and compatible if D;> 1. All of the U-series
elements are incompatible in the major rock-forming minerals: quartz, olivine,
pyroxenes, feldspars, amphiboles, micas and garnets. They are, however, less
incompatible in some trace or accessory phases, such as zircon and titanite, and may even
become compatible in some phases, e.g., Th in chevkinite and allanite. Consequently,
tiny inclusions of accessory phases (or glass) in many natural minerals, mean that
determining partition coefficients by bulk analysis of, for example, coexisting
phenocryst-groundmass pairs from volcanic rocks is highly unreliable (Michael 1988).
For these reasons we will only discuss data obtained experimentally, or by microbeam
analysis of phenocrysts and glass in volcanic rocks. Because of the low concentrations
involved, data from the latter are very scarce.

Another issue of concern is diffusion. During melting or crystallization trace
elements must be transferred between solid and melt phases. The rate at which this
happens is ultimately controlled by solid-state diffusion. If melting or crystallization rates
are slow relative to diffusion, then surface equilibrium, or even bulk crystal equilibrium,
will be maintained. As most partition coefficients and trace element models pertain to the
case of surface or bulk equilibrium then the behavior of fast-diffusing species in slow-
moving processes is easily modeled. However, many of the U-series elements form large
cations that are unlikely to diffuse sufficiently rapidly that surface equilibrium can be
assumed a priori. Van Orman et al. (1998), for example, have shown that U and Th
diffusivities are too low for mantle melts to be modeled using equilibrium partition
coefficients. They show that large lanthanides, such as La and Ce, are similarly
vulnerable to disequilibrium. Although diffusivities have not been measured, it seems
likely that large cations such as Ac**, Ra**, Po*", and large noble gases such as Rn, will
not always show equilibrium partitioning. In the rest of this chapter, which is concerned
exclusively with the equilibrium case, it is important to bear these disequilibrium issues
in mind. The optimum approach would be one that modifies equilibrium partition
coefficients for the effects of diffusion, so that the rate dependence of the trace element
chemistry of melts can be modeled. That approach, which is discussed in some detail by
Van Orman et al. (2002), is beyond the scope of this review. Of course, slow diffusing
species are also less likely to achieve equilibrium during experimental studies of mineral
melt partitioning.
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3. SOURCES OF PARTITIONING DATA

There are two principal sources of reliable partitioning data for any trace element:
glassy volcanic rocks and high temperature experiments. For the reasons outlined above,
both sources rely on analytical techniques with high spatial resolution. Typically these
are microbeam techniques, such as electron-microprobe (EMPA), laser ablation ICP-MS,
ion-microprobe secondary ion mass spectrometry (SIMS) or proton-induced X-ray
emission (PIXE).

Microbeam analysis of coexisting phenocrysts and glassy matrix can be reliable
provided that the phenocryst and matrix glass can be shown to be in equilibrium. Because
of their incompatible nature and relatively low diffusivities, U-series elements are likely
to undergo large changes in concentration during melting or crystallization, with the
result that phenocrysts may be zoned in trace elements, even if they are homogeneous in
major elements. For this reason, it is important that the phenocrysts analyzed are either
shown to be unzoned in trace elements, or have rims in contact with glass that are
suitably broad to be analyzed. The relatively large size of natural crystals, versus those
produced experimentally, means that this is often the case. Conversely, the greatest
disadvantage of the natural approach versus the experimental approach is that the
intensive variables pressure, temperature and redox state are never as well constrained in
nature as they are in the laboratory. Moreover, in nature one is limited by natural
concentrations, which for most U-series elements, are too low to be measured by any
current microbeam technique. To date, reliable phenocryst-matrix partitioning data are
only available for U, Th and Pb (Table 1a). Advances in microbeam technology, notably
lower detection limits, could lengthen this list.

The second source of partitioning data is experimental equilibration of crystals and
liquids followed by microbeam analysis of quenched run products. Starting materials can
be natural rocks, or synthetic analogues. In either case it is customary to dope the starting
material with the U-series element(s) of interest, in order to enhance analytical precision.
Of course, doping levels should not be so high as to trigger trace phase saturation (e.g.,

Table 1a. Sources of partitioning data: Microbeam or track-counting analyses of coexisting
crystals and matrix (or glass) in natural rocks.

Source Minerals Rock type Technique U Th Pb
LaTourrette et al. (1991) Mt Rhyolite Fission Track \

Stimac & Hickmott (1994) Ilm, Opx, Pyrrhotite Rhyolite PIXE \ \ \
Ewart & Griffin (1994) Cpx, Amph, Phlog, Various PIXE \

Plag, Ilm, Kfs*

Jeffries et al. (1995) Cpx Basalt LA-ICP-MS Y
Foley et al. (1996) Cpx, Phlog Lamprophyre LA-ICP-MS \
Chazot et al. (1996) Cpx Lherzolite SIMS \
Marshall et al. (1998) Fluorite Rhyolite SIMS Y
Thompson & Malpas (2000)  Cpx Basalt LA-ICP-MS \
Macdonald et al. (2002) Chevkinite Rhyolite SIMS \ \

*Also includes Pb, U and Th data for accessory phases allanite, leucite and aenigmatite
Mineral abbreviations:
Amph = amphibole Ilm = ilmenite Oliv = olivine Phlog = phlogopite

Cpx = clinopyroxene Kfs = alkali feldspar Opx = orthopyroxene Plag = plagioclase
Gt = garnet Mt = magnetite
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with thorite in Th-doped experiments) or violate Henry’s Law (see below). Experimental
studies can be designed either to directly reproduce a particular natural process, e.g.,
initiation of melting at the peridotite solidus, or to investigate a sufficient range of
pressures, temperatures and compositions, so that a model can be derived for
extrapolation and interpolation to other conditions. The principal difficulty with
experimental partitioning studies is growing crystals large enough for microbeam
analysis. The conventional method is to isobarically undercool the sample slowly (a few
°C per hour) from a super-liquidus or near-liquidus temperature to the run temperature.
This technique is usually successful, even for phases such as plagioclase, but care must
be taken to avoid rapid disequilibrium uptake of trace elements, especially for slow
diffusing species such as the large U-series ions. Once again, experimental partitioning
data are limited to U, Th and Pb (Table 1b). This is largely because the doping levels
required to precisely measure partition coefficients for other U-series elements, which
lack stable or long-lived isotopes, may require introducing highly radioactive materials
into sensitive mass spectrometers. This need not be a problem for cases where the
partition coefficient is close to one, but for highly incompatible elements (D < 107%) the
doping levels required to get detectable concentrations in the crystal phase may be
prohibitive.

Because U-series elements are radioactive, it is also possible to use fission-, gamma-,
beta- or alpha-track counting techniques for the determination of partition coefficients.
This offers the significant advantage that it does not require placing radioactive materials
into mass spectrometers. For track counting to provide a viable alternative to microbeam
techniques, however, it is important that full account (or advantage) can be taken of in
situ daughter nuclides (i.e., those produced after the experiment is quenched), and that the
huge concentration difference between crystal and liquid does not compromise analytical
precision. This problem is particularly acute where track images of mixed crystal and
glasses are used, such that some tracks originating in the glass actually appear to have
originated in the crystal. Possible techniques include: the use of silver nitrate coated
photographic film for the detection of beta-tracks (e.g., Mysen and Seitz 1973); Nal
detectors for counting gamma-rays (e.g., Watson et al. 1987); fission-track counting of
neutron-irradiated samples using mica detectors (La Tourrette et al. 1991); and the use of
alpha-sensitive plastics, such as CR-39 Tastrak (Henshaw 1989), for counting alpha-
tracks. All of these techniques offer the huge advantage of very low (ppb to sub-ppb)
detection limits, potentially enabling experiments to be conducted at much lower (and
safer) overall concentrations than is possible with microbeam techniques. Recent U-series
partitioning studies that use these techniques include, Benjamin et al. (1980), La
Tourrette et al. (1991) and La Tourrette and Burnett (1992). For elements that have no
stable or very long-lived isotopes (e.g., Pa, Ra), track counting remains one of the most
promising methods of partition coefficient determination. Similar techniques may also
prove useful in analysing volcanic phenocrysts for U-series nuclides, providing only that
the concentration is sufficient to generate a statistically significant number of tracks
during a reasonable counting period.

4. THE IMPORTANCE OF PARTITIONING IN
INTERPRETING U-SERIES DATA

In the introduction we asserted that it was important to use the correct partition
coefficients when interpreting U-series data. Both the ratio of daughter and parent
partition coefficients and their absolute values are important. Small errors in the ratio can
propagate to quite large errors in predictions of activity ratios even when the source
material is assumed to have a parent-daughter ratio of unity (i.e., in radioactive
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Table 1b. Sources of partitioning data: Experimental studies of natural and synthetic starting

materials.

Source Minerals P/GPa T/°C U Th Pb
Benjamin et al. (1980) Cpx 2.0 1415-1450 \
Watson et al. (1987) Cpx 10* 1275 \ \
LaTourette & Burnett (1992) Cpx 10* 1160-1273 \
Beattie (1993a) Cpx, Opx, Oliv 10429  1190-1390 \ \
Beattie (1993b) Gt 3.0-3.6 1300-1565 v \
Hart & Dunn (1993) Cpx 3.0 1380 \
Kennedy et al. (1993) Opx, Oliv 10 1150-1525 \
LaTourette et al. (1993) Gt 2.7 1307-1313 \

Hauri et al. (1994) Cpx, Gt 1.7-25  1405-1430 v \
Lundstrom et al. (1994) Cpx 10* 1285 V V \
Kennedy et al. (1994) Perovskite 10 1150-1525 \ \
Nielsen et al. (1994) Mt 10* 1080-1129 \
Brenan et al. (1995) Amph 1.5 1000 \ Y \
LaTourette et al. (1995) Amph, Phlog 15220  1150-1165 v \
Andreessen et al. (1996) Amph 0.5 940-980 \
Bindeman et al. (1998) Plag 10 1153-1297 \
Lundstrom et al. (1998) Cpx 10* 1275 v \
Salters & Longhi (1999) Cpx, Gt, Opx 1.2-2.8 1375-1595 \
Schmidt et al. (1999) Cpx, Phlog 1.5 1040-1175 \ \
Van Westrenen et al. (1999) Gt 3.0 1530-1565 \

Wood et al. (1999) Cpx, Opx, Oliv 1.5-1.9 1260-1320 \
Bindeman & Davis (2000) Plag 10+ 1153-1297 V

Blundy & Dalton (2000) Cpx 0.8-3.0  1375-1640 \
Dalpé et al. (2000) Amph 1525  1000-1100 \

Foley et al. (2000) Rutile 1.8 900 \
Law et al. (2000) Wollastonite 3.0 1420 \ v \
Van Westrenen et al. (2000) Gt, Cpx 2930  1538-1540 V
Landwehr et al. (2001) Cpx, Gt 1-8 1330-1735 v

Wood & Trigila (2001) Cpx 10402 1042-1140 \

Taura et al. (2001) Perovskite 25 2350 Y \

Barth et al. (2002) Gt, Cpx 1.8 1000-1400 V
Salters et al. (2002) Cpx, Opx, Oliv, Gt 1.0-3.4  1350-1660 \ \
Klemme et al. (2002) Gt, Cpx 3.0 1400 \ \ \
Pertermann & Hirschmann (2002)  Cpx 3.0 1335-1365 \
Hermann (2002) Allanite 2.0 900 v \
Corgne & Wood (2003) Perovskite 25 2300 \ \
Bennett et al. (2003) Cpx, Gt 3.0 1298-1402 \
McDade et al. (2003a) Cpx, Opx, Gt 3.0 1495-1505 \
McDade et al. (2003b) Cpx, Opx, Oliv 1.5 1315 \ \

Mineral abbreviations:
Amph = amphibole
Cpx = clinopyroxene
Gt = garnet

Ilm = ilmenite
Kfs = alkali feldspar
Mt = magnetite

Oliv = olivine

Opx = orthopyroxene

Phlog = phlogopite

Plag = plagioclase
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equilibrium). Conversely the absolute values of the partition coefficients contains
information about the porosity of the source region at the point of melt extraction, and the
upwelling rate (e.g., Beattie 1993a; Asmerom et al. 2000). Before going on to derive
partition coefficients for the U-series elements, we will illustrate the importance of
partition coefficients by reference to the case of U-Th radioactive disequilibrium in mid-
ocean ridge basalts.

Mid-ocean ridge basalts (MORB) are widely held to form by decompression melting
of adiabatically upwelling mantle at divergent plate margins. The depth beneath ridges at
which melting initiates, however, is still a topic of debate and one that bears on the
extractability of mantle melts, the extent to which upwelling is passive or active, and
even on the water content of the sub-ridge mantle. Thus at the East-Pacific Rise (EPR)
seismic tomography (Toomey et al. 2002) reveals a partially molten region down to
depths of over 150 km, yet it is impossible to tell from seismology alone whether the melt
forms an interconnected network (and is therefore extractable) and whether the melt
contains water (which would reduce the melting temperature). U-series analyses provide
a potentially powerful tool to resolve these questions in a less ambiguous way than is
possible from conventional trace element geochemistry.

Young MORB (<350 ka) from the EPR and elsewhere commonly display secular
disequilibrium in the ***U-decay series, with excesses of (**°Th) over (**®U) most
frequently observed (the parentheses denote activity). Providing that the mantle source
region is in secular equilibrium for >**U and *°Th at the onset of melting (i.e., more than
c. 500 ka has elapsed since the region was last perturbed), then U-Th disequilibrium is
generally taken as evidence that (a) U and Th are chemically fractionated from each
during the melting process; and (b) melt transport is rapid relative to the half-life of >**Th.
(See Chapter of Lundstrom and Spiegelman for discussion of more complex transport
models). As the bulk solid partition coefficients for U and Th are very small (<5 x 1073
for spinel or garnet lherzolite) this fractionation must occur during the earliest stages of
melting such that the bulk solid partition coefficient for U, D2, is of the same order as
the threshold porosity at which melt is extracted. Although not well known, the latter is
likely to be greater than 10> (McKenzie 1989) and possibly as large as 10> or 107> (Faul
2001). If the chemical fractionation of U from Th is an equilibrium (rather than
disequilibrium) process, then the presence of U-Th radioactive disequilibrium can be
used to constrain the source mineralogy and hence depth of onset of melting. Other
variables that influence the extent of radioactive disequilibrium include the rate of melt
extraction, grainsize and the threshold porosity at which melt is extracted.

A global dataset of (*°Th)/(**®U) shows an inverse correlation between (**°Th)
excess and the depth to the ridge axis (Bourdon et al. 1996). Shallower ridges are thought
to result from greater cumulative amounts of melting, initiated at greater depth, while
deeper ridges are thought to result from less cumulative melting, initiated at shallower
depth. Significant excess of (*°Th) in MORB from shallow ridges constrains melting to
begin in a source rock whose bulk Dry is less than Dy. Conversely, smaller excess of
(*"Th) and occasional excess of (***U) in MORB from deep ridges do not constrain
melting to begin in a source rock with bulk Dy greater than Dy, and may indicate the
opposite sense of fractionation. Until recently, available experimental studies for olivine,
orthopyroxene and clinopyroxene, the three major upper mantle minerals, showed that
olivine and orthopyroxene have Dy/Dt, > 1, but very low absolute Dy values of about
107 to 107 (Beattie 1993a). Almost all available clinopyroxene data suggested Dy/Dry <
1 at absolute Dy of 1072 to 107 (Beattie 1993a; La Tourette and Burnett 1992; Hauri et
al. 1994). When these data are used to calculate bulk partition coefficients relevant to
mantle melting the value for clinopyroxene dominates. Therefore, in the absence of an



Mineral-Melt Partitioning of U-Series Nuclides 65

additional phase with high Dy values and Dy/Dr, > 1, excesses of 29Th can not be
generated during melting in the spinel lherzolite stability field. In contrast the pyrope-rich
garnets typical of mantle peridotite were found to have high Dy/Dry, values of about 4 and
absolute Dy values similar to those of clinopyroxene (Beattie 1993b; La Tourrette et al.
1993; Van Westrenen et al. 1999; Salters and Longhi 1999; Landwehr et al. 2001; Salters
et al. 2002). For this reason the generation of **’Th-***U disequilibrium during mantle
melting is almost universally attributed to the initiation of melting in the garnet lherzolite
stability field, i.e., at depths greater than ~90 km (Robinson and Wood 1998).

A major shortcoming of most of the available experimental clinopyroxene
partitioning data on which the above conclusions were based is the discrepancy between
experimental and natural conditions. These include both temperature and pressure and, of
particular importance for the partitioning of highly charged ions, the crystal composition.
For example Lundstrom et al. (1994) have demonstrated that clinopyroxene Drj is a
strong function of the concentration of Al in tetrahedral coordination in clinopyroxene.
Experimental studies of the melting behavior of lherzolite in natural and synthetic
systems (Takahashi and Kushiro 1983; Falloon and Green 1987; Walter and Presnall
1994; Gudfinnsson and Presnall 1996, 2000; Hirose and Kushiro 1998; Robinson et al.
1998) show that the composition of solidus clinopyroxene at the onset of melting is
sensitive to changes in pressure and temperature. With increasing pressure and
temperature along the lherzolite solidus, clinopyroxenes become progressively enriched
in the enstatite, jadeite and calcium-tschermaks components and depleted in the diopside
component. Wood et al. (1999) argued that the observation of Dy/Dm, < 1 in
clinopyroxene was a consequence of the diopside-rich nature of the experimental
clinopyroxenes, which had large, Ca-rich M2 Ilattice sites, more favourable to
incorporation of the larger Th*" ion (1.05 A in VIII-fold coordination) than U** (1.00 A).
Wood et al. (1999) performed clinopyroxene-melt partitioning experiments on
compositions and under conditions more characteristic of the mantle solidus. They
showed that a smaller, Ca-poor M2 lattice site produces the opposite sense of U-Th
fractionation, with Dy/Dr, > 1 (Fig. 1). These findings were confirmed by the more
exhaustive study of Landwehr et al. (2001) who showed that Dy/Dry, for clinopyroxene
increases roughly linearly with increasing depth (Fig. 2), such that even in the absence of
garnet, the greater the pressure of onset of melting, the greater the likely **°Th excess.
Although this finding does not rule out garnet in the source region of mid-ocean ridge
basalts, it removes the requirement for this phase. To demonstrate that melting did begin
in the presence of garnet, additional evidence must be mustered, such as lanthanide
concentration patterns (McKenzie and O’Nions 1991) or Lu-Hf isotope systematics
(Salters and Hart 1989).

We will return in more detail to U-Th partitioning between clinopyroxene and melt
later. The MORB example simply demonstrates the care required when selecting partition
coefficients, which are sensitive to changes in pressure, temperature and composition.
Without detailed partitioning data at the appropriate conditions, an erroneous inference
could be drawn from U-series disequilibrium data, namely that excess of (**°Th) over
(*®U) proves a garnetiferous source. One can envisage countless other examples where
unanticipated fractionations between daughter-parent pairs can lead to surprising
conclusions.

5. THE LATTICE STRAIN MODEL

Two important observations are clear from the foregoing. The first is that, although
there are partitioning data for U, Th and Pb (Table 1), they are sufficiently variable to
present a problem for the geochemist: which value to choose for a particular problem.
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Figure 1. Variation in Dy/Dry, with M2-site radius in clinopyroxene for all available experimental data.
Data sources are: Land (Landwehr et al. 2001); HWG (Hauri et al. 1994); LaTB (La Tourrette and
Burnett 1992); SLB (Salters et al. 2002); McD (McDade et al. 2003a,b); WBR (Wood et al. 1999);
Beattie (1993a); Benj (Benjamin et al. 1980); S&L (Salters and Longhi 1999); Lund (Lundstrom et al.
1994). In each case the M2-site radius is calculated from the experimental clinopyroxene composition
using Equation (12a). Error bars (1 s.d.) are only shown for experiments carried out in Bristol, where
Dy/Dry, is taken from the ratio (U/Th)c,/(U/Th)ne, and is consequently more precise (Wood et al.
1999). Error bars for all other data are larger, sometimes up to 50% of Dy/Dry,. They have been omitted
for clarity. The four different categories of Landwehr et al. (2001) denote different starting mixes,
designed to bracket a wide range of clinopyroxene composition and hence M2-site radius. The deviation
for four of the points labelled “Di20Ab80”, which derive from 5.6-8.1 GPa experiments in the system
diopsidey,-albitegy, is probably due to their unusually high Na,O content (9-11 wt%), which is not
adequately accounted for in the M2-site radius algorithm (Eqn. 12a). The curved lines denote the lattice
strain model (see text) with ionic radii from Shannon (1976), shown as solid line, and from Table 2
(broken line). The range of M2-site radii on the mantle solidus, from experimental studies, is shown as
a shaded box. It is evident from this plot that the Dy/Dy, ratio is very sensitive to clinopyroxene
composition.

Evidently one reason for the variability of the data stems from the fact that they were
acquired under variable conditions of pressure, temperature and composition. A method
of parameterising the data for U, Th and Pb is required, so that full account can be taken
of pressure, temperature and composition. The second observation is that there are no
experimental partitioning data for the other U-series elements Pa, Ra, Rn, Ac, Po, or Bi.
What partition coefficients should be used for these elements? It is certainly not always
sufficient to simply assume that an element, such as Pa or Ra, is totally incompatible (D
= 0) in all mineral phases, because this removes the opportunity to chemically fractionate
these elements from each other by processes such as melting, crystallization or degassing.
Clearly what is needed is a means of estimating partition coefficients for U-series
elements for which there are no experimental values, and using these estimates to gauge
the senses and likely magnitudes of chemical fractionations between them.
Conventionally, this has involved the use of proxies: elements whose chemistry is similar
(though rarely identical) to the U-series element of interest, and for which there are
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Figure 2. Calculated variation in Dy/D1, (open symbols) and Dy, (solid symbols) along mantle solidus
using model of Landwehr et al. (2001). Solidus clinopyroxene compositions were taken from
experiments on natural compositions (MPY90 — Falloon and Green 1987) and synthetic systems
(NCMAS — Walter and Presnall 1994). They both describe similar trends of increasing Dy/Dr, and
decreasing Dy, with increasing pressure on the solidus. The shaded area and solid line are designed to
guide the eye; they have no statistical significance. Also shown on this plot are two experimental
determinations of Dy/Dr, and D, (McDade et al. 2003a,b), on the mantle solidus at 1.5 and 3 GPa, that
post-date the Landwehr et al. (2001) model. Errors bars are 1 s.d. Note that the model reproduces Dy, at
both pressures, but overestimates Dy/Dry, at 1.5 GPa. This is partly because the 1.5 GPa experiment of
McDade et al. (2003b) was performed on a slightly more refractory bulk composition than MPY90. The
Wood et al. (1999) determination of Dy/Dr, for MPY90 composition at 1.5 GPa is 1.07 + 0.04.

partitioning data. The best example of a proxy is Ba, generally used as a stable analogue
for Ra, which lacks a stable reference isotope. For other U-series elements, the choice of
proxy is less straightforward. Furthermore, it is not clear what effect small
physicochemical differences between a U-series element and its proxy have on the
partition coefficients. To employ proxies effectively, these issues must be resolved. Here
we describe a simple technique for doing this that takes account of the principal controls
on trace element incorporation and partitioning into minerals.

Since the pioneering work of Goldschmidt (1937) it has been generally accepted
that, at a given pressure (P) and temperature (7), the principal controls on trace element
partitioning are the mismatch in valence and ionic radius between the substituent and
substituted ion. Because of their regular, rigid structures (relative to melt or fluid phases)
minerals can readily accept onto their lattice sites only ions of similar radius and charge
to the “host” ion normally resident at that site. Substitutions at extended or intrinsic
defects may also be important, but these have not yet been subject to systematic study.
Because trace element partitioning is a thermodynamic process, P and 7T and, in the case
of variable valence ions, oxygen fugacity (fO;), also exert an important control on
partition coefficients. Goldschmidt proposed three “rules” for trace element uptake into
minerals from melts (Mason 1966, p. 132):

1. If two ions have the same radius and the same charge, they will enter a given
crystal lattice with equal facility.
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2. If two ions have similar radii and the same charge, the smaller ion will enter a
given lattice more readily.

3. If two ions have similar radii and different charge, the ion with the higher charge
will enter a given crystal lattice more readily.

Goldschmidt’s second and third rules are oversimplifications. Still, his first “rule”
provided the basis for a theoretical treatment of the problem, which came with the advent
of atomistic models of crystal lattices. These “lattice strain” models were based on the
simple premise of trace ions as charged point defects in a dielectric, elastic continuum.
Consequent disruption of the lattice around the defect is minimised by relocating (or
relaxing) the neighbouring ions and distributing the surplus elastic or electrostatic energy
through the lattice (Nagasawa 1966; Brice 1975). The elastic strain energy is roughly
symmetrical about an optimum ionic size. In other words the energy penalty for
accommodating an ion that is fractionally too large for a site is about the same as that for
an ion that is too small by the same amount. The elastic strain energy is inversely
correlated with the logarithm of the partition coefficient, which, for a specific lattice site,
should vary near-parabolically with ionic radius as first observed from analyses of
volcanic phenocrysts and their glassy groundmass by Onuma et al. (1968). The optimum
radius, i.e., that for which D is largest, is close to the radius of the host cation in the
crystal of interest. Where substitution occurs at more than one lattice site a series of
overlapping parabolae are observed for each cation valence (Onuma et al. 1968; Purton et
al. 1996), with maxima corresponding to the optimum radii of the various sites. Note that
cations that have ionic radii intermediate between two sites (i.e., too small for one site
and too large for the other) can be disordered across these sites and therefore will have
higher overall partition coefficients than would be expected from their size mismatch on
either site alone. Mn*>" incorporation in clinopyroxene is one such example.

The advent of trace element microbeam techniques revolutionised the experimental
determination of partition coefficients and provided the means to quantify the lattice
strain models. Two papers, both published in 1994, successfully applied lattice strain
models to experimental partition data for olivine (Beattie 1994) and for clinopyroxene
and plagioclase (Blundy and Wood 1994). Beattie used the formulation of Nagasawa
(1966), while Blundy and Wood used that of Brice (1975). The two formulations are very
similar and can be applied with equal facility, differing by at most 10% in lattice strain
energy for the largest misfit cations. For simplicity we shall use the Brice (1975)
formulation here, as adapted by Blundy and Wood (1994), largely because that
formulation is mathematically more tractable. However, we recognise that the Brice
equation is a slightly less complete description of the lattice strain process than the
Nagasawa equation, which explicitly takes account of both radial and tangential strains
around the substituent cation.

According to the Brice model, for an isovalent series of ions with charge n+ and
radius r; entering crystal lattice site M, the partition coefficient, D, , can be described
in terms of three parameters (Fig. 3): 7;},, , the radius of that site; £} the elastic response
of that site to lattice strain (as measured by its effective Young’s Modulus) caused by ions
that are bigger or smaller than 7y, ; and Dg),,, the “strain-compensated” partition
coefficient for a (fictive) ion with radius 7,,,, according to the expression (Blundy and

Wood 1994):

nt| | .n+ nt \2 1 )
-, —47N,E} E’Q)(M)(K_FO(M)) +§(’/}_FO(M))
D, = Dy, X €Xp RT (D)
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Lattice strain model

Figure 3. Cartoon illustrating the /attice
strain  model of trace element
partitioning. For an isovalent series of
ions with charge n+ and radius r
entering crystal lattice site M, the
partition coefficient, D,,,, can be
described in terms of three parameters:
Tor) » the radius of that site; the elastic
response of that site (as measured by its
apparent Young’s Modulus, E;’) to
lattice strain caused by ions that are
bigger or smaller than 7y, ; and Dy, ,
the partition coefficient for a (fictive)
ion with radius 7, . The mathematical
description of the lattice strain model is
given in Equation (1).

log (partition coefficient)

ionic radius (r)

where N, is Avogadro’s Number (6.02214 x 10%°), R is the universal gas constant
(8.31451 J K™ mol™) and T is in K. We can simplify Equation (1) by explicitly
evaluating the constant terms, adopting £ in GPa and ionic radii in A, as follows:

- —910.17Ej’4+[ oy (7= r(;’(;d))2+§(13—r0”(;4))3}

o) X EXP 7 (2)

Blundy and Wood (1994) showed that Equation (2) could be used to fit the partition
coefficients for series of isovalent cations entering the large cation sites in plagioclase and
clinopyroxene (Fig. 4). Significantly they were able to show that, in the case of homovalent
substitution, i.e., where trace ion and host ion have the same charge, the fit parameters £
and 7o have physical significance. Thus £, and E,' in plagioclase were found to lie close
to the bulk crystal Young’s Moduli for anorthite and albite (Fig. 5), respectively, while
E?', in clinopyroxene was similar to the bulk crystal Young’s Modulus of diopside, the
dominant end-member component in their synthetic crystals. This suggested that the elastic
properties of the crystal are strongly influenced by those of the large cation site, rather than
by the relatively rigid tetrahedral Si-O(-Al) framework. Crystals with higher bulk elastic
moduli (e.g., garnet) are, in general, characterised by tighter partitioning parabolae than
crystals with lower bulk elastic moduli (e.g., plagioclase), which accommodate misfit
cations more easily. Evidently the ability of a crystal lattice to accommodate cations of a
different ionic radius to the “host” or “optimum” cation is determined to a large extent by
the elastic response of the crystal to strain. As crystals are characterised by a regular
arrangement of ions in relatively rigid lattices, it is likely that they will be less tolerant of
misfit cations than silicate melts with their essentially disordered and flexible structures.
Consequently, it is not surprising that strain of the crystal lattice dominates the energetics
of partitioning. It is for that reason that no melt composition-related term appears in
Equation (1). However, the pre-exponential term, Dy, the strain-compensated partition
coefficient, will depend on activity-composition relationships in both crystal and melt
phases, and may show some complex sensitivity to melt composition (e.g., Blundy et al.
1996), as well as to P and 7.
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Figure 4. Fits of lattice strain model to experimental mineral-melt partition coefficients for (a)
plagioclase (run 90-6 of Blundy and Wood 1994) and (b) clinopyroxene (run DC23 of Blundy and
Dalton 2000). Different valence cations, entering the large cation site of each mineral, are denoted by
different symbols. The curves are non-linear least squares fits of Equation (1) to the data for each
valence. Errors bars, when larger than symbol, are 1 s.d. lonic radii in VIII-fold coordination are taken
from Shannon (1976).
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Figure 5. Variation in apparent lattice-site Young's Modulus ( £}, ) with molar anorthite content of the
host crystal for the plagioclase partitioning experiments of Blundy and Wood (1994). E,; , E, and
E,’ were derived by fitting Equation (1) to 1+, 2+ and 3+ cations, respectively, for each experiment in
the system diopside-albite-anorthite. Horizontal lines labeled anorthite and albite denote measured
Young's Moduli of the bulk crystals. Note the similarity between E,; and Epie, and E;’ and Egomnice
suggesting that, in this case, it is the elasticity of the large cation site that controls the elasticity of the
bulk crystal. Error bars are 1 s.d.

Blundy and Wood (1994) found that values for the optimum site radius, 7, , were
not necessarily the same as the radius of the cation normally resident at the site of
interest. Thus roz(jw ,) In clinopyroxene is slightly smaller that the radius of Ca*', the ion
which normally occupies that site (Wood and Blundy 1997). Instead they observed that
ro’al) was closely related to the known metal-oxygen bond lengths (dy.o) in the host
minerals, provided that allowance was made for the ionic radius of co-ordinating O*~
ions, taken to be 1.38A (Shannon 1976), i.e.,

dvo= 1, + 1.38 A 3)

Moreover, for solid solution series, such as pyrope-grossular garnets (Fig. 6a; Van
Westrenen et al. 1999) or albite-anorthite plagioclases (Fig. 6b; Blundy and Wood 1994),
the variation in 7, across the solid solution, obtained by fitting the partitioning data, is
in agreement with known variations in dy.o. This observation has since been confirmed
by Tiepolo et al. (1998) and Bottazzi et al. (1997) in studies of lanthanide partitioning
between amphibole and melt. These authors were able to measure dy.o in synthetic
amphiboles using single crystal X-ray techniques and compare the values to r03(jw4)
determined experimentally from the same crystals. The strong correlation between the
two, and offset of 1.41+0.04 A in dy.o (cf. Eqn. 3) confirmed a strong link between
crystal structure and trace element incorporation.

A further feature of the fit parameters obtained by Blundy and Wood (1994) for
plagioclase and clinopyroxene was that the partitioning parabolae become tighter (E;,
increases) and displaced to lower 7, as charge increases (Law et al. 2000; Blundy and
Dalton 2001). These observations have since been confirmed by a large number of
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Figure 6. Variation in lattice size parameter (7;,,, ) with crystal composition for the large cations sites
in (a) garnet and (b) plagioclase. Garnet data (r(f(})) were derived from 3+ patitioning data from the 3
GPa CMAS experiments of Van Westrenen et al. (1999) and are plotted against molar fraction pyrope.
Plagioclase data (Voﬁ@ and roz(ju)) were derived from 1+ and 2+ patitioning data from the 0.1 MPa
diopside-albite-anorthite experiments of Blundy and Wood (1994) and are plotted against molar
fraction anorthite. In both cases the observed decrease in site dimension with increasing Xanorthite OF
Xpyrope 1S quantitatively consistent with measured changes in metal-oxygen bond lengths in these
minerals. Error bars are 1 s.d.

partitioning studies on other mineral phases, including wollastonite, amphibole,
orthopyroxene, diopside, perovskite and garnet. The observations are interesting because
once again they appear to have physical significance. In the case of E; the observed
behavior is analogous to that of ionic crystals, wherein for a given class of compound
(e.g., oxides) the bulk modulus, K, is a function of the ratio of cation charge (Z;) to
molecular volume (dM_o%). Anderson and Anderson (1970) showed that, for an ionic
crystal with electrostatic (Coulombic) attractive forces and a Born power-law repulsive
potential, K is linearly dependent on cation charge for fixed structure type and molecular
volume. This finding was extended by Hazen and Finger (1979) to individual cation-
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anion coordination polyhedra in a large number of simple and compound oxides, leading
to the following relationship:

K =750( % 20) Z; du.o > GPa “4)

where dyi.o (in A) is given by Equation (3). K is therefore a linear function of cation
charge in oxygen polyhedra of the kind we are concerned with in silicate minerals. The
observed correlation can be extended to Young's modulus, E, by considering the identity
relating £ and K in isotropic materials:

E=3K(1-20) (5)
where o is Poisson’s ratio. Most minerals approximate Poisson solids (o= 0.25), giving:
E=15K (6)

Strictly speaking this identity applies only to bulk crystal elastic properties, and cannot be
expected to hold in the case of apparent lattice site elastic properties. However, we find
that the elastic properties and dimensions of the large (non-tetrahedral) cation sites in a
large number of silicate minerals, as obtained from trace element partitioning data, are in
very good agreement with Equation (4) (Fig. 7). In detail the similarity between oxides
and lattice sites breaks down at large charges and small bond-lengths: lattice sites appear
to be stiffer than oxide minerals with the same value of ZCdM_o%. This may relate to the
tendency of minerals with small coordination polyhedra to deform by twisting or
torqueing of the polyhedra rather than by bulk compression, or is perhaps a reflection of
the gross simplifications used in comparing the two datasets, such as the conversion from
E to K (Eqn. 6). In a recent lattice statics (i.e., 0 K) computer simulation of divalent
cation incorporation into pyrope-grossular garnets, Van Westrenen et al. (2003) showed
that the configuration of Ca and Mg as first, second and third nearest X-site neighbours to
the substituent cation can profoundly influence the energetics of trace element
incorporation. In some intermediate Gr-Py solid solutions this leads to an apparent
“softening” of the lattice, as measured by the curvature of the partitioning parabolae,
which is in fact simply a consequence of ordering between trace substituent and host Ca
and Mg. In any event it is apparent that small lattice sites are very resistant to the
accommodation of highly charged cations, even with small size misfits. This has
implications for the incorporation of the highly charged U-series cations (notably Pa"),
onto the smaller octahedral sites in silicates, because partition coefficients for these
elements will be very sensitive to small changes in r and £ (e.g., Hill et al. 2000). Note
also that extrapolation of the lattice site trend to zero charge (Fig. 7) shows that £, will
be very low, suggesting that there should be very little discrimination between the noble
gases on the basis of their atomic radii (Wood and Blundy 2001).

n+

The decrease in 7y, with charge suggests that displacement of the coordinating
oxygens around the lattice site plays a role (Fig. 8). Thus a highly charged cation (with
net positive charge at the site of interest) draws in the oxygen anions reducing the
optimum radius of the site. Conversely a low-charged cation (with net negative charge)
repels the oxygens, thereby increasing the optimum radius of the site. There is a limit to
how far the oxygen ions can be drawn in before repulsive interactions between adjacent
oxygens becomes significant. As a result 7y, is nearly constant at high charge (Fig. 8).
This inference is borne out by the variation in ionic radius with charge for several
polyvalent elements (Am, U, Np, Pu) in VI-, VII- and VIII-fold coordination (Fig. 8) as
derived from various actinide compounds by Shannon (1976). As the cation charge
increases so the M-O bond length in these compounds decreases. The rate of decrease in
M-O is less at high charge than at low charge, due to repulsion between the coordinating
oxygens as they are drawn closer to the more highly charged central atom. This trend is
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Figure 7. Variation in apparent site elasticity (Young’s Modulus, Ej; ) with the ratio Z,/d°, where Z, is
the ionic charge and d is the metal-oxygen bond length (in A) at the site of interest, given as Toory T+ the
radius of IV-coordinate O® ions ( = 1.38 A; Shannon 1976). Data are presented for (large) non-
tetrahedral cation sites only. The solid line shows the variation in bulk E with Z,/d* for binary oxides
(Hazen and Finger 1979), assuming that £ = 1.5 x bulk modulus (K). Note the agreement between
oxides and lattice sites at values of Z,/d less that 0.3 A, At higher values lattice sites appear to be
considerably stiffer than oxides. Evidently small lattice sites are very resistant to the accommodation of
highly charged cations, even with small size misfits. This has implications for the incorporation of, for
example, Pa’" onto M1 in clinopyroxene. Extrapolation of the lattice site trend to zero charge shows
that £, will be very low (near zero), suggesting that there should be very little discrimination between
the noble gases on the basis of their atomic radii. This is consistent with the experimental results of
Brooker et al. (2003) on Ne-Ar-Kr-Xe partitioning between clinopyroxene and melt. Data in this figure
are compiled from a large number of experimental sources and over a wide of pressure and temperature.
All were obtained by fitting Equation (1) to cation partitioning data.

very similar to that observed from the partitioning data, although the two trends are
displaced by approximately 2 charge units.

The physical plausibility of 7, and E} means that (a) for homovalent cations
both parameters can be estimated from known M-O distances and bulk-crystal elastic
moduli and (b) values of 7y, and E}; for higher and lower charged substituents (i.e.,
heterovalent substituents) can be reliably estimated using the trends in Figures 7 and 8.
These two facts form the basis for a quantitative model of mineral-melt partitioning.
Wood and Blundy (1997) used this approach to rationalize a large data set of lanthanide
partition coefficients for clinopyroxene. Their objective was to obtain values of D03(+M2)
for each of several hundred experiments and then parameterize them as a function of P
and 7. Van Westrenen et al. (2001a) took a similar approach to the partitioning of
lanthanides and Sc between garnet and melt. With the exception of garnet-melt and
clinopyroxene-melt partitioning of U and Th (Landwehr et al. 2001), there are
insufficient U-series partitioning data to make such an exercise worthwhile. Instead, for
most elements we will use the lattice strain approach as a means of estimating the
partition coefficient of one element based on the partition coefficient of a proxy.

In all cases considered below, the proxy and the U-series element have the same
ionic charge. However, in some cases there are no partitioning data even for the proxy at
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Figure 8. Variation in 7y;,, with cation charge (Z,) for lattice sites in clinopyroxene (Blundy and
Dalton 2000; Brooker et al. 2003) and wollastonite (Law et al. 2000), compared to change in ionic
radius with charge for some polyvalent cations (Am, U, Np and Pu in VI-, VII- and VIII-fold

n+

coordination; Shannon 1976). In both cases there is a decrease in ionic radius or 7y, with increasing
charge. Although they are displaced along the abscissa, the form of the curves is strikingly similar
suggesting that it is electronic polarisation of the co-ordinating oxygens around the lattice site that is
responsible for the change in 7y, with charge. This variation must be taken into account when
attempting to extrapolate partitioning data from one valence to another.

the conditions of interest, and its partition coefficient must be estimated from the partition
coefficients of other cations with different charge. To effect this we use the relationship
between the strain-compensated partition coefficient, Dy, and cation charge, Z. (Wood
and Blundy 2001). Typically, Dy is larger for homovalent substitution than for
heterovalent substitution. In fact when plotted against Z., Dy shows another parabolic
dependence (Fig. 9), similar to that of D; versus r; (Fig. 4) The form of this relationship
relates to the electrostatic work that is done when the substituent ion has a different
charge to that of the cation normally resident at a lattice site. Such heterovalent
substitution requires the presence of a charge-compensating defect (cation or anion)
elsewhere in the lattice (e.g., Ln** + Na!™ = 2Ca"). At high temperatures there is likely to
be considerable disorder between the trace ion and its compensating defect (Purton et al.
1997), and the two need not sit on adjacent sites. In that case the electrostatic work is that
required to dissipate the excess (or deficit) charge, which in turn is controlled by the size
of the charged region and the dielectric constant of the lattice.

Wood and Blundy (2001) developed an electrostatic model to describe this process. In
essence this is a continuum approach, analogous to the lattice strain model, wherein the
crystal lattice is viewed as an isotropic dielectric medium. For a series of ions with the

n+

optimum ionic radius at site M, (7, ), partitioning is then controlled by the charge on the
substituent (Zy) relative to the optimum charge at the site of interest, Z, ,,, (Fig. 10):

83594(Z, ~ Zy )

(e0)T

2
_NAeg (Zn - ZO(M) )
(2ep)RT

n+

oM) = DOO(M) X exXp

= DOO(M) X exXp

(7)
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Figure 9. Variation in the strain-free partition coefficient for the clinopyroxene M2-site { Dyy,, } with
ionic charge for three experimental runs of Brooker et al. (2003). For 1+, 2+ and 3+ charges in each
experiment Dy, Wwas obtained by fitting Equation (1) to the partitioning data, for the cations shown.
For 4+ cations, we have adopted the Dy or D, (whichever is larger), because there are insufficient 4+
partitioning data to fit a parabola. For the noble gases (“0+”) either Dy, or Dy, is plotted. Note the near-
parabolic variation of Dy, with charge, such that noble gases (Ne-Rn), with effective charge of
approximately —2 at M2, are expected to have similar clinopyroxene-melt partition coefficient to U**
and Th*" with effective charge +2 at the same site. This forms the basis of the electrostatic model (Eqn.
7 and Fig. 10). The solid curve shows the fit of the model to experiment 99ma7. The fit parameters, in
this case, are: Z,,, = 1.69 and pe =21.6 A. The low value of Zyy reflects the sodium-rich nature of
this clinopyroxene (10.9 wt% Na,0).

where e is the charge on the electron and N, R and 7T are defined above. The tightness
of the parabola is inversely proportional to the radius (p) of the region over which the
excess charge is distributed, and the dielectric constant (&) of that region. The partition
coefficient for a (fictive) ion that can enter a lattice site without causing either elastic
strain or electrostatic charging is denoted Dy, -

Experimental clinopyroxene-melt (Brooker et al. 2003) and wollastonite-melt (Law
et al. 2000) partitioning data can be fitted to the electrostatic model (see Fig. 9). Only
species entering the large cation site (e.g., M2 in clinopyroxene) are considered. For each
isovalent group (actinides, lanthanides etc.) Dy,,, derived as shown in Figure 4, is
plotted against charge. The resulting parabola is consistent with the simple theory in
Equation (7), and can be fit with Z,,, of 1.8-2.0 and gp of 18-26 A. This relationship
can be used to predict the strain-free partition coefficient for a particular valence based
only on the partition coefficients of other valences at the same lattice site. For example,
we can use strain-free partition coefficients for 1+, 2+ and 3+ cations on a specific lattice
site to estimate the strain-free partition coefficient for 4+ cations, even if there are no 4+
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Electrostatic model

Figure 10. Cartoon illustrating the
electrostatic  model of trace element
oo(m) partitioning. For a series of ions with the
optimum ionic radius at site M (7)),
partitioning is controlled by the ionic charge
(Z,) relative to the optimum charge at the site
of interest, Z,,,. The larger the charge
Z mismatch, the smaller the partition
o) coefficient. The tightness of the parabola is
inversely proportional to the product of the
5 radius (p) of the region over which the excess
(pe) charge is distributed and the dielectric
[ \ constant (g) of that region. The partition
coefficient for a (fictive) ion that can enter a
lattice site without causing elastic strain or
electrostatic charging is denoted Dy ,,,. The
mathematical description of the electrostatic
model is given in Equation (7).

log(strain-compensated partition coefficient)

ionic charge (£ )

partitioning data available. Dy, , Dy, and Dy, can be derived by fitting the available
1+, 2+ and 3+ partitioning data to Equation (2). D&*M)can then be obtained by
extrapolation using Equation (7). Next, ro‘t;l) and Efj;) must be estimated: a reasonable
assumption, based on the foregoing discussion, is that 7y, =7y, (Fig. 8) and
E(‘ZQ =§E(3A+4) (Fig. 7). Finally, the partition coefficient for a 4+ cation of interest (e.g.,

Po™") can then be obtained from Dy, through Equation (2) using 7y, and E;,.

A particular value of the electrostatic model is that it enables predictions to be made
of the partitioning behavior of the noble gases. We have previously noted that there
should be very little discrimination between the noble gases on the basis of their atomic
radii, because E,, is very small. Equation (7) predicts that if the noble gases enter lattice
sites with a negative effective charge, say —2 at a Ca site, then they would be expected to
have similar partition coefficients to U*" and Th*', with effective charge of +2 at the
same site. Recent determination of clinopyroxene-melt partition coefficients for the larger
noble gases (Ne-Xe) show very little variation with atomic radius and an overall
similarity to Dy and Dy, in the same crystals (Fig. 9, Brooker et al. 2003), which is
consistent with noble gas incorporation at the M2 lattice site. Computer simulation
studies of noble gas incorporation in clinopyroxene (Brooker et al. 2003; Allan et al.
2003) support this contention, showing that the energy penalty for inserting the heavier
noble gases at lattice sites, charge balanced by other species elsewhere in the lattice, is
much lower than that for inserting them interstitially, or at grain boundaries. We shall use
this approach to estimate partition coefficients for Rn.

5.1. Proxies

Proxies are widely used in U-series geochemistry in the study of Ra isotopes.
Because Ra has no stable (or long-lived) isotope against which to be ratioed, the common
practice is to ratio Ra isotope activity to Ba concentration. The assumption is that Ba and
Ra are chemically similar (i.e., both form large divalent cations) and behave coherently
during magmatic processes. Ba can be therefore described as a “proxy” for Ra. The
conventional approach, however, is to assume that the partitioning behavior of Ba and Ra
are identical. In fact, as is apparent from Equation (1), the slightly different ionic radii of
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Ba®" and Ra*" (1.42 A and 1.48 A, respectively, in VIII-fold coordination; Table 2) mean
that in most cases their partition coefficients will not be same (Blundy and Wood 1994;
Purton et al. 1996). Under certain circumstances these differences could lead to
significant fractionation of Ra from Ba. Without correcting for the small partition
coefficient differences, Ra isotopic data could be misinterpreted, as recently emphasized
by Cooper et al. (2001) and Cooper and Reid (2003).

The approach taken here is to use the lattice strain model to derive the partition
coefficient of a U-series element (such as Ra) from the partition coefficient of its proxy
(such as Ba) under the appropriate conditions. Clearly the proxy needs to be an element that
forms ions of the same charge and similar ionic radius to the U-series element of interest,
so that the pair are not significantly fractionated from each other by changes in phase
composition, pressure or temperature. Also the partitioning behavior of the proxy must be
reasonably well constrained under the conditions of interest. Having established a suitable
partition coefficient for the proxy, the partition coefficient for the U-series element can then
be obtained via rearrangement of Equation (2) (Blundy and Wood 1994):

D, =D, exp —910.17E/ {ron(jw) (rbz—rz)—l(rg_rs)} (8)

‘ T 2

where subscript a denotes the U-series element and subscript b denotes the proxy. Where
an element enters two sites then Equation (8) must be evaluated for both sites, ideally
with a different proxy on each, and the two partition coefficients summed (Purton et al.
1996). Account must be taken of the different coordination numbers and elastic
properties of the two sites.

Table 2. Ionic radii of U-series elements and their proxies

.. Coordination . Coordination
U-series ion | VI X X1 | Proxyion VI VIl X XII
U 0875 0983 1.08 1.17 na
“Th* 0.919 1.041 1.13 1.21 na
Pb?* 1.19 1.29 1.40 149 St 1.18 1.26 1.36 1.44
Ra?* 1.40 1.48 1.59  1.70 Ba?* 1.35 1.42 1.52 1.61
Pa’* 0.78 0.91 na na Nb>* 0.640 0.74 na na
Ta*" 0.660  0.76
Bi** 1.03 1.17 128 1.36 La®" 1.032  1.032 127 136
Ac 1.12 1.24 134 1.42 La®" 1.032  1.032 127 136
Po* 0.94 1.08 117 1.25 Th* 0919  1.041  1.13 121
U+ 0875 0983  1.08 1.17
fRn? Ar°
Xe

Tonic radii in Angstroms (107!° m). Values in italics are estimated from Fig. 2 of Shannon (1976). All others taken
directly from Table 1 of Shannon (1976), except as noted below.

na is not applicable

fRadius of Ta>* ions assumed 0.020 A larger than Nb>* ions following Tiepolo et al. (2000b)

It is assumed that there is no size fractionation between noble gases. In the absence of partition coefficients for other
noble gases, Dy, estimated from electrostatic model.

*U and Th ionic radii in VIII-coordination from Wood et al. (1999). Those in VI-coordination are introduced here; X
and XII are from Shannon (1976).
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We will use the proxy approach for all of the U-series elements, except U and Th for
which there are already sufficient experimental data (Table 1b). For both of these
elements we will discuss 4+ cations only. U also forms 5+ and 6+ cations in oxidizing
environments. These are more relevant to aqueous and hydrothermal settings and will not
be considered further here. However, in some experiments run at atmospheric pressure in
air (e.g., Beattie 1993b), U will occur in one of its oxidized forms. These data are
excluded from discussion, although it should be noted that in all minerals discussed here,
the uranium partition coefficient will be considerably smaller when uranium is
dominantly 5+ and 6+ compared to when it is dominantly 4+.

Selecting suitable proxies involves knowledge of the redox state of the U-series
element and its ionic radius for the appropriate coordination number. The latter are
known for almost all cations from the compilation of Shannon (1976). However, some
care is required when using these data because not all of the ionic radii were obtained
from oxides and some problems may occur when applying such radii to oxygen-
coordinated sites in silicate minerals. For example, Wood et al. (1999) noted that the
Shannon ionic radii for U*" and Th*", which were derived from fluorides, were slightly
larger than those derived from the corresponding oxides, UO, and ThO,. In addition,
some ionic radii in Shannon are only quoted to two significant figures, while a third
figure is required to explain some of the observed fractionations. Nb°* and Ta’" are
examples: Tiepolo et al. (2000) noted that the VI-fold radius of Nb°>" must be ~0.015 A
larger than Ta’", even though Shannon (1976) quotes 0.64 A for both. With these
reservations in mind, however, we have adopted the Shannon (1976) values for most U-
series elements (Table 2), in the absence of alternative data on their compounds or their
partitioning behavior. If no value is given by Shannon (1976), we have used his
correlations between radius and coordination number (Fig. 2 in Shannon 1976) to
extrapolate or interpolate an appropriate value (Table 2).

The simplest proxy to identify is that of Ba*" for Ra**. As noted above, both are
heavy alkaline earths, which form large divalent cations. They exclusively enter large
cation sites with at least VIII-fold coordination. There are a large number of Ba partition
coefficients for the major rock-forming minerals over a wide range of conditions, which
make it an ideal proxy.

There is a relatively large set of partitioning data for Pb in most rock-forming
minerals (Table 1). As far as possible we will use these data. Where there are no data, the
proxy approach will be used. In most magmatic environments Pb forms divalent ions
with a similar ionic radius to Sr** (Table 2), which will be used as a proxy. However,
Pb*" is unusual in having a lone pair of electrons (6s*), which gives a tendency to
covalent bonding. Shannon (1976) draws attention to the variable ionic radius of Pb*",
depending on the extent to which the lone pair participates in bonding, which in turn may
be linked to site distortion. This may partly explain the apparent anomalous partitioning
behavior of Pb in some minerals. In that case, the lattice strain approach, using the
Shannon ionic radii alone, is inadequate. One possible remedy is to modify the radii of
cations with lone pairs of electrons (e.g., Pb*", TI'", Bi*") according to their specific
coordination environment. Such an exercise is beyond the scope of this review. We will
however note when the lattice strain approach does not appear to be valid for the Pb-Sr
pair, and, where possible, suggest a more appropriate “effective” ionic radius for Pb*".
No consideration will be given to Pb*", which is unlikely to be common in magmatic
environments, although like U°" and U®', it may occur in some atmospheric pressure
experiments conducted in air. In all minerals discussed, with the likely exception of
zircon, Pb*" will be more incompatible than Pb*".

Polonium forms both 4+ and 6+ ions, the former being considerably more stable in
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most natural environments, although PoO¢®" complexes may occur in water (cf. telluric
acid). The ionic radii of Po*" are 0.94 A (VI) and 1.08 A (VIII), which are only slightly
larger than Th*" and U*" (Table 2). We shall therefore use the latter two elements as
proxies.

Actinium is similarly easy to find a proxy for. It forms large trivalent cations with an
ionic radius of 1.12 A in VI-fold coordination. This is somewhat larger than La*"
(1.032 A), which we will adopt as a proxy. The partitioning behavior of the lanthanides
(denoted collectively Ln) is sufficiently well understood to make this a prudent choice. In
some minerals, however, the larger size of Ac’”, may place it onto a larger lattice site
than the lanthanides. This possibility should be considered for minerals with very large
cation sites, such as amphiboles and micas.

Bismuth forms both 3+ and 5+ cations, although the former are by far the more
common in nature. The ionic radius of Bi*" is even closer to that of La®", than Ac®", so
again La’" is taken as the proxy. As noted above, Bi’" has the same electronic
configuration as Pb*", with a lone pair. It is unlikely therefore that the Shannon (1976)
radius for Bi*" is universally applicable. Unfortunately, there is too little known about the
magmatic geochemistry of Bi, to use its partitioning behavior to validate the proxy
relationship, or propose a revised effective radius for Bi*". The values of Dgi/Dy, derived
here should be viewed in the light of this uncertainty.

Protactinium forms nominally 5+ cations with an ionic radius of 0.78 A in VI-fold
coordination and 0.91 A in VIII-fold coordination (Table 2). The only other 5+ cations
with comparable radii are Nb°>" and Ta’" (nominally 0.64 and 0.74 A in VI and VIII-
coordination, respectively) and U>" with 0.76 A in VI-fold (no value is given by Shannon
(1976) for VIII-fold). There are almost no partitioning data for U, which makes it
unsuitable as a proxy. We have therefore chosen Nb°* and Ta’" as Pa”" proxies. We have
adopted the observation of Tiepolo et al. (2000b) that Nb>" is slightly larger than Ta>"
(Table 2). In our fitting of Nb-Ta fractionation in a large number of minerals, we have
found that VI-fold radii of 0.640 A for Ta>* and 0.660 A for Nb>* provide the best fits,
and will be adopted here. (VIII-fold radii are assumed to show the same 0.02 A
difference between Ta and Nb; Table 2). In some minerals, the ionic radius of Pa>* falls
between that of two sites, and the partition coefficients for each site must be summed. In
the absence of a suitably large 5+ cation proxy, we are obliged to use the electrostatic
model to estimate D;" on the larger cation site. It is worth mentioning here a useful rule
of thumb in predicting Pa partitioning. The relative ionic radii of Pa>", Ta’" and the
revised Nb”* radius indicate that only where the appropriate cation site is larger than Nb>*
will appreciable Pa>" be incorporated. Minerals with sites larger than Nb>* will exhibit
strong Nb-Ta fractionation, with Dxp>> Dr,. Consequently only minerals with large
Dnw/Dr, ratios and large absolute values of Dy will have appreciable Dp,. We note also
that it is at high charge and small radius where the lattice strain model is most sensitive to
small changes in the parameters r, and E. This makes estimates of Dp, particularly
challenging and potentially subject to larger errors than other U-series elements.

Radon is the largest noble gas, although its exact atomic radius is not constrained.
We will assume that, like other heavy noble gases, it enters the large cation sites in
minerals (Brooker et al. 2003). However, we recognise that the larger noble gases (viz.
Xe) do have a tendency to migrate to mineral surfaces and grain boundaries, and this
possibility should be considered. There are insufficient mineral-melt partitioning data on
the other noble gases to use them as proxies, with the exception of olivine and
clinopyroxene, for which data are now emerging (Brooker et al. 1998; Chamorro et al.
2001). Instead will use the electrostatic model to estimate Dgy, by extrapolating Dy, to
zero charge, using Equation (7). For minerals with divalent host cations this will tend to
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give values of Dg, comparable to Dy or Dy, within an order of magnitude (Fig. 9). This
more circuitous route to obtaining Dy, makes the values considerably less reliable than
for the other U-series elements.

5.2. Derivation of proxy relationships

Having selected the optimum proxies, the problem now reduces to one of first
determining the ratio of the partition coefficient of the U-series element to that of its proxy,
via Equation (8), for each rock-forming mineral, and then choosing the most suitable
partition coefficient for the proxy under the conditions of interest. A comprehensive review
of the latter is beyond the scope of this paper and the reader is referred to compilations of
partition coefficients for this purpose (Jones 1994; Green 1994; Nielsen 2002; Blundy and
Wood 2003; Wood and Blundy 2003). Where appropriate we will, however, suggest
suitable proxy partition coefficients for those minerals and conditions for which we have
reliable data. Ideally, the user should attempt to determine the proxy partition coefficient by
analysis of co-existing phases in the sample of interest. This is straightforward in volcanic
systems where, for example, Ba in crystal and glass can be analyzed to obtain Dg, (e.g.,
Cooper and Reid 2003). In total we require partition coefficients for the following: U, Th
and Pb, and the proxies, La, Sr, Ba and Nb (or Ta). This is a reduction from 8 to 6 or 7 in
the number of elements whose partitioning needs to be characterised. As discussed above,
the procedure for Rn is more circuitous.

Equation (8) contains three variables. The first is temperature, which can be fixed by
the user as appropriate to the problem at hand. The two unknown variables are 7y, and
E}’, which vary from mineral to mineral and, in some cases, along solid solution series.
In this section we will use existing partitioning data to derive 7y, and E} . Where
possible we will obtain 7}, and Ej for cations with the same charge as the proxy.
Where that is not possible we will use the observed relationships between 7y, or Ey/
and charge to extrapolate values to the appropriate charge. The desired outcome is a set
of 7y, and E}" values for each rock-forming mineral for each charge and for each site
at which U-series substitution occurs. Where there are sufficient data we will provide
expressions that relate 7, and E; to changing composition along a solid solution.
Otherwise a single value of 7;;,, and Ej} will be used for all compositions. As more
partitioning data become available, and as more rock-forming minerals are subject to
careful X-ray structure determinations, it is hoped to refine the 7}, and E; values.

An additional advantage of the proxy approach is that the relationship between a U-
series element and its proxy is unlikely to be significantly modified by the presence of
water. Wood and Blundy (2002) have shown that water can have the effect of either
increasing or decreasing partition coefficients due to the combined effect of water on
melting temperatures and component activities in melts. For the same reason water can
fractionate one valence group from another. It will not, however, produce fractionation
between different-sized ions of the same valence entering a specific lattice site. The
principal effect of water on the proxy relationship lies in the lower temperature at which
hydrous processes tend to occur, relative to anhydrous processes. This is readily
accounted for by the presence of temperature in the denominator of Equation (8).

6. ADDITIONAL CONSIDERATIONS

Before discussing mineral-melt partition coefficients in detail, it is useful to consider
other factors that may influence partition coefficients for the U-series elements. Such
factors arise both because the U-series elements typically occur at very low abundances
in nature, and because they are radioactive. The first feature introduces the possibility of
deviations from Henry’s Law, at very low concentrations. The second feature raises
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questions about the ingrowth of highly incompatible daughter nuclides with time. We
discuss these issues separately.

6.1. Henry’s Law

Many U-series elements occur in nature at much lower concentrations than the more
commonly used trace elements, such as the lanthanides. This fact, coupled with the
highly incompatible nature of many U-series elements, means that in some cases factors
other than lattice strain may influence the uptake of cations into a mineral, and so affect
the partition coefficient.

The effect of concentration on partitioning is normally discussed in the context of
Henry’s Law. Henry’s Law pertains to a region of activity-composition space where the
thermodynamic activity of a species is related directly to its concentration, via the
Henry’s Law constant. We can define a Henry’s Law constant for both melt and mineral
phases. If either phase fails to show Henrian behavior over a particular concentration
range, then a relationship will emerge between the partition coefficient and concentration.
This may take the form of a steady change in partition coefficient with concentration (in
melt or crystal), or a sudden change from one value to another as the Henry’s Law
threshold is crossed. Early studies of Henry’s Law behavior focussed on possible
deviations at relatively high concentrations, when an element changes from being a
passive trace species to a minor structural constituent. Although an early study by Mysen
(1979) of Ni partitioning between olivine and melt appeared to show deviations from
Henry’s Law as the Ni content of the melt exceeded 1000 ppm, there have been countless
subsequent experimental studies (e.g., Beattie 1993c) to show that trace element partition
coefficients do not change with concentration from a few ppm to a few weight per cent
trace element in the melt. The conventional way of establishing that Henry’s Law is
obeyed is to determine the partition coefficient of a trace element at various concentration
levels, while maintaining all other variables (pressure, temperature, major element phase
compositions) constant. Good illustrations of Henrian behavior can be found in Beattie’s
(1993a) study of U-series element partitioning between clinopyroxene and melt. For a
ten-fold change in crystal concentration of thorium (0.3-3 ppm), the thorium partition
coefficient is constant within analytical error.

We find further evidence of Henrian behavior in our own studies of lanthanide
partitioning between minerals and melts in synthetic systems where the doping level varies
dramatically from one lanthanide to another. For example in the clinopyroxene-melt
partitioning study of Blundy and Dalton (2000), partition coefficients were determined for
La, Nd, Sm,Y, and Yb. All five partition coefficients define a smooth parabola (Fig. 4b),
consistent with the lattice strain model introduced above, despite the fact that the melt
concentration levels varies from 100 ppm (Yb) to 4000 ppm (Sm). Any deviation in
Henry’s Law over this concentration range would be manifest in a deviation from the
partitioning parabola for the element at highest concentration. This is not evident from
Figure 4b. In contrast, Bindeman and Davis (2000), in their study of lanthanide partitioning
between plagioclase and melt, do detect a decrease in partition coefficients from runs where
lanthanides were present in plagioclase at natural (1-10 ppm) concentrations to runs where
lanthanides were highly doped and occur at 100-10,000 ppm levels in plagioclase. The
effect is relatively small (25-50% decrease), but consistent from run to run, and from
lanthanide to lanthanide. Significantly, however, the curvature of the partitioning parabola,
when plotted against ionic radius, is not influenced by doping level. In other words, the
same structural controls operate irrespective of the doping level. Bindeman and Davis
(2000) suggest that the lower partition coefficients at higher concentration reflects changes
in the available charge balancing mechanisms as concentration increases. In particular,
substitutions involving vacancies or other charge-balancing cations are saturated at
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relatively low concentrations. At higher concentrations fewer substitution mechanisms are
available, and there is a consequent decrease in the partition coefficient. Significantly, the
concentration effect is only seen for heterovalent cations, that require a charge-balancing
mechanism. The homovalent cations Sr and Ba obey Henry’s Law over a very wide
concentration range (e.g., 800-11,000 ppm Sr; Bindeman and Davis 2000).

The Bindeman and Davis (2000) example illustrates the importance of considering
the substitution mechanism of heterovalent cations. At high doping levels fewer
substitution mechanisms may be available than at very low concentrations. The effect
noticed by Bindeman and Davis is relatively small, and certainly well within the
uncertainty of the approach we will use here to estimate U-series partition coefficients.
However, in the case of heterovalent cations which occur at very low concentration in
nature it is possible that a number of substitution mechanisms may aid their incorporation
into minerals, causing appreciable deviation from the values predicted by the lattice strain
approach. Pa>" provides a good example. The concentration of Pa in most basaltic rocks
is of the order 30-700 fg g ' (or 0.3-7 x 10~ ppb). This is several orders of magnitude
lower concentration than that of all conventional trace elements. At the same time, the Pa
partition coefficient for most minerals, calculated on the basis of its ionic radius and
charge via the lattice strain model, is very low (<10°%, see below). Thus if Pa
incorporation is controlled by substitution mechanisms that do not apply to other highly
charged cations, or at least make a negligible contribution to their overall partition
coefficient, then Dp, as estimated by lattice strain, may be a considerable underestimate.

The kinds of substitution mechanisms that may be relevant to super-low
concentration elements such as Pa involve intrinsic defects, such as lattice vacancies or
interstitials. Vacancy defects can potentially provide a low energy mechanism for
heterovalent cation substitution, in that they remove or minimise the need for additional
charge balancing substitutions. Formation of a vacancy per se is energetically
unfavourable (e.g., Purton et al. 1997), and the trace element must rely instead on the
thermal defect concentration in the mineral of interest, at the conditions of interest.
Extended defects, such as dislocations or grain boundaries, may also play a key role, but
as these are essentially non-equilibrium features, they will not be considered further here.

Urusov and Dudnikova (1998) discuss the problem of Henry’s Law in the context of
heterovalent cations. They present numerical expressions that describe the transition from
vacancy-dominated control at very low concentration, to coupled-substitution control at
higher concentration in terms of the equilibrium constants for the relevant equilibria.
They conclude that for Schottky (vacancy) defect concentrations of 1077, as observed in
many natural minerals, the increase in partition coefficient at very low concentrations is
unlikely to be more than an order of magnitude, and typically no more than a factor of
two. This is in keeping with the experimental studies of Harrison and Wood (1980) and
Bindeman and Davis (2000). We conclude that, although an increase in partition
coefficient is expected at very low concentration, especially for highly incompatible,
heterovalent elements, this effect is extremely unlikely to exceed an order of magnitude,
and for most elements may be negligible.

6.2. Ingrowth

U-series elements are unusual in that, although they are trapped as one species at the
time of crystal growth, they will decay to a different species with time. Consequently, the
possibility exists for a highly compatible parent to decay to a highly incompatible
daughter nuclide. With time the daughter will be expelled from the lattice, typically by
diffusion. This creates a balance between uptake and decay that is not a consideration for
stable trace elements, and so deserves brief mention here.
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During equilibrium crystal growth from a melt a U-series parent and daughter will be
incorporated according to their equilibrium partition coefficients, D, and Dy, respectively:

[r], _[r] D)
[4], [4] D

)

where the square brackets denote concentration, and subscripts x and / denote crystal and
melt, respectively.

Immediately that the parent is incorporated into the crystal it will start to decay to the
daughter. At secular equilibrium the (radio)activity of parent and daughter, will be equal,
such that:

An, =An, (10)

where A is the decay constant and »n the number of atoms in the crystal. The latter is
directly related to concentration, such that, after rearrangement:

L A
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If the diffusion rate is negligible compared to the decay rate of the parent, then with time
the concentration ratio of parent to daughter will evolve from (9) to (11) and secular
equilibrium will be established. If diffusion is very rapid compared to the decay rate of
the parent, then the concentration ratio will remain as given by (9) as all daughter is
diffusively expelled from the crystal. In reality the situation is likely to be somewhere
between these two extremes, probably in a steady state in which diffusive fluxes are
balanced by radioactive production and decay (Van Orman et al. 2002a). This has some
important consequences for the development and interpretation of radioactive excesses.
For example, if the concentration ratio given by (9) is significantly smaller than that
given by (11), then the crystal will accumulate ingrown daughter, which will then diffuse
out of the crystal into a melt or other coexisting phase so generating an unsupported
daughter excess. Clearly diffusion may play an important role in fractionating the U-
series isotopes, a process termed “diffusive fractionation” by Van Orman et al. (2002b).
Specific examples of this complexity have been discussed briefly by Feineman et al.
(2002) and Van Orman et al. (2002). As diffusivity data for U-series radionuclides
become better constrained, the full implications of ingrowth for U-series geochemistry
will become apparent. The diffusion model of Van Orman et al. (2001), based upon
principles similar to the lattice strain model of partitioning presented here, represents an
important step in that direction.

We will not go into greater detail about ingrowth here, other than to note that the
daughter-parent partition coefficient ratio has some significance, even if extremely low.
For this reason we attempt to constrain partition coefficients for some highly
incompatible values in the major rock-forming minerals, even when they fall below10™°.
For simple melting and crystallization calculations these values can be assumed zero.
However, for ingrowth modelling, the parent-daughter partition coefficient ratio may still
be finite and significant.

7. MINERAL-MELT PARTITION COEFFICIENTS
7.1. Clinopyroxene

Clinopyroxene is the mineral for which most partitioning data are available. It has
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two sites at which the U-series elements substitute: the large distorted VIII-fold M2 site,
normally occupied by Ca, Na, Fe or Mg, and the octahedral M1 site occupied by Mg, Fe,
Al, Cr and Ti. All of the U-series cations are expected to substitute at M2, with the
exception of Pa>", which may potentially enter both sites. The potential proxies, Nb>* and
Ta>", are smaller than Pa>*, and exclusively located at the M1 site.

Wood and Blundy (1997) adapted the lattice strain model to describe lanthanide
partitioning between clinopyroxene and melt as a function of crystal composition,
pressure and temperature. In developing the model, they arrived at relationships between
rf&w , and E > and, respectively, crystal composition, and pressure and temperature:

rhs = 0.974+0.067X 42 —0.051X"" (A) (12a)

E¥, =318.6 +6.9P — 0.036T (GPa) (12b)

where X* and X" refer to the atomic fractions of Ca and Al on the clinopyroxene M2
and M1 sites, P is in GPa and T in K. For E,/, the dependencies on pressure and
temperature are derived from measurements of the elastic properties of diopside (Wood
and Blundy 1997). Equations (12a) and (12b) can be used to relate Da. and Dg; to Dy,.
For both diopside-rich clinopyroxenes at low pressure and CaTs-rich clinopyroxenes at 3
GPa Da/Dy, 1s 0.06 and Dgi/Dy, is 0.75, as calculated from Equations (8) and (9).

Landwehr et al. (2001) extended the model of Wood and Blundy (1997) to include
U*" and Th*". They measured experimentally Dy and Dy, in a wide variety of synthetic
clinopyroxene compositions in order to evaluate the crystal compositional dependence of
U-Th fractionation. Their observations confirm the predictions of Wood et al. (1999),
namely that as the M2 site becomes smaller, so Dy, becomes smaller than Dy (Figs. 1 and
11). The M2 site becomes smaller as the enstatite component of the clinopyroxene
increases and Ca on M2 is replaced by Mg. Enstatite solubility in clinopyroxene increases
with increasing temperature, consequently clinopyroxene coexisting with orthopyroxene
will show higher Dy/Dry at higher temperature. For this reason, Dy/Dry increases with
increasing pressure along the mantle solidus, as discussed above.

The curves in Figure 1 show the predicted variation in Dy/Dry, from Equation (8). In
both cases E,;, is assumed to be 4E;/, as determined by Equation (12b) and ’"04542) =
”03&42) as derived from Equation (12a). The solid curves in Figure 1 show the variation
with the ionic radii of Shannon (1976), the broken curves show the predicted variation
using the revised ionic radii of Wood et al. (1999), obtained from ThO, and UO; (Table
2). The latter better describe the experimentally measured U-Th fractionation. To some
extent this may be an artifact of the assumption that ”oth) = ’”03&42 , when in fact there is
strong evidence to suggest that ro“(;“) < ”03(7\42) (Fig. 8). However, the difference between
the revised ionic radii of U*" and Th*" is not the same as the difference between the
Shannon (1976) values. Consequently, a simple reduction in 7y, relative to 7, will
not, in itself, produce the same result. For this reason, we have adopted the Wood et al.
(1999) radii throughout this study (Table 2).

Having successfully described the variation in Dy/Dr, with crystal composition,
pressure and temperature, Landwehr et al. (2001) went on to parameterize Dy, from their
own and published studies in terms of a simple partitioning equilibrium:

ThMgALOg (pyroxene) = ThMgAl,Og (melt) (13)

The equilibrium constant for reaction (13) K3 is related to the entropy (ASy), enthalpy
(AHy) and volume (AV7) of fusion of fictive ThMgAl,O¢ pyroxene by:

—RTInK)3 = AH; — TAS; + PAV; (14)
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U-Th fractionation by clinopyroxene
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Figure 11. The clinopyroxene-liquid partition coefficient for 4+ ions entering the M2-site shown as a
function of the ionic radius of the trace cation. Changes in clinopyroxene composition along a solid
solution lead to small changes in the dimensions of M2 (ro‘:;“) ), which can lead in turn to changes in the
relative fractionation between 4+ ions of similar ionic radii, such as U*" and Th*" (shown as vertical
lines). We contrast the partitioning behavior of a diopside-rich clinopyroxene (7, = 1.044 A) and a
Ca-Tschermaks-rich clinopyroxene (roﬁ,u) = 0.980 A). In the first case Tomz) 18 closer to the ionic
radius of Th*" and Dy/Dry, = 0.8; in the second case 7y(y,, is closer to the ionic radius of U*" and Dy/Dry,
= 1.17. This is the origin of the behavior observed in Figure 1.

In order to derive activity—composition relationships for ThMgALOg in clinopyroxene,
Landwehr et al. (2001) used a mixing-on-sites model assuming complete short-range order
between M and T sites. The activity of ThMgAl,Og in clinopyroxene is thus given by:

Cpx M2, M2 M1 M1
Aringgarsos = Xn Vi X g Vg (15)

where the X and y terms denote mole fraction and activity coefficients, respectively, for
the species and site of interest. Ve is given by exp(Wwg-a/RT) where Wig-ai is an Mg-Al
Margules binary interaction parameter for the M1 site, estimated by Landwehr et al.
(2001) to be 7.5 kJmol ™. The value of )’ can be readily calculated from the lattice strain
model, in terms of the energy required to insert Th into a lattice site of radius 7:

AGIM? 4rE N, [ 7 > 1 3
7%2:GXP(? =CXp $ Eo(rrh_ro) +§(rrh_ro) (16)

VIII-fold ionic radius for Th*" is taken from Table 2, and E,, and 7, are defined
above.

For the melt, Landwehr et al. (2001) adopted a model of ideal mixing of six-oxygen
[Al,06]° units, similar to that of Wood and Blundy (1999) and Blundy et al. (1995):

melt _ 6ox v 60x
ArpMgaios = X, XMg (17)

where the X terms denote cation molar fractions on a six-oxygen basis.



Mineral-Melt Partitioning of U-Series Nuclides 87

Fitting 71 Dy, values (27 from their study and 44 from the literature) and
subsequently excluding 5 outliers, Landwehr et al. (2001) derived the following
expression for Th partitioning between clinopyroxene and silicate melt as a function of
temperature, pressure, crystal chemistry and the molar Mgy partition coefficient:

melt
Mg

D M2XM1 M1
RTln( ”’”";( g Vg ]: 214.79—0.1757T +16.42P 150 P (18)

where R is the gas constant (0.008314 kJmol™') and X fl; and X X’jg” are the mole fractions
of Mg on the clinopyroxene M1 position and in the liquid, respectively, calculated on a 6
oxygen basis. (Note that this expression differs slightly from the original Landwehr et al.
(2001) equation (their Eqn. 10), which contains a typographical error in ASy). Equation
(18) faithfully reproduces Dy, over 2 orders of magnitude. The fit is best at high
pressures relevant to mantle melting. Dy can be calculated from Dty using Equation (8).

Salters et al. (2002) have recently proposed an alternative expression for calculating
Dy and Dr, in clinopyroxene as a function of crystal and melt composition. The
expressions are calibrated on over 40 experimental determinations of Dy and Dry,. Salters
et al. (2002) do not give values for the average absolute deviation. The full expressions
(with 1 s.d. uncertainties in brackets) are:

s

DU

X(r:naelt ( X/Tlelt )

= 5.65(1.84) + 6.04(2.53) (1- X7 ) +5.00(20.55) (1- X2*) (19a)

*

In|—Pm = -3.07(x1.11)+3.29(1.27) (1- X2 ) +5.8(L.17)(1-X) (19b)

2
melt melt
X Ca (X Al )

The * denotes molar, rather than weight fraction, partition coefficient. The X™!" terms
denote the cation molar fractions of Ca, Al and Mg, while the X*** terms denote the molar
fraction of diopside and enstatite components in clinopyroxene. Note that this expression
contains no explicit P-T dependence.

A full comparison of Equations (19a) and (19b), and (18) and (8) for calculating Dy
and D, will not be presented here. However, it is useful to assess their ability to retrieve
partition coefficients from experiments not used in the original calibration of the models.
To this end we have used the recent experimental studies of McDade et al. (2003a,b) on
clinopyroxene-melt partitioning close to the solidus of MORB-pyrolite at 3 GPa and
Tinaquillo Lherzolite at 1.5 GPa. These experiments post-date the Landwehr et al. (2001)
and Salters et al. (2002) studies, and therefore provide a fair evaluation. Results are
presented in Table 3. The Landwehr et al. (2001) model retrieves the correct sense of
change in Dy and D, with changing pressure and temperature. Their absolute Dy and
Dy, values at 1.5 GPa are in excellent agreement with the experiments, while the 3 GPa
values are underestimated by a factor 2. The Salters et al. model predicts the opposite
sense of change with P and 7, and underestimates Dy and Dy, at 1.5 GPa by a factor of
~3. However, the ratios Dy/Dy, are slightly more closely predicted by the Salters et al.
model than by Landwehr et al. (2001), but, importantly, they both predict that Dy/Dy
increases with increasing temperature (and pressure). We conclude that both models can
be applied with some confidence.

Partition coefficients for Po can be derived from those for Th using Equation (8) and
the ionic radii in Table 2. We have not modified the ionic radius for Po*" from the value
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Table 3. Comparison of models for calculation of clinopyroxene Dy and Dry,.

Sample Dy Dy, Dy/Dry,
Experiments R84-19° 0.0049(27)°  0.0036(20) 1.353(18)
R64-11° 0.018(6) 0.021(7) 0.863(20)
Landwehr et al. (2001) model? R84-19 0.0117 0.0078 1.502
R64-11 0.0173 0.0162 1.066
Salters et al. (2002) model® R84-19 0.0152 0.0119 1.272
R64-11 0.0053 0.0056 0.940

3.0 GPa, 1495°C, MORB-pyrolite source (McDade et al. 2003a)

1.5 GPa, 1315°C, Tinaquillo Lherzolite source (McDade et al. 2003b)

Uncertainties in the experimental values are 1 s.d. expressed in terms of least significant figures.
Equations (18) and (8), with lattice parameters give by Equations (12a,b)

Equations (19a,b)

oo o

given in Shannon (1976), even though his value, like those for rys+ and rrys-, 1s derived
from fluorine-bearing compounds. Such a modification will not be possible until Po
partitioning data become available. In the meantime, values of Dp, for clinopyroxene
calculated using the Shannon (1976) radius, should be seen as minima, i.e., if rpy++ 1s
reduced slightly it will enter M2 more readily. Typical calculated Dpo/D1y, are 0.6 for low-
pressure diopside-rich clinopyroxenes and 0.7 for higher pressure CaTs-rich
clinopyroxenes.

There are 10 published experimental studies of Pb partitioning between
clinopyroxene and melt, covering a wide range of pressure, temperature and composition
(Table 1b). There are a total of 20 Dp, determinations, with values varying from 0.8 to
0.05. There is no obvious correlation with either composition or intensive parameters. For
16 of the 20 runs, Ds, was also determined, allowing an evaluation of the proxy
relationship between Pb and Sr. Dpy/Dg; ranges from 0.04-6.3 and is strongly positively
correlated with Dpy,, suggesting that it is variability in this parameter which is responsible
for the extreme variation in Dpy/Ds;. Certainly this variation in Dpy/Ds; is not consistent
with the similarity in ionic radii of Pb*" and Sr** (Table 2), as previously noted by
Watson et al. (1987). For example, if we assume, following Wood and Blundy (1997)
that E;, = 2E,;,, as determined by Equation (12b), and that Toowny = Tou 12> Dpy/Ds;
should be in the range 0.23-0.45 for the various experiments. Increasmg Tora Slightly
relative to ro( 2) only increases the calculated Dpy/Ds; ratio. It is difficult to account for
this discrepancy between observed and estimated Dpy,. It is unlikely that significant Pb is
present as Pb*" in the melt, as some of the runs with low Dpy/Ds; were run in graphite
capsules, which ensure low oxygen fugacity. Moreover some 60% of Pb would need to
be present as Pb*" to explain the lowest Dpy, values, which seems highly unlikely. Pb loss
to the capsule materials cannot account for the low partition coefficients, although it may
in part explain the anomalously high Dp, in the runs of Blundy and Dalton (2000) and
Klemme et al. (2002), which were both run in unlined platinum capsules. The possibility
remains that the electronic structure of Pb**, with its lone pair of electrons, reduces the
compatibility of Pb in clinopyroxene. In this regard, it is interesting to note that
increasing the ionic radius of Pb*" to 1.32A faithfully reproduces the observed Dpy/Ds;
ratios of Beattie (1993a) and Hauri et al. (1994). We conclude that, for clinopyroxene, Sr
does not represent a straightforward proxy for Pb, and that this approach should only be
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used with great caution. Further investigation of the systematics of Pb partitioning
between clinopyroxene and melt are clearly required. Until that has been done, the only
reasonable approach is to adopt a value for Dp;, from the sources compiled in Table 1b.

Ra and Ba are also divalent cations that enter the M2 site. For experiments which
report both Dg; and Dg, (i.e., Beattie 1993a; Hart and Dunn 1993; Hauri et al. 1994;
Lundstrom et al. 1994 1998; Klemme et al. 2002; Blundy and Dalton 2000; Green et al.
2000; Blundy and Brooker 2003; Blundy, unpublished data; Chamorro, unpublished data,
reported in Brooker et al. 2003; Wood and Trigila 2001) it is possible to calibrate £}/,
and 7y, . To facilitate this exercise (fitted E,;, and 7y, are statistically highly
correlate(f) we have assumed that Efj}z = 2E;' and then calculated the best-fit value of
Tooway - We find that using 75y, = 7o, T+ 0.06 A reproduces 72% of 47 experimental
Dg./Ds; ratios to within 3 s.d. We consider that these lattice strain parameters can be used
to derive Dy, from Dg,, or even Ds;, although that correction would be inaccurately large.
Typical calculated Dro/Dg, ratios are 0.01-0.07.

Protactinium differs from all of the preceding U-series elements in that it may enter
both the M1 and M2 sites. M1 is known to behave in a considerably stiffer fashion than M2
(Fig. 7; Hill et al. 2000), as befits its small size. The lack of a suite of small 5+ cations
(unlike the lanthanides) makes it difficult to constrain 7y, and Ej; by fitting a
partitioning parabola. However, it is possible to estimate 7, ,,, and E;, from the observed
Nb-Ta fractionation in clinopyroxene. Hill et al. (2000) have shown that the clinopyroxene
M1 site has 7, of ~0.65A and E,;, of 3000 GPa. r;,,, should be slightly smaller and
E;' larger. Assuming that ros(+ ,, 1s on the order 0.62 z&, then Z.d,,, -+ is approximately
0.6, which is consistent with E;;, of 4000 GPa (Fig. 7). We have chosen to adopt this fixed
value, and then calculate the value of 7y, which is required to produce the observed
Dnw/Dr, in a large number of clinopyroxene-melt experiments using the modified ionic
radii in Table 2. We have used 38 experimental partitioning experiments in which Dyp and
Dr, were determined with reasonable precision (Skulski et al. 1994; Forsyth et al. 1994;
Blundy et al. 1998; Lundstrom et al. 1998; Klein et al. 2000; Green et al. 2000; Hill et al.
2(5)00; McDade et al. 2003a,b; Bennett et al. 2003; Blundy and Brooker 2003). Calculated

Toouny Values are in the range 0.56 to 0.66 A. Regression of the best fit 5, (in A) to
crystal composition produces the following empirical expression:

ros(;ﬂ) =0.576+4.71x10°T —0.013A1"™ —0.017Ca — 0.020Mg — 0.033Ti—0.001Na  (20)

Where all cations are expressed as atoms per six oxygen formula unit and 7 is in K. This
expression reproduces 7, to within 0.011 A. The predicted versus observed Dyy/Dr,
are plotted in Figure 12. Given that the experimental values are rarely measured to better
than 30% relative, the fit is considered acceptable. Significantly, using the derived 7’05(7\48
and E jjl parameters to estimate Dp,, gives values of Dp,/Dxp in the range 10® to 10719,

We conclude that it is very unlikely that any Pa enters the clinopyroxene M1 site.

On the clinopyroxene M2 site, Pa’* will be discriminated against both on account of
its small size and high charge, relative to the site. If we assume that ”05342) = 7”04342) =
3+

Toown > from Equation (12a), and set E;/, = %E}?z (Eqn. 12b), we can calculate
Dpy/ DSZMZ). Values are in the range 107 to 1072 Dy (i) 18, of course, not constrained
experimentally. However, if we extrapolate the electrostatic model for the clinopyroxene
in Figure 9, we estimate that Dy, =~ 107 Dg:m) , which in turn can be estimated from
Dy and D, For most natural clinopyroxenes, D&*M 2 1S lar%er than Dy and Dry by a
factor of at most 2. Consequently, Dpyou2) is a factor of 2 x 107 to 2 x 1077 lower than Dy
or D, Although very small, this is greater than Dp, on M1. We conclude that Dp, is
vanishingly small in clinopyroxene, consistent with Dy,/Dr,<1, and Pa is considerably

more incompatible than its parent U and Th.
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Radon partitioning is better constrained for clinopyroxene than for any other phase
because reliable partition coefficients for other noble gases are available. Chamorro et al.
(2000), in a study of synthetic starting materials at 1-8 GPa, found Da, in the range
7x 107 to 4 x 10°*. A recent experimental determination of Dye, Dar, Dxr and Dx. in a
diopside-rich synthetic composition at 0.1 GPa and 1200°C (Brooker et al. 2003) has
shown that, consistent with lattice strain and electrostatic theory (see above), there is
negligible difference between partition coefficients of different noble gases on the basis
of their atomic radii. All 4 gases have approximately the same partition coefficient (107%),
lending support to the proposal that Rn will also have the same partition coefficient,
whatever its exact atomic radius. Significantly noble gas partition coefficients are roughly
the same as D, (3.2 x 107%) and Dy (1.5 x 107) in the same experiments (Fig. 9), in
accord with the electrostatic theory above. If the mean charge on M2 decreases, for
example due to increased jadeite component, we would expect noble gas partition
coefficients to increase relative to Dy and Dry. The effect may be even more pronounced
if the M2 contains significant vacancies, as in the case of the eskolaite component,
[o.sCag5AlISi,0¢. Pertermann and Hirschmann (2002) have shown that clinopyroxenes
on the eclogite solidus at 3 GPa contain appreciable eskolaite component, and they
propose that this will facilitate noble gas incorporation, probably leading to higher values
of Dr, than those estimated above.

7.2. Orthopyroxene

Orthopyroxene has a VI-fold M1 site and a VI-fold M2 site. Both are predominantly
filled by Mg and Fe. The smaller M1 site shares many characteristics with the
clinopyroxene M1 site. It is therefore reasonable to assume that no U-series cations,
including Pa>* (see above) enter that site. We will confine our discussion to the
octahedral M2, which is smaller than the equivalent (VIII-fold) clinopyroxene site, even
after allowing for the different coordination number. Consequently most of the U-series
elements have very low orthopyroxene-melt partition coefficients.

Lanthanides are more incompatible in orthopyroxene than clinopyroxene, typically
by a factor of 4-8 on the mantle solidus (Blundy and Wood 2003; Salters et al. 2002;
McDade et al. 2003a,b). Not surprisingly there are fewer lanthanide partitioning data for
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orthopyroxene to be fitted to the lattice strain model. We have identified a total of 16 runs
from the studies of Kennedy et al. (1993), Wood et al. (1999), Blundy and Wood (2003),
Blundy and Brooker (2003), Salters and Longhi (1999), Green et al. (2000) and Salters et
al. (2002). (Only the two slowest cooling-rate runs of Kennedy et al. were used).
Preliminary fits of Equation (2) to the lanthanide partition coefficients indicate that a
single value of E;/, will suffice for all runs. We have selected a value of 360 GPa,
irrespective of P and 7. (There are insufficient data to justify a more complex expression
along the lines of Eqn. 12b). The derived values of rf&m are in the range 0.758 to
0.819 A, and correlate strongly with both total Al content and Ca content of the
orthopyroxene. The following expression reproduces r(f&“) with an average absolute
deviation of 0.012 A for the 16 experiments fitted:

Toowy = 0.753+0.118AI1"™ +0.114Ca (1)

Where AI* and Ca denote atoms per 6-oxygen formula unit. These values of 7y,
combined with Ejjz of 360 GPa allow the ratios Da./D1. and Dgi/D;, to be calculated.
Typical values for mantle solidus orthopyroxenes are in the range 0.001-0.009 and 1.1-
1.2, respectively.

Uranium and thorium partitioning into orthopyroxene have been studied
experimentally by Beattie (1993a), Kennedy et al. (1993), Salters and Longhi (1999),
Wood et al. (1999), Salters et al. (2002) and McDade et al. (2003a,b). All of these studies
involved broadly basaltic liquid compositions. Dy, on the mantle solidus is around 0.001.
In all cases Dy=D, as befits the small M2 site radius. The M2 site radius will increase as
diopside component is dissolved in orthopyroxene, which is favoured at high temperatures.
Thus, in contrast to clinopyroxene, we would expect Dy/Dry, to decrease with increasing
temperature (and pressure) along the mantle solidus. This is just about apparent from the
studies of McDade et al. (2003a,b) where Dy/Dt, changes from 0.98 +0.66 at 3
GPa/1505°C to 1.49 £0.03 at 1.5 GPa/1315°C. However, elsewhere in the dataset there is
considerable variability in Duy/Dr, which is not obviously correlated with crystal
chemistry. This is partly a result of analytical precision, which is rarely better than + 30%
due to the very low levels of U and Th in the experimental pyroxenes, and partly the result
of not all experimental orthopyroxenes coexisting with clinopyroxene, which buffers Ca
content and hence M2 site radius. The most precise estimate of Dy/Dr, available is
2.52+0.24, at 1.5 GPa and 1268°C (Wood et al. 1999). We have modeled U and Th
partitioning data by assuming that E,;, = 4 E,;, =480 GPa and 7,,,,, = 7y, - We have
revised the VI-fold ionic radii of U and Th downwards in approximate proportion to the
revised VIII-fold ionic radii for these elements based on their oxides. The preferred values
are 0.875 A and 0.919 A, respectively (Table 2). These values reproduce the Dy/Dry, ratios
of the Wood et al. (1999) and Beattie (1993a) data very closely, with values consistently
around 2.6 at the mantle solidus. Polonium partition coefficients can be derived from Dy,
using the same lattice strain parameters. Dpo/Drp, S0 calculated, is typically 0.4-0.5.

The large alkaline earths (Sr-Ba) are highly incompatible in orthopyroxene, and it is
clear that Ra will be even more so. At atmospheric pressure Ds; is in the range
9-14 x 107* (Beattie 1993a; Kennedy et al. 1993). On the mantle solidus Ds; is 3.7 x 107
at 3 GPa, 1500°C (McDade et al. 2003a) and 0.074 at 1.5 GPa, 1315°C (McDade et al.
2003b), suggesting a dependence on both temperature and pressure. Green et al. (2000)
report Dgs, = 0.012 under hydrous conditions at 2 GPa. Dg, is much less well constrained
due to its very low partition coefficient, and consequent low analytical precision. The
most precise studies of Dg, in orthopyroxene (Beattie 1993a) suggest that Dg, is 50-100
times less than Ds;. We have used Dc,, Ds; and Dg, from the experiments of Beattie
(1993a) and Kennedy et al. (1993) to derive ry,,, , assuming that E;/, = 2E,/, =
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240 GPa In the four experiments fitted ro (2 18 found to be approximately 0.08 A larger
than ry,,,,, as calculated from Equation (18), an increment consistent with that obtained
above for clinopyroxene (Fig. 8). These values can be used to estimate Dg, from Dg,.
Typical Dra/Dg, ratios calculated along the mantle solidus are 0.01 to 0.02.

There is only one determination of Dpy, in orthopyroxene, that of Salters et al. (2002) at
the mantle solidus at 2.8 GPa. This value (0.009 + 0.006) is within error of that calculated
from the Ds; value of McDade et al. (2003a) under similar conditions, using the lattice
strain model, i.e., 0.0024 +0.0012. However, the uncertainties on both measurements
should not be taken as strong support for the potential of Sr as a proxy for Pb. Still, there is
no evidence for the anomalously low Dpy, values observed in clinopyroxene.

By analogy with clinopyroxene it is likely that Pa enters the orthopyroxene M2 site.
In light of the fact that Dy and Dry in orthopyroxene are approximately ten times lower
than in clinopyroxene, it is likely that Dp, is also lower in orthopyroxene. However, this
effect is offset to some extent by the smaller M2 site in orthopyroxene, which will tend to
be more favourable to Pa®* than the M2 site in clinopyroxene. We have used the
electrostatic model, applied to the two orthopyroxene-melt partitioning experiments of
McDade et al. (2003a,b) to derive DO( w2y (Fig. 13). Both datasets, at 1.5 and 3 GPa, are
well fitted by Equatlon (7), giving fit parameters (see Fig. 13) for go (37-39 A) and Z,
(1.78-1.98) that are in reasonable agreement with those obtained for clinopyroxene. In
both cases the extrapolated value of D\, 1s 2-4 x 10 6, After correcting for lattice
strain, assuming E,,, = 3E;/, = 600 GPa and 75,5 = Tyra) = Tory (from Eqn 21), we
get values of Dp, of 1.8-3.6 x 107® and Dyp,/Dy of approximately 1.1-1.7 x 107, i.e., 2 to 4
orders of magnitude larger than Dp,/Dy in clinopyroxene.

To our knowledge there are no noble gas partition coefficients for orthopyroxene. We
can make an estimate using the relationship between Dy and charge in Figure 13. Because
Zy 1s slightly less than 2 for the two orthopyroxenes plotted, noble gas partition coefficients
should be slightly higher than Dy. We estimate Dg, in the range 0.004-0.02 under upper
mantle conditions. This is slightly higher than the estimate for clinopyroxene.

7.3. Olivine

All of the U-series elements are highly incompatible in olivine, with partition
coefficients consistently lower than for either of the pyroxenes. Kennedy et al. (1993) and
Beattie (1994) have experimentally investigated lanthanide partitioning between olivine
and melt at atmospheric pressure. Salters et al. (2002) and McDade et al. (2003b) present
a single set of olivine-melt lanthanide partition coefficients in multiply-saturated mantle
melts at 1 and 1.5 GPa, respectively. Taura et al. (1998) have studied the partitioning of a
large number of elements in addition to the lanthanides at pressures of 3-14 GPa.
Lanthanide partition coefficients from all four studies can be fitted to the lattice strain
model to derive best-fit parameters for E,  and 7., . Although olivine has two
octahedral (VI-fold) sites (M1 and M2), they are sufficiently close in size and geometry
that only one site was used for fitting (cf. Beattic 1994). We included both Sc and
octahedral Al in the fitting, to better resolve the parabolae at low ionic radii. Like
orthopyroxene, we found that a smgle value of E,’ of 360 GPa can be used to fit all
experiments. Fltted 7’03(;4) values lie in the range 0. 70 to 0.73 A. There is a hint of a slight
increase in ”0( W, With increasing Fe content, consistent with the large M2-site in fayalite
versus forsterite. However, there are insufficient data to quantify this relationship. For
forsterite-rich olivines (>90 mol%) a single value of ”03(;4) =0.710 A is adequate to fit all
experiments, with the exception of Taura et al. (1998) data which are too imprecise to be
useful. Using these fixed values of Ej; 3 and ro( iy > WE calculate Da./Dyi, and Dgi/D;, at
the mantle solidus of 0.01 and 1.1, respectlvely
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Figure 13. Electrostatic model fitted to partition coefficients for cations entering the M2-site in
orthopyroxene, based on the experiments of McDade et al. (2003a,b). The curves are fits to Equation
(7) and can be used to estimate Dy, and Dg{'Mz) , from which Dp,a2) can be calculated via the lattice
strain model. The fit parameters are given in the legend.

There are four published studies of olivine-melt partitioning of U and Th: Beattie
(1993a) Dy = 6( £ 1) x 10°° at 2.9 GPa; Salters et al. (2002) Dy =5(+7) x 10* at 1 GPa;
Wood et al. (1999) Dy = 18(£1)x 10°° at 1.5 GPa; McDade et al. (2003b) Dy =
5.9 x 107° at 1.5 GPa. The data are too sparse to establish whether these differences in Dy
are real. However, in all four cases Dy>Dt,, with Dy/Dt, values of 3.3+2.7 at 1
atmosphere 12+ 5 at 1 GPa and 4.3 at 1.5 GPa. We have modeled U-Th fractlonatlon
using the lattice strain models by taking E,;, = $E;/, = 480 GPa and r04;4) = ro( )
0.710 A (cf. orthopyroxene). We have used the same VI-fold ionic radii for U*" and Th4+
as for orthopyroxene (Table 2), which gives Dy/Dry, of 6.3, in broad agreement with the
two experimental values. Dp,/Dy calculated from the same lattice strain parameters is
0.03-0.10.

Lattice strain parameters for 2+ cations can be derived by fitting the partitioning data
for Fe?*, Mn, Ca, Sr and Ba from the experiments of Beattie (1993a) and Kennedy et al.
(1993). In both cases ro( wy 1s found to be 0.078 A larger than ’”03(;4) as previously
observed for the pyroxenes. Taking E Azjz = %Esz = 240 GPa this gives a Dg,/Dg, ratio at
the mantle solidus of 0.004. Dpy/Ds; at the mantle solidus calculated in the same way
gives 0.53. There is only one published determination of Dpy: 0.0035 +0.0011 at 1 GPa
from Salters et al. (2002). If Sr can be used as a crude proxy for Pb in olivine, then this
value would imply Ds,~ 0.007 at the mantle solidus. The best values for comparison are
the two 3 GPa experiments of Taura et al. (1998), which give Ds; in the range 0.006-
0.091, the 2.9 GPa D, = 1.5 x 107> of Beattie (1993b) and the 1.5 GPa Ds; = 1.8 x 107
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of McDade et al. (2003b). Thus Dpy, appears to be slightly higher for olivine than would
be predicted from lattice strain arguments, although the data are too sparse to draw any
firm conclusion. Using the same 2+ parameters, Dr,/Dsg, 1s calculated to be 0.003-0.02.

Only McDade et al. (2003b) report experimental data on the partitioning of Nb and

Ta between olivine and melt. At 1.5 GPa they find Dxp, = 1 % 10% and Dr,= 6 x 1074,

which indicates that ro oy 1s smaller than rn, (0.660 A). This will serve to exclude Pa (rpa

= 0.78 A) from the M-sites in much the same way as it is excluded from MI in

clinopyroxene. Furthermore Dy, and Dy, are themselves two orders of magnitude lower

in olivine than coexisting clinopyroxene (McDade et al. 2003b). For these reasons we
suggest that Pa is substantially more incompatible in olivine than clinopyroxene.

Argon partition coefficients for olivine have recently been determined by Brooker et
al. (1998). Their measured Dx; values are around 1072, which is higher than measured for
clmop;/roxene, but similar to the estimated values for orthopyroxene. We propose a value
of 107 for Dgy.

7.4. Garnet

Garnet has two sites onto which U-series elements partition: the dodecahedral (VIII-
fold) X-site, occupied principally by Ca, Mg and Fe**, and the octahedral (VI) Y-site,
occupied by Al, with lesser Fe**, Cr, Ti and, at high, pressure, Si and Mg via the majorite
substitution (Al, = MgSi). With the exception of Pa’", which is likely to enter the Y-site,
all U-series cations are expected to occur on the X-site. An unusual feature of garnets is
the extreme variation in X-site size due to the complete, but non-ideal, solid solution
between the grossular, pyrope and almandine end-members. This is in marked contrast to
the pyroxene, where the large difference in size between Ca’" and Mg®" leads to a
pronounced miscibility gap at most temperatures and pressures. The variable dimension
of garnet X-sites, leads to complexities in application of the lattice strain model, which
are not apparent for olivine or the pyroxenes. One of the most striking features about
garnet-melt partitioning to emerge from experimental studies is the non-linear variation
in partition coefficients with garnet composition. Thus, along the grossular-pyrope join
partition coefficients for some elements are appreciably higher in mixed garnets than in
either end-member (Van Westrenen et al. 1999, 2000a, 2001, 2003).

Van Westrenen et al. (2001a) present a model of lanthanide and Sc partitioning
between the garnet X-site and melt. The model is a variant of the lattice strain model of
clinopyroxene-melt partitioning of Wood and Blundy (1997), and is based on 160
experimental garnet-melt pairs in the pressure-temperature range 2. 5 7.5 GPa and 1450-
1930°C. The model includes composmon -sensitive expressions for ro( %, and accounts for
the non-linear variation in E;" with composition, as follows:

Ty (A)=0.930.X, +0.993X, +

22a
0.916)(Alm + 0.946XSp +1.05(X,, + X, ) —0.005(P -3) (222)

E3+ GP 12 -26.7
(GPa) =3.5x10" (1.38+ 7Y, ) (22b)

where the X terms denote the molar fractions of the garnet components grossular (Gr),
pyrope (Py), almandine (Alm), spessartine (Sp), andradite (And) and uvarovite (Uv), and
P is pressure in GPa. D]/, is described in terms of pressure and temperature via the
fusion equilibrium of a fictive lanthanide-bearing pyrope, LnMg,Al,Si30,, with
analogous activity-composition relationships to those adopted for clinopyroxene by
Wood and Blundy (1997). The full expression for Dg(+ X 18
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406+12.1P-0.224T
exp RT

(riDy )

where P is in GPa, T in Kelvin, and Dy is the Mg partltlon coefficient under the
conditions of interest. The term y;;, accounts for non-ideal mixing between Ca® and

Mg”" on the garnet X-site:
33(Xe, )
71{"74; =exp {M} (24)

3+
0oXx) —

(23)

RT

where X, is the molar fraction Ca on the X site (i.e., Xgr + Xand). Equations (22)-(24) can
be used to derive the proxy relationships between Ac, Bi and La. For both pyrope-rich
garnets at the mantle solidus and more calcic garnets typical of eclogites, calculated
Dad/Dra and Dgi/Dr, are 2 x 107 to 7 x 10™*and 0.3 to 0.5, respectively.

Uranium and thorium partitioning between garnet and melt has been studied by
Beattie (1993b), La Tourrette et al. (1993), Salters and Longhi (1999), Van Westrenen et
al. (1999,2000), Salters et al. (2002), Klemme et al. (2002) and McDade et al. (2003a).
These data show that not only are Dy and Dyy, highly variable (0.001 <Dy, <0.3), but so
too is the Dy/D, ratio. This variability in Dy/Dry, is in large part due to the large
Varlatlon in the size of the X site. If we use Equation ( 19a) to estimate 7; " Y, and assume
7”0( X = 03&) we see that the variation in Dy/Dry, with 7”0( v, (Fig. 14) is remarkably similar
to that for clinopyroxene (Fig. 1). The fact that the plotted garnet partitioning data derive
from a wide range of pressures, temperatures and compositions is particularly

encouraging.

The variation in Dy/Dry, 18 broadly consistent with E4+ = —E3+ (as calculated from
Eqn. 22b), and the revised VIII-fold ionic radii for U* and Th4 in Table 2 (Fig. 14). For
pyrope-rich garnets characteristic of the mantle solidus garnet Dy/Dry, 1 is in the range 2.4
to 7.5. Note that the uvarovite component appears in the equation for 7, (22a). For the
Cr-rich mantle solidus garnets of Salters and Longhi (1999) and Salters et al. (2002) the
presence of 2-4 mol% uvarovite has a significant effect on 7, 0( ¥, » Increasing the size of the
X-site and so reducing U/Th fractionation (Fig. 14). Evidently the Cr content of mantle
garnets must be accounted for when estimating U-Th fractionation. For the more
grossular-rich garnets characteristic of eclogites, Dy/Dry has an experimental value of
~3.2 (Klemme et al. 2002)

D1, (and Dy) vary inversely with reciprocal temperature (Fig. 15). For mantle
solidus garnets the correlation is reasonably good and can be used to make a first-order
estimate of Drp. A more comprehensive model for Dy and Dy, as a function of pressure,
temperature and melt composition is provided by Salters et al. (2002). Their full
expressions (for the molar partition coefficients, D*) are:

*

zIn ?U 7 |=
(Xg\ilt) (Xsnilelt) (25&)
7.85-25%0 L 4 01(1- X2 ) +1084(1- X2t ) —1.88(1- X2 )

and
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Figure 14. U-Th fractionation by garnet as a function of X-site dimension (ro‘t;()) for 33 experimental
garnet-melt pairs from the sources listed in the legend. ro‘};) is assumed equal to nf&) as given by
Equation (22a). Note the much larger U-Th fractionation produced by garnet relative to clinopyroxene
(Fig. 1). The curved line shows the prediction of the lattice strain model (at fixed temperature of
1500°C) using the VIII-fold ionic radii in Table 2 and Ey" = £Ey", as given by Equation (22b). Errors
bars are 1 s.d.
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Figure 15. Variation in Dy, for garnet versus reciprocal temperature for experimental data sources
listed in Table 1b at a variety of pressures (n = 33). A distinction is made between mantle solidus
partition coefficients (Salters and Longhi 1999; Salters et al. 2002; McDade et al. 2003a,b) and the rest.
Note the strong temperature dependence, which is qualitatively similar to that incorporated in Equation
(25b). The scatter is due to additional compositional controls.
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*

Dy, —11.46-2229 g 6(1—xm ) —2.08(1-x2 ) (25b
() () T ( f-208(1-xz) e

where Xpy 1s the molar cation fraction of Fe+Mg in the melt, Xg; is the molar cation
fraction Si in the melt, and X, is the molar fraction grossular in the garnet. As an
independent test of these expressions we have calculated Dy and Dry, for the two garnet-
melt partitioning runs of McDade et al. (2003a), which post-date the Salters et al. (2002)
calibration. A comparison of observed and calculated partition coefficients (Table 4)
shows remarkable agreement, suggesting that Equations (25a,b) can be applied with
confidence to garnet-melt partitioning on the mantle solidus. Under other conditions, an
alternative approach is to adopt an appropriate Dy value from one of the studies in Table
Ib and then estimate Dy, from the lattice strain equation using the parameters above.
Dpo/Drp calculated using these parameters is in the range 0.04 to 0.1.

1
Eln

Table 4. Test of Salters et al. (2002) model for garnet-melt Dy and Dy,

Sample Dy Dy, Dy/Dry
Experiments R84-9° 0.015(3)° 0.002(13) 5.009)

R64-19° 0.018(7) 0.0046(19) 3.9(22)
Salters et al. (2002) model? R84-9 0.012 0.0034 34

R84-19 0.019 0.0047 4.0

3.0 GPa, 1495°C, MORB-pyrolite source (McDade et al. 2003a)

3.0 GPa, 1500°C, MORB-pyrolite source (McDade et al. 2003a)

Uncertainties in the experimental values are 1 s.d. expressed in terms of least significant figures.
Equation (25)

fo0 o

Large alkaline earths (Sr,Ba) are highly incompatible in all garnets, and it is likely
that Dg, will be similarly small For the limited experimental datasets where it is possible
to estimate both 7y, and 7y, (Van Westrenen et al. 2000; Klemme et al. 2002;
McDade et al. 2003a) we find that Tory) 18 0.053 +£0.004 A smaller than 75, . This is
within the range observed previously for pyroxenes and olivine. We recommend using a
fixed value of 0.053 A, such that rzg} = 0.053 + r3(+ (as derived from Eqn. 22a).
Combining this value with E “) =2 ( X) from Equation 22b) we can calculate Dr./Dga.
Along the mantle solidus this ratlo 1S approx1mately 10, Dg, itself is not well
constrained for garnets because of difficulties in analysing such trace quantities. The
most robust estimates are probably those of Beattie (1993b), which are around 107°.
Suffice to say Dg, in garnet is vanishingly small.

There are a number of Dp, determinations for garnet (Beattie 1993b; Salters et al.
2002; Klemme et al. 2002). As noted for clinopyroxene, the Klemme et al. (2002) Dpy,
value (0.18 +0.03) appears remarkably high, possibly due to an experimental artefact.
Salters et al. (2002) give two values around 5 x 107, while Beattie (1993b) gives
1-67 x 107° under similar conditions. The latter values are about twenty times lower than
Ds; in the same experiments (5-13 x 10°%). The lattice strain model, using the 2+
parameters derived above, gives a consistent Dpy/Ds; of 0.02-0.09, suggesting that Sr may
be a reasonable proxy for Pb in garnet.

Perhaps the biggest challenge in estimating U-series partition coefficients is the case
of protactinium partitioning into garnet. The difficulty arises because the ionic radius of
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Pa’" in VI-fold (0.78 A) and VIII-fold (0.91 A) coordination places it between the
optimum radii of the X and Y sites, i.e., it is slightly too large for the Y-site and too small
for the X-site. Consequently, as for clinopyroxene, it is necessary to evaluate Pa
partitioning onto both sites. In the analogous case of garnet-melt partitioning of Zr*" and
its slightly smaller twin, Hf*", Van Westrenen et al. (2001b) have shown that both cations
can enter both sites, w1th Dzr>DHf on the larger X-site ( = =0.9-1.0 A) and Dy>Dy; on
the smaller Y-site ( Om ~ 0. 67A) The bulk garnet DZr/DHf is therefore a complex
function of garnet composition. As we are concerned here with the relationship between
Dp, and Dy, (or Dr,) it is important to evaluate whether similar complexity occurs for 5+
cations. The problem is compounded by the fact that Nb and Ta are the only 5+ cations
for which there are partitioning data, whereas Ti*", Zr*" and Hf*" can all be used to
constrain the problem for 4+ cations (Van Westrenen et al. 2001b). We will begin by
evaluating Dg(}) using the electrostatic model in order to estimate Dpyx), Dnpx) and
Drax). We will use these estimates to derive Dnny) and Drayy from Dyp and Dr,
respectively which can in turn be used to calibrate a lattice strain model for the Y-site.
This model will be based around the 4+ partitioning model of Van Westrenen et al.
(2001b), in terms of ros(;) and Ef;) From these parameters it is possible to estimate
Drycy), which can be combined with Dp,x) to give Dp, and hence Dp,/Dnp.

In order to derive an electrostatic model for the garnet X-site it is necessary to have
experimental data on 4+, 3+, 2+, 1+ cation partitioning onto this site. Only the study of
Klemme et al. (2002) presents data for all four valences. These data show that Dlz )
sufficiently close to Dy; that it is reasonable to use Dy; instead. DO( Y, 1s derived from the
Dy and Dy, lattice strain model presented above. By these means we can increase to ten
the number of experimental data that can be fitted (Van Westrenen et al. 1999, 2000;
Klemme et al. 2002; McDade et al. 2003a). For each experiment we plot Dy, vs. Z, and
fit Equation (7) to obtain Dy, €p and Zyy). Typical fits are shown in Figure 16 and the
results for all runs given in Table 5. All three parameters are broadly consistent between
runs, especially Zox), which is in the range 2.6-2.9 for all runs except Klemme et al.
(2002), where it is 2.36. gp is in the range 12-39 A, which is similar to that previously
obtained for clinopyroxene and wollastonite (Blundy and Wood 2003). For all ten runs
we have used the parameters in Table 5 to estimate D;,,, from which we can calculate
Dix), Dracx) and Dpycx) usmg ro( = ro( ', and Ef;) 2 (;) (from Eqn. 22a,b), as before.
For all ten garnets there is negligible incorporation of Nb or Ta onto the X-site, however
Drax) is significant, though variable (107 to 6 x 107°). We conclude, as expected, that Nb
and Ta predominantly enter the Y-site, while Pa enters both X and Y.

Y-site partitioning of 5+ cations is difficult to constrain because there are data for
only two cations, Nb>" and Ta’*, and yet three parameters need to be constrained: 7,7 ,
E(5+) and ng We will make the assumption, following Van Westrenen et al. (2001b)
that the dimensions of the Y-site do not vary significantly with garnet composition. This
is likely to be true provided that there is very little andradite, uvarovite or majorite
component to replace Al with Fe**, Cr’* or Mg+8Si, respectively, as the dominant cation
on Y-site. This is true for all of our calibrant experiments, but as noted above, the
relatively high uvarovite component on the mantle solidus may cause complications. We
w111 assume that 7, §Y) and E;,, are the same for all ten runs. We will further assume that
rO(Y) < ro(y) and £, = E(4Y+) as estimated by Van Westrenen et al. (2001b). We can then
find the values of these parameters that best model the observed Dnpy)y/Dracy), 1.€., after
allowing for the negligible Dnyx) and Draxy. For 12 published and unpublished
anhydrous garnet-melt partition experiments the weighted mean value of Dny/Dr, is
0.81 £ 0.05. This ratio can be reproduced with 7y, = 0.67 and Ej;, = 1500 GPa. We can
use these parameters to calculate Dp,y), which can be added to the above estimates of
Drax) to give Dp,. In this way we calculate a very consistent set of Dp/Dnp values of
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Figure 16. Electrostatic model fitted to partition coefficients for cations entering the X-site in garnet, based
on the experiments of Van Westrenen et al. (1999, 2000) and Klemme et al. (2002). The curves are fits to
Equation (7) and can be used to estimate Dy, and Dg(*x), from which Dp,x) can be calculated via the lattice
strain model. The fit parameters are given in Table 5.

Table 5. Electrostatic model fit parameters for garnet and estimates of Dp,/Dnp

Reference Run ( Oz’) ( Gga) Doyx) (?fo) Zox) Dpa/Dny
Van Westrenen et al. (1999) 11 1565 3 5.62(19) 16.04) 2.56(1)  0.022
Van Westrenen et al. (1999) 8 1560 3 6.7926) 19.9(5)  2.64(1)  0.022
Van Westrenen et al. (1999) 13 1530 3 258(13) 38.6(26) 2.69(5)  0.026
Van Westrenen et al. (1999) 12 1545 3 3.96(29) 20.6(14) 2.61(3)  0.022
Van Westrenen et al. (1999) 14 1530 3 296(14) 38.6(35) 2.80(3)  0.073
Van Westrenen et al. (2000) 16 1540 3 64936) 197(12) 2.872)  0.028
Van Westrenen et al. (2000) 18 1538 3 7.51(39) 14.3(5)  272(1)  0.021
McDade et al. (in press) R84-19 1495 3 881(70) 12.5(5) 2.73(1)  0.019
McDade et al. (in press) R84-9 1500 3 10.1(7)  124(5)  2.71(1)  0.020
Klemme et al (2002) BS21 1400 3 11.6(13) 18.8@8) 236(3) 0015

Partitioning data, in terms of D;H , fitted to Equation (7) by non-linear least squares.
Uncertainties in brackets given in terms of least significant figures.
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0.02-0.07 for all ten garnets considered. As garnet Dy on the mantle solidus is in the
range 0.007-0.051 (Salters et al. 2002; McDade et al. 2003a), Dp, is likely to be in the
range 0.001-0.01, which is about an order of magnitude less than Dy, for garnet under the
same conditions, but considerably larger than for pyroxenes or olivine.

There are no published noble gas partition coefficients for garnet. However, we can
make a crude estimate by extrapolation of the electrostatic model (Table 5; Fig. 16) to zero
charge. Calculated values are extremely variable, in the range 10 *-107'2, with the lowest
values obtained for the mantle solidus, and 4 x 10°® for eclogitic garnets (Klemme et al.
2002). These values are several orders of magnitude lower than for olivines and pyroxenes,
suggesting that garnet is an insignificant host for noble gases (including radon).

7.5. Amphibole

Amphibole adds further complexity to the problem of estimating U-series partition
coefficients because it contains a multiplicity of cation sites at which substitution may
occur: three structurally distinct octahedral (VI) sites, M1, M2 and M3; a larger VIII-fold
M4 site, which in clino-amphiboles is occupied by Ca and Na; and a XII-fold A-site,
which may be vacant, or occupied by Na and K. Fortunately, Tiepolo and co-workers
(1998, 2000a,b, 2001) have carried out an exhaustive experimental investigation of
amphibole-melt partitioning, which sheds considerable light on the likely site occupancy
of the U-series elements. The lanthanides (and by association bismuth) and actinides are
thought to substitute at M4 (Tiepolo et al. 2000a), while lead, barium (and radium) enter
the A-site (Tiepolo et al. 2000a; Dalpé and Baker 2000). Actinium may partition between
A and M4 sites, although its 3+ charge suggests that it will favour M4. Nb and Ta are
known to enter M1 (Tiepolo et al. 2000b). Pa may also enter this site, although its large
size relative to Nb and Ta means that some Pa may enter M4. The site occupancy of the
noble gases is not known.

Tiepolo et al. (2000a) have studied lanthanide partitioning at 1.4 GPa for a wide
range of amphibole compositions. They propose that there are two symmetrically distinct
M4 sites (M4 and M4’) and that the lanthanides distribute themselves between these two,
with the larger lanthanides (La-Ce) predominantly on M4 and the smaller lanthanides
(Dy-Lu) exclusively on M4’ (Botazzi et al. 1999). The relationship between the sizes of
the M4’ and M4 sites varies with amphibole composition. In kaersutites M4’ and M4 are
similar in size (<0.07 A difference) and both play a role in controlling lanthanide
partitioning. In richterites, however, M4’ is appreciably smaller than M4 (by ~0.5 A) and
influences only the partitioning of Gd-Lu. As La is the proxy of interest for Ac and Bi,
we need only be concerned with the M4 site. We have obtained lattice strain parameters
for the light lanthanides from the experimental data of Brenan et al. (1995), La Tourrette
et al. (1995), AndreeBen et al. (1996), Klein et al. (2000), Dalpé¢ and Baker (2000),
Tiepolo et al. (2000a) and Blundy and Brooker (2003). Ef,\; 4 Tranges from 156-445 GPa
(mean =311 GPa), with no obvious correlation with pressure, temperature or
composition. r03(+M 4 is in the range 1.01-1.04 A (mean 1.033 A), again with no obvious
compositional dependence. A comprehensive study of crystal-chemical controls on lattice
strain parameters for the amphibole M4 site, although very worthwhile, is beyond the
scope of this study. We will therefore opt for fixed values of 330 GPa and 1.033 A, which
results in mean calculated values of Da/Dy, and Dgi/Dy, of 0.024 and 0.71, respectively,
for all the experimental amphiboles studied.

The partitioning of La itself was found by Tiepolo et al. (2000a) to be a linear
function of melt silica content:

melt

lnDE;n(l;\}/]m) :_78(i06)+10(i1) an (26)

melt
total
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where X,r and X are the molar fraction of network-forming cations and total cations,
respectively, in the melt. Tiepolo et al. (2000a) take network-forming cations to be Si
plus all Al that is charge-balanced by alkalis. We note that equally strong correlations
exist between Dy, and D¢, for the same dataset, suggesting that Ca exchange between
amphibole and melt may be equally as important as melt SiO, content. However, for
simplicity here we will adopt Tiepolo et al.’s (2000a) empirical expressions for Dy, and
several other proxy elements.

Uranium and thorium partitioning into amphibole were also studied experimentally
by Tiepolo et al. (2000a). Under the redox conditions of their experiments (FMQ-2 log
units) U was dominantly tetravalent. They find no correlation between Dy, D, and
crystal composition, and, but again find a linear correlation with silica content:

melt

In Df;}l;’j;) =—11(£1)+11(+2) Xf;;h (27a)
total
- Xmelt

In Diyiv, =—11(£1)+10(+1) =2 (27b)

total

These data clearly indicate that U and Th are not fractionated from each other by
amphibole. This is supported by a compilation of all available data, which show that
Dy/Dry, 1s within error of unity over a range in Dy values from 0.004 to 0.034. Tiepolo et
al. (2000a) conclude that amphibole plays no role in fractionation of uranium from
thorium in magmas or in the mantle. By the same token we predict Dp, = Drp.

Radium and barium both enter the large (XII-fold) A-site in amphibole. There are a
large number of experimental Dg, and Ds; determinations with which to calibrate the
parameters roz(;) and E(zj) . To perform this exercise we have assigned Sr to both M4 and
A. Dsrma) 1s estimated from Dc, using the elastic strain parameters for 3+ cations on M4,
modified in the usual way to account for the change in charge. We calculate that
approximately 2-16% of the Sr in the amphiboles studied resides on M4, with the rest on
A. Dgyay (i.€., Ds; — Dsrm4)) 1s then combined with Dg, to arrive at optimum values for
EZ; and ry", . From the experiments of Brenan et al. (1995), La Tourrette et al. (1995)
and Dalpé and Baker (2000) we find that setting E(,, = 160 GPa and 7;,, = 1.504 A
satisfactorily describes all Dg,/Ds; ratios. Using these parameters we calculate consistent
Dra/Dg, = 0.080 + 0.007 for all of the amphiboles studied. The value of Dg, itself varies
from 0.10 to 0.72 in these three studies. There is no obvious correlation with pressure,
temperature or composition. A slightly lower Dg, (0.05) is obtained by Andreef3en et al.
(1996) for andesitic and basaltic andesite melts. For amphibole phenocrysts in acid

volcanic rocks, Ewart and Griftin (1994) find Dg, = 0.16-0.30.
Tiepolo et al. (2000a) also studied lead partitioning between amphibole and melt,

again finding a linear correlation with melt SiO, content:
X;r;elt
Xmelt

total

In Dty = —7.6(£0.7)+8.4(+1.2)

(28)

They ascribe the higher value of Dp, compared to Dy (and Dry) to its incorporation in the
larger amphibole A site. The A site is normally occupied by Na'*, consequently Pb*"
incorporation requires charge balancing elsewhere in the structure. Tiepolo et al. (2000)
suggest that tetrahedral Al is the most likely charge compensating species. They argue
that in richterites Dp, will be much lower than the values predicted by Equation (28) due
to their much lower Al contents. Tiepolo et al. (2000a) do not report Ds, for their
experiments, so no test of the proxy relationship is possible. Such a relationship is
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complicated by the possibility that Sr**, which is slightly smaller than Pb**, may also
enter the smaller M4 site (see above). La Tourrette et al. (1995) and Brenan et al. (1995)
measure both Dp, and Ds; and find very variable Dpy/Ds; ratios (0.13-0.55) suggestive of
some site decoupling between this element pair.

Protactinium may enter either the M1 site, in the company of Nb>" and Ta’", or the M4
site, along with the actinides. Tiepolo et al. (2000b) present an exhaustive study of Nb-Ta
fractionation by amphibole, using the same pargasite and kaersutite dataset described
above. They find that the ratio Dny/Dr, correlates positively with M1-O bond length (dui-0)
as determined by X-ray diffraction on the same synthetic crystals. dmi.o in turn correlates
inversely with amphibole mg# (molar Mg/[Mg+Fe'"]). The higher compatibility of Nb at
longer dwm.o strongly suggests that the ionic radius of Nb is greater than that of Ta by 0.01-
0.02 A. The exact value of each radius is impossible to determine from the partitioning data
alone, but if we assume that Ta" has a radius of 0.640 A (as listed by Shannon 1976), then
we can use the partitioning data to estimate what value of the Nb>" radius best accounts for
the observed fractionation. We use the observed relationship between d1-0 and Dny/Dr, to
estimate 7. We find that simply subtracting 1.38 A from dui.0 gives values of 7y,
that are implausibly large for the observed Dny/Dra. This may in part be due to our adoption
of 0.640 A for the radius of Ta>*, or it may be due to the distortion of the M1 site leading to
slightly larger effective radii for the coordinating O*". Whatever the explanation, we find
that the following expression gives the best results:

Toouny (A) = dyyp.0 —1.426 (29a)

dwvi-o 1s given by Equation (1) of Tiepolo et al. (2000b):
dyio =2.10-0.023mg #-0.014Ti,, (29b)

where Tiy is the total Ti content of the amphibole in atoms per 23 oxygen formula unit.
Using Equation (29) we can reproduce all of the available experimental Dxy/D1, data to
within 2 standard deviations with a constant E,,,, = 3500 GPa and Nb*" ionic radius of
0.660 A (as previously used for clinopyroxene and garnet). With these parameters we
calculate that Dpaoviiy/Drooviy 1 negligibly small, suggesting that Pa does not enter the M1
site.

We can estimate Dp,ovsy only by using the electrostatic model with DS‘:M 5 derived
from Dy and D, Dg(+ ) from the lanthanides and D;/,,,, from Dc, and Dsqua4). For these
purposes we will not take into account the added complexity of M4 and M4’ sites. A fit
of Equation (7) to the Do4) values reported by of Brenan et al. (1995) and La Tourrette
et al. (1995) gives electrostatic fit parameters of 2.3 and 1.9, respectively, for Z,, ,, and
~40 A for ep, in both cases (Fig. 17). We estimate that Dpyovay/Dy 1s 1-4 x 10 in these
amphiboles. Dy itself can be estimated from Equation (27a). (Note that as Pa and Nb now
enter different sites (cf. Pb and Sr) it is no longer useful to use Nb as a proxy for Pa.) The
very low values of Dp, ( = DpapviaytDraomi)) suggests that amphibole exercises little
control over the behavior of this element.

There are no noble gas partitioning data for amphiboles. Given the multiplicity of
cation and anion sites in this mineral it seems likely that Dg, will be higher than in other
silicate minerals.

7.6. Plagioclase

Plagioclase has a single large cation site (M) into which all U-series elements
partition. This site is normally occupied by Ca and Na, with coordination number
increasing with increasing Na content. For simplicity we will assume VIII coordination
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Figure 17. Electrostatic model fitted to partition coefficients for cations entering the M4-site in
amphibole, based on the experiments of Brenan et al. (1995) and La Tourrette et al. (1995). A single
M4-site is assumed, rather than M4 and M4', as proposed by Bottazzi et al. (1999). The curves are fits
to Equation (7) and can be used to estimate D(f{M 4 » from which Dp,om4) can be calculated via the lattice
strain model. Because of the multiplicity of sites in amphibole, it is unlikely that extrapolation of the
curves to zero charge gives a reliable estimate for Dg,. The fit parameters are Z,,,, = 1.87 and pe =
38.1 A (La Tourrette et al. 1995), and 2.31, 36.1 A (Brenan et al. 1995).

across the entire solid solution. As the difference between VIII and X co-ordinated ionic
radii is approximately the same for all U-series cations (Shannon 1976), this assumption
has very little bearing on our findings. Experimental studies of plagioclase-melt
partitioning have been carried out by Drake (1972), Blundy and Wood (1994), Bindeman
et al. (1998), Bindeman and Davis (2000) and Blundy (unpublished data). All of these
studies confirm the findings of Blundy and Wood (1991) that partition coefficients are
strongly dependent on plagioclase molar anorthite content (Xa,). Blundy and Wood
(1991) derived linear relationships between R7InDs, and R7InDg, and Xu, Similar
relationships, but with different slopes, have been found for a large number of other
elements, including U and some U-series proxies, by Blundy and Wood (1994),
Bindeman et al. (1998), and Bindeman and Davis (2000). These correlations are useful in
predicting U-series partition coefficients.

Bindeman et al. (1998) and Bindeman and Davis (2000) present SIMS analyses of
Drake’s (1972) experimental run products. These were doped with selected lanthanides,
Sr and Ba to derive partition coefficients that could be determined by electron-
microprobe analysis. However, a large number of other trace elements occur at natural
levels in the starting materials, and these were measured by Bindeman et al. (1998) and
Bindeman and Davis (2000) to derive partition coefficients. The experiments crystallised
plagioclase in the composition range Angyp-Ansy, which covers most terrestrial magmatic
plagioclases. In the case of lanthanides Bindeman et al. (1998) find a positive correlation
between R7InDy, and Xa,. For La the relationship is:

RTIn Dy, (kJmol') = ~10.8(+2.6).X,, —12.4(£1.8) (30)

Lattice strain parameters for 3+ cations entering plagioclase are difficult to derive because
r03(;4) is clearly larger than La**, meaning that one limb of the partitioning parabola is not
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defined. Blundy and Wood (1994), fitting Dy, Dsm and Dy, from 1 atmosphere experiments
in the system diopside-albite-anorthite, assumed 7, = 7y, Which was itself derived
from fitting a larger number of 2+ cations. 7, L was found to increase linearly with
decreasing Xa, according to relationship (Fig. 6b; Blundy and Wood 1994):

fory (A)=1.258-0.057X, (31)

The values for E,;, obtained in this way are approximately constant at 210+ 1 GPa
across the solid soiution series (Fig. 5). We have fitted the lanthanide partitioning data of
Bindeman et al. (1998) and Bindeman and DaV1s (2000) using this value of E »y and find
a consistent decrease in r,,,, relative to 7y, (as calculated from Eqn. 26) of ~0.03A,

1.e., slightly smaller than was found for ferromagnesian minerals. Using
Yory = Toon —0.03A we can calculate Dao/Dy, and Dgi/Dy,, which vary from 1.0 and 1.1,
respectively, at Anyg (at 900°C) to 0.74 and 1.03, respectively, at Angy (1200°C).

Bindeman and Davis (2000) analyzed uranium in Drake’s (1972) plagioclases and
found a correlation between Dy and Xa,, with values of 0.01 to 0.08. However Drake’s
experiments were run in air and therefore more likely pertain to U®* rather than U*'.
Nonetheless, the values of Dy are still surprisingly large, given that Dy, in the same runs
is only about ten times larger. Fitting the electrostatic model to the 1+, 2+ and 3+ data of
Bindeman and Davis (2000) suggests that Dy++ should be of the order 107 (Fig. 18) i.e.,

Plagioclase
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Figure 18. Electrostatic model fitted to partition coefficients for cations entering the large M-site in
plagioclase, based on the experimental results of Bindeman and Davis (2000) and Blundy and Brooker
(2003). The solid curve is a fit of the D(I)IM), DO(M) and Dg(*M) data of Blundy and Brooker (2003) to
Equation (7) giving Zy,,, = 1.70 and pg=25.9 A. Also plotted is Dy from both experiments, with 1
s.d. error bar. In both cases, Dy is higher than the extrapolated DO(M4) This is especially true for the
Bindeman and Davis (2000) data. The cause of the discrepancy is not known, and further experimental
studies on uranium partitioning into plagioclase are required. Dy, can be estimated as ~2 x 10°.
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considerably lower than the reported values. The ratio Dy/D7: measured by Bindeman et al.
(1998) is also surprisingly low given the size difference between U*" and Zr*" and their
high charge. A single experimental determination of plagioclase-melt partitioning of
uranium and thorium in a hydrous dacite melt at 0.8 GPa and 950°C (Blundy and Brooker
2003) gives Dy = 6.0+3.7x 10 and Dy, = 4.6+2.6x 10 for Ansg. Once again,
however, the value for Dy (and Dry) seems higher than would be expected from the
electrostatic model (Fig. 18). Cooper and Reid (2003) provide ion-microprobe
measurements on Th in plagioclase phenocrysts, from Mount St. Helens lavas, which can
be combined with Th concentrations in the corresponding groundmass or bulk rock to give
Dryp in the range 7-53 x 107 (7 samples, Angs¢). We can estimate Dy/Dry, using the lattice
strain model by assuming that 7, =75, —0.06 and that E); =4E;, =280GPa . This
gives values for Dy/Dr, of 0.18 in Ang (900°C) and 0.30 in Angy (1200°C). The
corresponding Dy for the Cooper et al. (2003) plagioclases (at 900°C) is 1-12 x 107*, in
reasonable agreement with Blundy and Brooker (2003) and the measurements shown in
Figure 18. Dp/Dry calculated using the same parameters is 2.3 in Ans and 1.7 in Ang. If
these estimates of Dr/Dy and Dpo/D1, are combined with Bindeman and Davis’ (2000)
measured Dy, then polonium appears to become compatible in sodic plagioclase (An<sp) at
low temperatures. We emphasise that conclusions regarding U, Th and Po need to be re-
evaluated in the light of further experimental partitioning studies on plagioclase.

Strontium and barium partitioning into plagioclase are well constrained from a large
number of experiments (Blundy and Wood 1991 and references therein; Bindeman et al.
1998; Bindeman and Davis 2000). Both Dg, and Dg, are strongly correlated with Xy.
Blundy and Wood derived relationships of the form R7InD = aXy,+ b for both elements.
Bindeman et al. (1998) revisited these relationships in the light of their new data and
found very similar relationships. Although the expressions for R71nDg, and R7InDs;
given by Bindeman et al. (1998) differ slightly from those of Blundy and Wood (1991),
the calculated the Ds, and Dg, are very similar in the composition range Ang.7o and 750-
1000°C. For that reason the Blundy and Wood (1991) relationships are retained here:

RTIn Dy, (kImol ') = -38.2(+3.2).X,, +10.2(1.8) (32)

RT In Dy, (kImol ™) =-26.7(£1.9).X ,, +26.8(+1.2) (33)

Equation (32) can be used to estimate Dg,, using the lattice strain approach. E(ZA}) is taken
as 116 GPa (Fig. 5; Blundy and Wood 1994), while roz(jw) is taken from Equation (31).
This gives Dra/Dg, of 0.043 at Angy (1200°C) and 0.19 at Ans (900°C). Cooper et al.
(2002) and Cooper and Reid (2003) used a similar method to estimate Dg, from Dg,.
Note that as plagioclase becomes more sodic Dg, and Dg,/Dg, increase, although Dg,
never becomes compatible (Dgr,> 1) in plagioclase. The maximum Dg,/Dg, occurs for
sodic plagioclases at high temperatures.

Lead partition coefficients are reported by Bindeman et al. (1998), who present the
following relationship between Dpp, and Xay:

RT In Dy, (kJmol ') = —60.5(+11.8).X,, +25.3(+7.8) (34)

This expression is relatively imprecise because of the scarcity of data. Also, the oxidation
state of Pb in these experiments is not known. However, it is interesting that for those
experiments in which both Dp, and Ds; have been determined, the Dpy/Ds, ratio is
consistently less than would be predicted from the 2+ lattice strain model using parameters
presented above. As in the case of clinopyroxene, increasing the effective VIII-fold ionic
radius of Pb*" in plagioclase, to 1.38 A, does retrieve the observed ratios. Thus one can
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potentially use the relationship between Ds; and Xa, (Equation 33) to derive Dpy,, assuming
an effective ionic radius of 1.38 A, with greater precision than Equation (34).

Niobium and tantalum are highly incompatible in plagioclase, largely because their
high charge is at odds with the predominantly 1+ and 2+ cations in the large cation site. It
is possible that some Nb and Ta enter the tetrahedral site, normally occupied by Si and
Al In experiments with hydrous dacitic melts at 0.8-1.3 GPa and 950-1025°C, Blundy
and Brooker (2003) measure Dyp in the range 1.3-3.6 x 107* for Ans;.ss. The larger VIII-
fold ionic radius of Pa compared to Nb (and Ta) will result in Dp,>>Dxp. Assuming that
Ey, = 3E}, =336 GPa and r,,, = 75, —0.06, Dp/Dyy is calculated to be ~5000,
which gives a surprisingly large value of Dp, = 0.65-1.8. We suspect that this is a result
of Nb and Ta incorporation on the plagioclase tetrahedral site, making the measured Dxp
an overestimate of Dnpv). Alternatively, we can place an upper bound on Dp, by
estimating Dg(*M) for plagioclase using the electrostatic model (Fig. 18). For the
Bindeman and Davis (2000) experiment Zony 1s 1.77, as befits an M site occupied by a
mixture of Na'" and Ca®", and ep (28 = 1 A) is comparable to values for garnet (Table 5)
and other silicate minerals. The corresponding values for the Blundy and Brooker (2003)
experiment are 1.70 and 26 + 2 A. In both cases Dy, s <107%, which is at odds with the
value of Dxp quoted above. We conclude that although Dp, is likely to very small, further
experimental data on plagioclase-melt partitioning of highly-charged cations are required
before it can be reliably estimated.

The electrostatic model can also be used to estimate noble gas partition coefficients
for plagioclase. It seems reasonable to assume that the noble gases enter the large M site.
As Zyy for plagioclase is less than 2, the noble gases are less incompatible in plagioclase
than U and Th. For example, Dg, is estimated to be approximately 0.003-0.006 for the
two plagioclases plotted in Figure 18.

7.7. Alkali-feldspar

All U-series elements partition onto the large (X-fold) M-site in alkali-feldspar.
However, there are very few experimental data on trace element partitioning between
alkali feldspar and melt, other than for the alkalis and alkaline earths. There are no
published data for U, Th, the lanthanides or Nb, which makes estimating the partition
coefficients for most U-series elements extremely difficult. As alkali feldspar may be an
important fractionating phase in evolved rocks at low temperatures, when partition
coefficients are generally at their highest, it could potentially play an important role in the
evolution of some U-series elements. Clearly new experimental studies of alkali feldspar-
melt partitioning should be an urgent priority. Until such data become available, we will
confine ourselves here to estimates of radium and lead partitioning.

Barium and strontium are well known to be compatible in alkali feldspar. Several
experimental studies demonstrate this over a wide range of pressures and temperatures
(Long 1978; Guo and Green 1989; Icenhower and London 1996). In their PIXE study of
trace element partitioning between alkali feldspar phenocrysts and matrix glass, Ewart and
Griffin (1994), obtain values of Dg, in the range 1.3 to >20. The Icenhower and London
(1996) study provides data for Dy, Dca, Dsr and Dg,, such that lattice strain parameters for
2+ cations can be derived. Preliminary fits (using X-fold ionic radii from Shannon 1976)
indicates that E(;;, is in the range 55-150 GPa, We have elected for a fixed E7;, of 91
GPa, which provides an adequate fit to all of the data as well as being broadly consistent
with E7;, for plagioclase (Fig. 5). Fitted ry,, values using E;; = 91 GPa for the
Icenhower and London (1996) data give values of roz(;ﬂ which increase linearly with the
molar fraction of orthoclase component (Xo;) (Fig. 19). A weighted fit gives:
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Figure 19. Variation in dimension of the X-fold cation site in alkali-feldspar for 2+ cations (roz&) ),
obtained by fitting the experimental data of Icenhower and London (1996) for Dy, D¢, Ds; and Dg, at
0.2 GPa and 650-750°C. In performing the fits E,; was set at 91 GPa for all runs. Error bars are 1 s.d.

The positive slope is consistent with measured changes in metal-oxygen bond length from albite to
orthoclase (cf. Fig. 6). The solid line shows the best-fit linear regression given in Equation (35).

Ty (A) =1.341(£0.002) +0.207 (+0.005) X, (35)

From these values it is straightforward to calculate Dr./Dg, as a function of temperature
and Xo,. For all three datasets we find a linear correlation between Dg,/Dg, and Xo, (Fig.
20). For example, for the Icenhower and London (1996) data at 0.2 GPa and 650-750°C
the relationships are:

D,, =1.919+23.92X,, (36a)

Dra 0104105451, (36b)

Ba

Under these conditions our calculations show that Ra becomes compatible (Dg,> 1) at
Xor > 0.13. For the 0.8 GPa experiments of Long (1976) Ra is calculated to be compatible
at all temperatures from 740-770°C. In the Guo and Green (1989) experiments at 1-2.5
GPa and 900-1100°C, Ra is calculated to be compatible at all but the highest pressure
(2.5 GPa) and temperatures (>1000°C). Evidently alkali-feldspar has a dominant
influence over the behavior of Ra in evolved silicic systems.

The above 2+ fit parameters can also be used to derive Dpy, from Ds;, assuming that
the proxy relationship is valid for alkali feldspar. For the Icenhower and London (1996)
experiments we obtain a further linear correlation with Xo,:
Dy, _
=0.801+1.124X, (37)

Sr

As Sr is highly compatible in alkali feldspar under all conditions, it is likely that so too is
Pb, whatever the validity of the Sr-Pb proxy relationship. Leeman (1979) determines Dpy,
of 0.84-1.37 for separated sanidine phenocrysts (Or.sp) from various acid volcanic rocks,
in broad agreement with Equation (37).
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Figure 20. Variation in calculated Dg,/Dg, for three experimental alkali-feldspar-melt partitioning
studies (Long 1978; Icenhower and London 1996; Guo and Green 1989) as a function of molar fraction
orthoclase content. The lines denote linear best-fits to the different data sets; the fit for the Icenhower
and London data is given as Equation (36b). The slopes appear to vary with pressure and temperature,
but are broadly consistent between the three studies.

We can extend the relationships for 2+ cations to 3+ cations, by assuming that ESA;)
= 2E;, and ry,, = 7o, —0.03 A (cf. plagioclase). For the pressures and temperatures
of the Icenhower and London’s (1996) experiments (0.2 GPa, 650-750°C) both Dgi/Dy,
and Da./Dy, increase linearly with Xo, from 1.1 and 1.8, respectively, at Or; to 1.4 and
7.5, respectively, at Org. Unfortunately there are no experimentally-determined values of
Dy, on which to base these proxy relationships. Leeman and Phelps (1981), working with
separated sanidine phenocrysts (Orso.¢7) and glasses from Yellowstone rhyolites, derive a
consistent set of Dy, values in the range 0.10-0.15. However, Mahood and Stimac (1980),
again working with separates, measure Dy, in the range 1.5-4.6 x 107>, It therefore seems
unlikely that Ac and Bi are compatible in alkali-feldspar. Experimental studies of
lanthanide partitioning between alkali-feldspar and melt are urgently required to evaluate
these conclusions.

7.8. Phlogopite (biotite)

Trioctahedral micas, such as phlogopite or biotite, are characterised by four distinct
cation lattice sites: tetrahedral (Z) sites occupied by Si and Al; octahedral (Y) sites,
denoted M1 and M2, occupied by Al, Cr, Fe*', Ti, Fe*", Mg and Mn; and a large XII-fold
co-ordinated interlayer X-site occupied by K, Na and Ca. Schmidt et al. (1999) argue that
only the X-site is suitable for incorporation of large trace cations. The low partition
coefficients for lanthanides, U and Th in phlogopite (<2 x 10™*) indicate, moreover, that
large highly charged cations cannot be incorporated at the X-site, presumably because of
a lack of suitable charge-balancing mechanism. We will therefore not consider further the
partitioning of U, Th, Ac or Bi. To estimate the partitioning behavior of the other U-
series elements we have used the following experimental phlogopite (or biotite)-melt
partition coefficients: La Tourrette et al. (1995), Icenhower and London (1995), Schmidt
et al. (1999) and Green et al. (2000). These data cover a wide range in pressure
(0.2-3 GPa), temperature (650-1140°C) and Al content (2-4 atoms pfu).
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2+ cations, such as Sr and Ba, readily enter the X-site, with the excess positive charge
balanced by Li substitution on an M-site or Al on a Z-site. In fact, partition coefficients for
barium in phlogopite can be even larger even than in alkali-feldspar. Phlogopite Dg, is
consistently larger than Dsg,, indicative of a site with very large roz(}). This observation
indicates that phlogopite will be a significant host for radium and possibly lead.

Partition coefficients for radium can be obtained by fitting the 2+ partitioning data to
the lattice strain model (using XII-fold ionic radii) to obtain roz(}) and E(z;)
Unfortunately, roz(}) appears slightly larger than the radius of Ba®", which makes one limb
of the parabola poorly constrained. Moreover, typically only three divalent partition
coefficients are measured (Ba, Sr and Ca), and Dc,, when analyzed by EMPA, is
normally imprecise. We have taken an alternative approach, using 1+ partitioning data to
constrain 7, and Ey,, which are then converted to 7y, and E(;, using some of the
simple relationships described above. The data of Icenhower and London (1995) are ideal
for this purpose as they report partition coefficients for Na, K, Rb and Cs, which span the
size of the X site. For 15 experiments at 650-750°C and 0.2 GPa, we obtain a very tight
cluster of 7y, (1.650-1.673 A) and EJ, (47-56 GPa), with mean values of
1.665 +0.007 A and 50 + 2 GPa. A typical fit is shown in Figure 21. There are no higher
pressure partitioning data for all four alkali metals, and we are forced to fix E(l;) =50
GPa in order to fit the 1.5 GPa experiments of Schmidt et al. (1999). Significantly we
derive much larger values of role) in the range 1.71-1.73 A. The Schmidt et al. (1999)

Phlogopite
10% ¢
O 1+
Ba_ _.-.
® 2+ | 4 "x\
’ A
’ A
1 ’ v
N 1] ¢ U — e o .
c . ’ ' ]
9 tf ‘\
2 / ) Rb
©
o
O 10° L e e ]
c F ]
e,
=
Q)
o
107" Lo /A, | S i
run 6+6 650°C 0.2 GPa (Icenhower & London, 1995} \
102 Ll | Ll I EPRTRPRE RV

12 13 14 15 16 17 18 19 20
lonic radius (A)

Figure 21. Fits of lattice strain model to experimental phlogopite-melt partition coefficients for 1+ and
2+ cations on the large X-site for run 6+6 of Icenhower and London (1995) at 0.2 GPa and 650°C. 1+
data can be readily fitted; 2+ data were fitted by assuming that Ex" = 2Ey" = 100 GPa. Note that 7y,
is slightly larger than rg,, making this site ideal for incorporation of Ra. Errors bars, when larger than
symbol, are 1 s.d. Ionic radii in XII-fold coordination are taken from Shannon (1976).
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phlogopites are considerably less aluminous than those of Icenhower and London (1995),
it therefore is likely that this change in rO'(+X) is related to crystal chemistry, notably the
extent of eastonite solid solution. We do not, as yet, have sufficient data to quantify this
possibility. However, as we shall show, variations in 7, and 7y, do not have a
significant impact on calculated Dro/Dg,.

There are only five experiments that report Dc,, Ds; and Dg,: three from Schmidt et
al. (1999) and two from Icenhower and London (1995). We have fitted these data using
the simplest reasonable approximation, E(z;) = 2E'}, = 100 GPa. In each experiment we
find that the calculated 7y, is 0.01-0.06 A smaller than 7, , consistent with
observations elsewhere in this chapter. The difference in 7,5, between the low-Al
Schmidt et al. (1999) biotites and the high-Al Icenhower and London (1995) biotites
persists. However, when we use the fitted roz(}) and Ef; = 100 GPa to calculate Dr,/Dga,
the values for all five experiments are remarkably consistent, from 0.7 to 1.8 (mean =
1.0£0.3), despite the wide range in pressure, temperature and crystal and melt

chemistry. We suggest that, uniquely, in phlogopite Dr, = Dga.

Dg, can itself be parameterized from the above experimental data, supplemented by
the data of Guo and Green (1990), who confined themselves to Ba partitioning only, in
the pressure range 1-3 GPa. This provides a total of 33 data points. From Figure 22 it is
clear that InDg, is inversely correlated with temperature. However, there is a discrepancy
between Dg, determined by La Tourrette et al. (1995) and that determined by Guo and
Green (1990) at almost identical pressure and temperature. This difference must be
compositional in origin, although there are no consistent melt of crystal compositional
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Figure 22. Variation in phlogopite-melt Dg, with reciprocal temperature. The low temperature data of
Icenhower and London (1995) define a strong linear trend. At higher temperature, no trend is apparent,
and the data fall into two distinct clusters: the high Dg, points of Green et al. (2000) and La Tourrette et
al. (1995) and the low Dg, points of Schmidt et al. (1999) and Guo and Green (1990). The cause of
these differences is unresolved.
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differences between the low and high Dg, phlogopites. Until roz(}) can be better
parameterised in terms of biotite composition, the relationship between Dg, and D(f&),
and hence with pressure and temperature, will remain elusive. In the meantime we
suggest using Figure 22 to estimate Dg,. At temperatures less than ~1000°C, we calculate
that Ra will become compatible in phlogopite.

Schmidt et al. (1999) report Dp, of 0.034-0.045 for two experiments with leucite
lamproite melt composition; for a basanitic melt composition La Tourrette et al. (1995)
give Dp, = 0.10. In all three cases Dp, consistently falls below, by a factor of ~3, the
parabola defined by the other 2+ cations, as previously noted for several other minerals.
Here the implication is that the effective XII-fold ionic radius of Pb*" is slightly smaller
than the value given in Table 2, i.e., closer in size to rs;. Dpy/Ds; is between 0.6 and 1.2,
in these experiments. In the PIXE partition study of Ewart and Griffin (1994) for acid
volcanic rocks, Dpy, ranges from 0.21 to 2.1 (3 samples), with Dpy/Ds; of 0.29 to 2.9. Until
there are further experimental determinations of Dpyp, or better constraints on its ionic
radius, we suggest that Dp, = Ds;.

Phlogopites show high values for Dri, in the range 0.7-28 in the experimental dataset
introduced above. Ti enters the M-sites, charge balanced either by Al-Si exchange on the
Z-sites or by the formation of octahedral site vacancies. It seems possible, therefore, that
other highly charged cations, such as Pa’*, may also enter this site. However, the very
large values of Dri/Dyz: (54-104 for the experiments listed above) show that the M-site
dimension is considerably smaller than the VI-fold ionic radius of Zr (0.72 A), so that
cations as large as Pa>* (0.78 A) will be excluded. The partition coefficient for Nb, whose
ionic radius is significantly smaller than Pa, is 0.02-0.09. Green et al. (2000) report
Dxv/D1a = 0.191 £0.013, indicating that ros(;ﬂ is smaller than the ionic radius of Nb
(0.66 A). By analogy with 5+ cation partitioning in other minerals, we suggest that Dp,
will be vanishingly small in phlogopite.

There are no noble gas partition coefficients for phlogopite. The large size and low
mean charge of the large X-site (Z;y,) suggest that noble gases could be readily
incorporated into phlogopite.

7.9. Oxide minerals

The most important magmatic oxide minerals are spinel (including magnetite and
chromite), ilmenite and rutile, and we will confine our discussion to these. Because all of
these oxides are dominated by relatively small cations, it is unlikely that any of the larger
U-series cations will be appreciably incorporated. Due to the relatively low modal
abundance of oxides in rocks (typically 2 wt% or less), these minerals will only exert
significant leverage on trace element fractionation for elements whose partition
coefficients are greater than approximately 107>. We will further confine our discussion
to the more highly charged and/or smaller U-series cations.

Spinels. There are limited experimental data on uranium and thorium partitioning
between magnetite and melt (Nielsen et al. 1994; Blundy and Brooker 2003). Both
studies find U and Th to be moderately incompatible. Blundy and Brooker’s results for a
hydrous dacitic melt at 1 GPa and 1025°C give Dy and Dy, of approximately 0.004. The
accuracy of these values is compromised by the very low concentrations in the crystals
and the lack of suitable SIMS secondary standards for these elements in oxide minerals.
Nonetheless, these values are within the range of Dy, of magnetites at atmospheric
pressure: 0.003-0.025 (Nielsen et al. 1994). It is difficult to place these values within the
context of the lattice strain model, firstly because there are so few systematic
experimental studies of trace element partitioning into oxides and secondly because of the
compositional diversity of the spinels and their complex intersite cation ordering.
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Nonetheless, we can gain some insight from the atmospheric pressure experimental study
of Horn et al. (1994). Their run #44/3 (1275°C; logfO, = —0.68) yielded partition
coefficients for ten different trace elements of differing charge and size (Fig. 23).
Assuming that at high temperatures there is complete disorder across the tetrahedral and
octahedral sites, i.e., they can be defined by single parabolae for each charge, we can
sketch lattice strain curves through 2+, 3+ and 4+ data. Although our assumption is a
gross oversimplification, we can nonetheless see a systematic increase in £ and decrease
in 7o with charge, as observed for silicate minerals. The curves for 4+ cations suggest that
Dy will be <107, and substantially higher than Drj,. These estimates are much lower than
the experimental values noted above. However, Dr; in the Horn et al. (1994) experiment
is about an order of magnitude less than in those experiments of Nielsen et al. (1994) for
which Dy, was measured, and two orders of magnitude less than in the Blundy and
Brooker (2003) experiment. It is therefore possible that D;" is larger in the experiments
where D, was measured, than in the Horn et al. (1994) experiment shown in Figure 23.
We suggest that the Dry, values given above are reasonable estimates for magnetite, but
that they will be very sensitive to temperature and Drj. Dy/Dr, will be very large (>10). It
is not possible to gauge the compositional dependence of D, and Dy at this stage.

Protactinium partition coefficients cannot be estimated with any degree of accuracy
from the available data. However, from a compilation of 40 magnetite-melt pairs where
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Figure 23. Lattice strain model applied to experimental spinel-melt partitioning data (run 44/3 of Horn
et al. 1994), assuming a single site with VI-fold coordination. The spinel in this run is a
magnesioferrite-hercynite solid solution with composition Mg, ,sFe;h Fe; Al 3, iy 0,0, . Curves
show approximate fits to the experimental data; for 3+ cations there are insufficient data to define a
parabola. Note the apparent increase in 7, and £ with cation charge, as observed for silicates. The low
Dy suggests mixed 3+, 4+ and 5+ valence at the experimental O, (107%). The low D;" in this spinel
may account for the low extrapolated values of Dy and Dry,, compared to the experimentally measured
Dy, of Nielsen et al. (1994) and Dy and Dy, of Blundy and Brooker (2003).
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Dnp and Dr, have been measured, all but 5 have Dny/Dr, <1, with an average Value of
0. 89 + 0.53, consistent with the Horn et al. (1994) data in Flgure 23. Takmg (w) =

Totwery@a0d E 05; ~ 3EY (as suggested by Fig. 23), gives Dy/Dr, of 0.54, which is withinl
s.d. of the experlmental mean. The corresponding value of Dp,/Dxp 1s on the order 10 4OIf
we adjust 7”0(“;) = ”ow) and E = SE:; so as to reproduce the mean experlmental
Dxw/Dra, then Dp,/Dyy, increases to 1072, As Dy itself can be 1 or more in silicic volcanic
rocks (Ewart and Griffin 1994), then magnetite Dp, may be considerably larger than that
for any of the silicate minerals discussed above and may play an important role in
controlling Pa fractionation in evolved silicic rocks. Significantly, magnetites may have

broadly similar Dy and Dp,, and so effect relatively little fractionation between U and Pa.

The lack of systematic lanthanide partitioning data for spinels precludes estimating
values for Dy, Dg; etc. Suffice to say that they will be vanishingly small, as will Dg, and
Dpy, given the low partition coefficients for Ca and Sr in spinels.

Ilmenite. There are currently no experimentally-determined ilmenite-melt partition
coefficients. We must rely instead on phenocryst-groundmass data analyzed by PIXE
(Stimac and Hickmott 1994; Ewart and Griffin 1994). Like magnetite, ilmenite is
characterised by two relatively small sites, and is therefore unlikely to take up
appreciable amounts of lanthanides or large alkaline earths. We will confine ourselves
again to U, Th and Pa.

Neither of the phenocryst-groundmass studies analyzed for U or Th. Consequently
we must try to estimate Dy and Dy, from the behavior of other 4+ cations, viz. Ti, and Zr,
for which there are data. Dri/Dz ranges from 100-220 in the study of Stimac and
Hickmott (1994), with absolute Dr; in the range 150-225. With such a large fractionation
between Ti (VI-fold ionic radius 0.605 A) and Zr (0.72 A) it is unlikely that there will be
significant incorporation of even larger cations such as U and Th onto the Ti site. There
are insufficient data for 1+ and 3+ cations entermg the large Fe site to estimate D,* using
the electrostatic model. We estimate that Dy < 10~ for ilmenite and that it is con51derably
larger (>100 times) than Dry,.

Ilmenite is characterised by very large partition coefficients for Nb and Ta, in the
range 7-150, raising the possibility of appreciable Dp,. Stimac and Hickmott (1994) show
that Dnw/D1. ranges from 1 to 0.8, similar to magnetite. Assuming that the site
characteristics are therefore similar in these two minerals, we suggest that Dp,/Dyp will
have a similar, or slightly higher, value (10%-10"%). However, because Dy; is itself 25-60
times larger in ilmenite than coexisting magnetite (e.g., Ewart and Griffin 1994), Dp, will
be correspondingly larger. Like magnetite, ilmenite may also play an important role in
controlling the Pa evolution of silicic magmas. Experimental data on ilmenite-melt
partitioning are required to better constrain this possibility.

Rutile. 1t is unlikely that rutile will incorporate any U-series cations other than U, Th
and Pa. Dy and Drj, can be estimated from Drj, Dz and Dy, using the experimental data
of Foley et al. (2000). In three experiments on a doped natural tonalite under hydrous
conditions at 1.8 to 2.5 GPa, Foley et al. (2000) measure Dz and Dyr by LA-ICP-MS.
Unfortunately they do not report Dr;. However, we can estimate the TiO, content of the
melt from the glass analysis in Jenner et al. (1993) for the same tonalite starting material
at similar P and 7, which gives Dr; = 84. The Dri/Dz and Dy Dy, ratios for the three
experiments in Foley et al. (2000) can be fitted (using VI-fold ionic radii) with 7" =
0.585 A and E** =700 GPa. This gives Dy of ~4 x 10~ and Dy, some three orders of
magnitude smaller.

Foley et al. (2000) report a single value for Dp, of 0.015 at 2.5 GPa and 1100°C.
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Experimental Dy and Dy, are provided by Jenner et al. (1993) and Bennett et al.
(2003). Foley et al. (2000) determine Dyp, but place only lower bounds on Dr,. The first
two studies give Dny/Dr, 0f 0.53 and 0.78 £ 0.14, respectively. This is remarkably similar
to both magnetite and ilmenite, suggesting that the site characteristics are broadly similar
in all three minerals. As a consequence we propose that Dp,/Dyy is similar in rutile to the
other oxides. Dny appears to be very sensitive to both temperature and, possibly, melt
composition. For example in the 3 GPa Ti-CMAS experiments of Bennett et al. (2003),
Dy 1s 28 £ 3, while it is 53 in the Jenner et al. (1993) experiments and >100 in the Foley
et al. (2000) experiments, both on hydrous tonalite. This range is comparable to Dy, for
ilmenite and we suggest that these two minerals will have a comparably strong influence
on Pa behavior in evolved liquids. The 5+ cation partitioning in ilmenite and rutile could
be better constrained experimentally by also adding vanadium and running at elevated
fO, where V is all 5+.

7.10. Zircon

There are surprisingly few microbeam studies of zircon-melt partitioning in natural
systems and none in experimental systems. Recently Thomas et al. (2002) have derived
zircon-melt partition coefficients from rehomogenised glass inclusions in zircons from an
intrusive tonalite, while Hinton et al. (R. Hinton, S. Marshall and R. Macdonald, written
comm.) have used an ion-microprobe to measure zircon-melt partition coefficients from a
Kenyan peralkaline rhyolite, with an estimated eruption temperature of 700°C (Scaillet
and Macdonald 2001). We have used the lanthanide partition coefficients from these two
studies to derive best-fit values for 77" and E** for the large VIII-co-ordinated site. In
total there are 13 individual sets of partition coefficients. All of these yield broadly
consistent values of 7%, in the range 0.968-1.018 A, but very variable E°*, in the range
373-1575 GPa. Because Lu’" is comparable in size to 7", E** cannot be well
constrained from the lanthanides alone. Only the Hinton et al. (written comm.) study has
determined Ds., which better constrains E°* to be 620 GPa and r03 * to be 0.962 A (Fig.
24). These values have been adopted here, for the calculation of Da./Dy, and Dgi/Dy,,
which at 700°C are 2 x 107 and 0.04 respectively.

Only Hinton et al. (written comm.) have determined Dy and Dy, for zircon. From one
sample they obtain Dy = 130 and Dy, = 20 and from the other Dy = 97 and D, = 15. These
values are very similar to those obtained by Charlier and Zellmer (2000) for zircons
separated from a rhyolite: Dy = 125, D, = 21.2. The high Dy/D, ratios, ~6 in all three
cases, are consistent with 7" being smaller than ry4+, while Dz/Dys = 2, indicates that 7,
is slightly larger than rz.. However, it is not possible to fit these data (and Dr;) satisfactorily
using the lattice strain model. The curve drawn through the 4+ cations in Figure 23, with
7" =0.912 A and E* = 750 GPa, only crudely reproduces the data; Dy/Dr, is grossly
overestimated. One possible explanation for this mismatch is that some U®" is present in the
melt, so reducing Dy. This is unlikely as the magmatic fO, under which the Kenyan zircons
crystallised is thought to be at or below FMQ (Scaillet and Macdonald 2001). More
plausible is the proposal of Linnen and Keppler (2002), on the basis of the different
solubilities of zircon and hafnon in silicate melts, that the Dz/Dys ratio should be very
sensitive to melt composition, especially in evolved silicic compositions. Thus, the
curvature of the 4+ parabola that passes through Dz and Dyr should vary systematically
with melt composition. This is clearly a possibility that requires experimental testing for
other 4+ cations, including Ti, Th and U. Until then, we can only conclude, based on the
very limited data available, that Dy~ 100 and Dy/D1, = 6.

One of the striking features about 7;* as constrained above, is that it is almost
identical to the ionic radius of Pa’* in VIII-fold coordination, suggesting that Pa will
readily partition into zircon. However, until there are experimental data with which to
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Figure 24. Lattice strain model applied to zircon-melt partition coefficients from Hinton et al. (written
comm.) for a zircon phenocryst in peralkaline rhyolite SMNS59 from Kenya. lonic radii are for VIII-fold
coordination (Shannon 1976). The curves are fits to Equation (1) at an estimated eruption temperature
of 700°C (Scaillet and Macdonald 2001). Note the excellent fit of the trivalent lanthanides, with the
exception of Ce, whose elevated partition coefficient is due to the presence of both Ce*" and Ce*" in the
melt, with the latter having a much higher partition coefficient into zircon. The 4+ parabola crudely fits
the data from Dr; and Dy, through Dz to Dy, but does not reproduce the observed Dy/Dry, ratio. We
speculate that this is due to melt compositional effects on Dz, and Dy (Linnen and Keppler 2002), and
possibly other 4+ cations, in very silicic melts. Because of its VIII-fold ionic radius of 0.91 A (vertical
line), Dp, is likely to be at least as high as Dy, and probably considerably higher.

calibrate the lattice strain model, and any sensitivity to melt composition, we cannot
quantify the partitioning behavior of Pa relative to other 5+ cations, such as Nb. It is
reasonable to conclude, however, that Dp, is likely to be larger than Dy, based on simple
ionic radius considerations. Unfortunately, there are very few Dy data for zircon. The
problem is exacerbated in ion-microprobe studies by the isobaric interference of 'H**Zr
on **Nb, which is not negligible in zircon itself. This problem, if not fully addressed will
tend to overestimates of Dyp. Hinton et al. (written comm.) measured Dy, = 0.34 for one
zircon-melt pair (Fig. 23), which we consider as a minimum estimate for Dp,. It would
seem that zircon may have the highest Pa partition coefficient of any mineral, possibly by
several orders of magnitude. Further experimental determinations of the partitioning of
high-field strength elements (and even Pa itself) between zircon and a variety of silicic
melts are urgently needed to gauge the extent to which this mineral can control the entire
Pa budget of silicic magmas.

Divalent cations do not readily enter zircon. Thomas et al. (2002) give Ds; of 0.014-
0.043 and Dg, of 0.003-0.005. On this basis we estimate that Dg./Dg, will be on the order
107°. There are no data for Dpy, which will presumably be somewhat lower than Dy,
based on our experiences with other minerals.
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There are no constraints on Dg, at this time, but given the high mean site charge
(Zy= 4), it is unlikely that any noble gases dissolve in zircon.

7.11. Other accessory phases

Other accessories that may play an important role in the fractionation of some U-
series elements, include, monazite, apatite, allanite, titanite, thorite and chevkinite.
Hermann (2002) has recently determined experimentally the partitioning of U, Th and
lanthanides between allanite and granitic melt at 2.0 GPa and 900°C. He finds Dy = 20
and Dy, = 60, confirming that allanite can play an important role in controlling U-Th
budgets in silicic melts. The very high Dy, in the same experiment (~200), indicates that
allanite will also be an important host for Bi and Ac.

We are not aware of any experimental U-series partitioning data for other accessory
phases. Macdonald et al. (2002) determined D, = 87 and 158, and Dy =7 and 11 for two
chevkinite phenocrysts in peralkaline rhyolites from Kenya.

8. CONCLUSIONS

Experimentally-determined partition coefficients exist for U, Th and Pb in most of
the major rock-forming minerals. Through careful consideration of experimental and
analytical techniques these data can be filtered for use in U-series studies. In some cases,
e.g., U and Th in garnet and clinopyroxene, there are sufficient partitioning data to be
parameterised as functions of pressure, temperature and composition. This allows
polybaric, polythermal natural processes to be modeled with greater precision. For the
rest of the U-series elements, however, there are no experimentally-determined partition
coefficients, and values must be estimated. One method for doing this is the lattice strain
model of Blundy and Wood (1994), which allows the partition coefficient of one cation
to be derived from that of another cation with the same charge entering the same lattice
site. We have developed this model for application to the U-series elements by
identifying a proxy element for each U-series element. We then derive input parameters
for the lattice strain model based on available experimental partition coefficients, and so
quantify the relationship with the proxy. In those cases where there are no experimental
partitioning data for isovalent cations, we apply the electrostatic model of Wood and
Blundy (2001), which enables the partition coefficients for a variety of cation charges to
be parameterised in terms of a simple parabolic expression. This approach is especially
useful in the case of Pa partitioning, which is compromised by a lack of other 5+ cations
of similar size.

Our approach has enabled, for the first time, estimates to be made of the partition
coefficients for nine of the ten U-series elements in twelve rock-forming minerals. We
summarize our estimates of the proxy relationships in the form Duy_series/Dproxy (Table 6).
These ratios can be combined with estimates of Dyoxy from the literature. We hope that
these data will provide a useful source until such time as direct experimental data become
available. In the meantime, new partition coefficient determinations for other elements
can be used to refine and modify the estimates presented here. For the U-series elements
and their proxies, we have shown that partitioning data are presently lacking, or
contradictory, in the cases of plagioclase, alkali feldspar and zircon. The oxide mineral
dataset is also rather sparse. For many accessory phases there are no partitioning data at
all. The effect of oxidation state on U and Pb partitioning would also represent a
worthwhile experimental endeavour. This is especially true in the case of fluid-mineral
partitioning where there are presently very few partitioning data and where elevated fO,
is more likely than in magmatic systems. It is not yet clear to what extent the lattice strain
model can be extended to cover mineral-fluid partitioning.
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Table 6. Summary of partition coefficients for U-series elements or their proxies.
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ion Cpx Opx Olivine Garnet Amphibole
U* | (18)and(8)or (19b)  2.6xDp, 6x107 (252) (272)
Th** | (18)or (19a) 0.001-0.003 Dy/6.3 (25b) (27b)
Po* | 0.7xDqy, 0.5%Dyy, 0.2-0.6xDry, 0.04-0.1xDry, =Dy,
Ra? | 0.01-0.07xDpg, 0.01-0.02xDg,  0.003-0.02xDg, 10 *xDg, 0.08xDg,
Pb* | (8) with rp,=1.32A  0.009 0.004 0.02-0.09xDg,  (28)
Ac* | 0.06xD, 1-9x107xDy,  0.01xDy, 0.2-7x107xDy,  0.02xDy,
Bi** | 0.75xDy, 1.2xDy, 1.1xDy, 0.3-0.5xDy, 0.71xDy,
Pa%" | 107xDy 107xDy 107Dy Table 4 1-4x107*xDy
Rn’ | 107 0.004-0.02 1072 <107

ion | Plagioclase K-feldspar Phlogopite Oxides Zircon

U+ | 6x107* >10xDry, ~100

Th* | 5.6xDy <1073xDry; ~Dy/6

Po*" | 2xDpy

Ra?" | (32) and (8) (36a,b) ~Dg, << 10Dy,

Pb* | (34) 0.8-1.40r(37)  =Dg ~0.02

Ac* | 0.02xDy, 2-8xDy, << 2x107% Dy,

Bi** | =Dy, 1-2xDy, << 0.04xDy,

Pa® | <107 <1078 102-10*xDyy, ~ =Dp

Rn’ | 3-6x107° << <<

Partition coefficients are expressed either as values, or as ratios to the proxy element indicated.
(#) indicates Equation (#) in the text.

<< indicates vanishingly small.

Blank space indicates that the value is presently unconstrained.

To some extent values in this table are generic. The reader is urged to consult the text for more details on
how to modify the values for different melting environments.

Lead partitioning is difficult to estimate using the lattice strain approach, because
Dpy tends to deviate from parabolae defined by other divalent cations. We suggest that the
ionic radius of Pb*" is affected by its lone-pair of electrons and may vary from structure
to structure. The effective ionic radius of Pb*" appears inconsistent with the values
tabulated by Shannon (1976) for different coordination numbers. This is probably a
consequence of divalent lead’s electronic configuration, a problem that also afflicts Bi*".
Nonetheless, a systematic study of Pb partitioning between melts and cation sites of
varying coordination number and geometry could be used to derive an effective set of
ionic radii for Pb**, which could be extrapolated to Bi*" and any other ions with a lone
pair of electrons. Until this issue is resolved, the estimated mineral-melt partition
coefficients for bismuth, which are consistently close to Dy ,, should be viewed as crude.

In most minerals the U-series elements are highly incompatible. There are, however,
several exceptions. We calculate that radium will be compatible in phlogopite and alkali-
feldspar and that these two minerals will dominate the magmatic radium budget in cases
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where they are present. Protactinium has elevated partition coefficients in magnetite,
ilmenite and rutile, and may be higher still in zircon. Protactinium abundance and **'Pa-
25U disequilibria in magmatic rocks may therefore be very sensitive to saturation by
accessory phases, particularly zircon. Although actinium is not compatible in any of the
minerals studied, its principal host will be sodic plagioclase, and possibly alkali feldspar,
at low magmatic temperatures, where D, may be as high as 0.3. Polonium partitioning is
likely to be very similar to Th, which has a slightly smaller ionic radius. Dp, will only
exceed Drp, in minerals with large cation sites that accommodate 4+ cations, such as sodic
plagioclase, where polonium may become compatible at low temperatures. There is a
lack of noble gas partitioning data for most rock-forming minerals, and no estimate of the
atomic radius of radon.

Finally, the experimental community should not despair of directly determining
partition coefficients for key U-series elements. Obviously this will not be possible for
highly incompatible elements because the doping levels would involve hazardous levels
of radioactivity. However, for elements with partition coefficients close to unity in some
phases, partitioning could be studied experimentally at reduced doping levels. One
objective of this review is to highlight such phases and elements. Radium partitioning
between melt and phlogopite, alkali-feldspar or sodic plagioclase should be
experimentally tractable, as should protactinium partitioning between melts and oxides or
zircon. Careful experimental design, including choice of analytical technique (microbeam
or track-counting), is essential if the simple lattice strain model and its predictions are to
be tested, and a consensual set of U-series partition coefficients derived.
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1. INTRODUCTION

One of the initial goals of measuring U-series disequilibria in young volcanic rocks
was the development of new dating methods in an age range (about 0-300 ka), where few
other methods were applicable at that time (Cerrai et al. 1965; Cherdyntsev et al. 1967,
Kigoshi 1967; Taddeucci et al. 1967; Allegre 1968). In the following years, several
studies showed that the Z**U-"Th method, the first to be applied, was indeed able to give
reliable ages on rocks from various volcanoes (e.g., Allégre and Condomines 1976;
Condomines et al. 1978). But it was soon realized (e.g., Oversby and Gast 1968; Allégre
and Condomines 1976; Capaldi et al. 1976) that U-series disequilibria could not only be
used to date volcanic rocks, but also to infer the timescales of magma transfer and
evolution in the crust, and that these methods could give rather unique information on
such important parameters. During the last twenty years, besides continuing efforts to
develop and discuss the U-series dating methods, many studies have addressed the
problem of the timescales of magmatic processes, from melting in the mantle, to
crystallization and differentiation of the magmas in their reservoir(s), and magma
degassing near the surface. Moreover, as far as studies on volcanic minerals are
concerned, determining the eruption age and the timescales of crystallization are
intimately linked. It is the purpose of this chapter to review some of the recent advances
in the fields of magma chamber processes and dating (the timescales of partial melting in
the mantle are treated in other chapters of this book: Lundstrom 2003; Bourdon et al.
2003; Turner et al. 2003). General reviews of U-series disequilibria in volcanic rocks
have been published by Condomines et al. (1988), Gill et al. (1992), Gill and
Condomines (1992), Macdougall (1995), Chabaux (1996), and most of the references of
earlier U-series articles can be found in these review articles. Section 2 will recall a few
general principles, and useful diagrams which are present in most papers on U-series
disequilibria in volcanic rocks. In section 3, a few simple models of magma evolution
will be considered (closed vs. open systems...) with the corresponding terminology, and
several approaches to infer the timescales of magma chamber processes will be described
in the rest of this section (disequilibria in single samples, comparison of disequilibria in
comagmatic rocks, evolution of disequilibria during the eruptive history of a volcano,
studies on minerals, timescales of magma degassing). Section 4 will address more
specifically the problem of determining the eruption ages of young volcanic rocks,
through mineral isochrons, or whole rock dating. Because dating eruption ages through
mineral isochrons relies on the basic assumption that the time interval between
crystallization and eruption is short, we have chosen to first discuss the timescales of
crystallization before presenting examples of successful datings of eruptions and the
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conditions required in any attempt to use U-series methods for such determinations
(section 4.1).

2. GENERAL PRINCIPLES AND USEFUL DIAGRAMS
2.1. Radioactive disequilibria as dating tools

The principles of radioactive disequilibria in the U or Th series and their applications
in geochronology have been described in detail in the book ‘“Uranium-series
disequilibrium: Applications to Earth, Marine and Environmental Sciences” edited by
Ivanovich and Harmon (1992), and they are recalled in the first chapter of the present
book (Bourdon et al. 2003). The existence of a radioactive disequilibrium in a given
“parent” (1) — “daughter” (2) pair (i.e., an activity ratio (N2 / Nl) # 1 in the usual case
where the half-life T, of the “parent” is much longer than the half-life T, of the
“daughter”) is a necessary condition to be able to date the geochemical fractionation that
first created the disequilibrium. Note that the words parent and daughter are written here
in quotation marks because, contrary to classical isotope systems like Rb-Sr, both parent
and daughter can be radioactive and radiogenic if they belong to intermediate nuclides of
the decay series. Figure la illustrates this principle of dating the geochemical
fractionation, and the well known Figure 1b, first proposed by Williams (1987), further
emphasizes that, in closed systems, radioactive equilibrium is nearly reestablished after
about 5 half-lives of the daughter nuclide. The behavior of several of the most useful
parent-daughter pairs is summarized in this figure (the different shape of the curves in
Fig. 1b compared to the curve in Fig. 1a is simply a consequence of the logarithmic scale
on the abscissa). With the above condition that T, >> T,, the equation describing the
evolution of the daughter activity (Nz) as a function of time in a closed system is:

(N,)=(N,) (1= )+(N,), e ™, (1)
which can also be written:

[(NL/N)=1]=[(N,/N,), ~1]e ™. (2)

(N,), and (N,/N,), represent the initial activity and activity ratio, respectively, just
after the fractionation between “parent” and “daughter” nuclides.

2.2. Isochron diagrams

In magmatic processes, both parent and daughter nuclides are usually present in the
solid sources, magmas and crystallizing minerals, so that (Nz) , which is a priori
unknown, cannot be neglected. In order to solve Equation (13 for t, the age of
fractionation, both terms of this equation are divided by the concentration of a stable
isotope (or the activity of a long-lived isotope) of the daughter element. Such a
normalization, similar to those used in other classical radiometric methods (Rb-Sr, Sm-
Nd...) allows the use of isochron diagrams. In the case of the ***U-*°Th method, this
type of isochron diagram was first independently proposed by Kigoshi (1967) and
Alleégre (1968). Its principle is summarized in Figure 2. Isochron diagrams are not only
useful to date volcanic minerals as in the example of Figure 2, but they also offer a
convenient way to present disequilibria results, in diagrams where chemical fractionation
between parent and daughter nuclides (horizontal vectors) are easily distinguished from
the effects of radioactive decay (vertical vectors, showing the movement towards
radioactive equilibrium and the e(}uiline). The most widely used diagram, in an age range
from 0 to ~350 ka, is the (*°Th/**Th) vs. (**U/**Th) diagram illustrated in Figure 2. In
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Figure 1. (a) Schematic representation of the evolution by radioactive decay of the daughter-parent (N/N)
activity ratio as a function of time t after an initial fractionation at time 0. The initial (N,/N,), activity ratio
is arbitrarily set at 2. Time t is reported as t/T,, where T, is the half-life of the daughter nuclide.
Radioactive equilibrium is nearly reached after about 5 T,. (b) Evolution of (N,/N;) activity ratios for
various parent-daughter pairs as a function of time since fractionation (after Williams 1987). Note that the
different shape of the curves in (a) and (b) is a consequence of the logarithmic scale on the x axis in (b).
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Figure 2. (“°Th/*?’Th) vs. (*®U/**Th) isochron diagram (parentheses denote activity ratios). In this
example, three minerals a, b and ¢ crystallize at time t = 0 with the same (**°Th/?**Th), initial ratio.
They will then evolve as closed systems and will define isochrons whose slope is 1—e . The isochrons
rotate around their intercept with the equiline, which reg)resents radioactive equilibrium between **U

and *°Th. The ordinate of this intercept gives the (*°Th/***Th), initial ratio.

the age range 0 to 8 ka, the (***Ra)/Ba vs. (*°Th)/Ba diagram is also useful: note that, in
this case, no long-lived or stable Ra isotope is available, and thus Ba is used as an analog
to Ra because of its similar chemical behavior. On a still shorter timescale 50-100 a),
('°Pb)/Pb vs. (***Ra)/Pb is applicable. Other isochron diagrams like (***Ra/**°Ra) vs.
(***Th/*°Ra), in an age range 0 to 30 a, could be envisaged although their use would be
limited to the study of very recent crystallization history of some minerals, because of the
absence of “*Ra->>Th disequilibria in silicate magmas.

2.3. Diagrams showing the evolution of disequilibria vs. time

In studies concerned with the evolution of a magma through time, as represented by
the composition of volcanics erupted during the history of a single volcano, it is
particularly useful to follow the evolution of radioactive disequilibria vs. time. This can
be done in diagrams where the daughter/parent activity ratios of the volcanics, e.g.,
(*"Th/**U) ratios (or isotope ratios like the (**°Th/***Th) ratios) at the time of eruption
are reported versus the age of eruption 0, often expressed as e (Fig. 3). This diagram
was first proposed and explained in an early study of ***U-*Th disequilibria in Irazu
volcano (Allegre and Condomines 1976). It is based on Equation (1) or (2) applied to a
magma which stays in the crust long enough to have its disequilibrium (N2 / Nl) ratio
modified by radioactive decay. In this simple model, a magma is formed by partial
melting at a time T in the past (T is the age before present day and corresponds to the last
equilibration of the melt with its solid source), with an initial disequilibrium (N2 / Nl)T .
This magma is assumed to be quickly isolated in a magma chamber where it evolves in a
closed system without significant parent/daughter fractionation, and is periodically
tapped by successive eruptions. Assuming a negligible transfer time of the magma from

the chamber to the surface, the (N,/N, )e ratios of the lavas erupted at time 0 (from
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Figure 3. Diagram showing the evolution of the (N,/N)q activity ratio measured in several volcanic
rocks of ages 0, erupted from the same volcano, as a function of their eruption ages (expressed as e*2%).
Four cases are illustrated. In (a), the (N,/N;)gratios remain constant because of a short transfer time of
the magmas towards the surface. In (b), the storage time in a closed-system reservoir is long enough to
allow a linear decrease of (N,/N)gratios since the time of isolation of the magma M (in the case where
the initial (N,/N)) ratio is >1). In (c), the reservoir is continuously replenished, and the (N,/N)q ratios
might eventually reach a constant, steady-state value. Case (d) corresponds to successive periods of
closed-system evolution separated by short episodes of reinjection of the same basic magma.

present day) represent the (N»/N;) ratio of the magma chamber, and their evolution
follow Equation (2):

[(No/Ny), =1 =[(Na/Ny) =1 ] e 3)

This equation shows that on a plot of (N2 /N, )e versus ¢ | the volcanics erupted
from this reservoir should define a straight line whose y intercept (at ¢*2° =0, i.e., in the
future at 6 = —) is 1 (radioactive equilibrium, cf. Fig. 3). A linear relationship is also
obtained if isotope ratios, like (*°Th/***Th)g, are reported versus ¢’ (see Fig. 11 in
Condomines et al. 1988). This latter diagram is similar to the well known isotope
evolution diagrams used in Sr or Nd isotope geochemistry, where *’Sr/**Sr or '*Nd/'*Nd
ratios are reported versus time.

3. TIMESCALES OF MAGMA TRANSFER AND
MAGMA CHAMBER PROCESSES

3.1. Preliminary comments and definitions

This section will illustrate how the study of U-series disequilibria in volcanic rocks
or minerals can give critical information on the timescales of magmatic processes
operating during magma transfer towards the surface. The mechanisms by which these
disequilibria are created and sustained during partial melting of the mantle and the
timescales associated with melting processes are treated in other chapters in this volume
(Bourdon et al. 2003; Lundstrom 2003; Turner et al. 2003). We will thus consider the
evolution of a magma from the time of its last equilibration within the mantle to its
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eruption at the surface. During this transfer the magma can stay in one or several
reservoirs, and its composition usually evolves from a primitive towards a more
differentiated composition by crystal fractionation, sometimes accompanied by crustal
contamination, and it loses its volatiles by degassing. The shape of what is usually termed
the “plumbing system” of the volcano is rarely well known, and the models of magma
conduits and reservoirs are necessarily very schematic. In the best cases, the depth and
size of the reservoir(s) can be roughly constrained by petrological and geophysical data.
Despite these uncertainties, U-series disequilibria results can be fruitfully discussed in the
framework of simple models of magma chamber evolution. Each of the above magmatic
processes may have its own characteristic timescale, which can be estimated using
various nuclides of appropriate half-lives.

As far as magma reservoirs are concerned, it is important to distinguish between
closed and open-system evolution. In the case of “closed-system” evolution of a magma
chamber, a magma becomes isolated in its reservoir, with no replenishment, and evolves
by crystal fractionation. The magma in the reservoir might be tapped by one or more
eruptions, whose volumes represent variable proportions of the total volume of the
reservoir. This kind of closed-system behavior is more likely for volcanoes which have
long repose times between eruptions and do not show persistent eruptive activity. In
open-system magma chambers, the chamber 1s more or less continuously replenished by
a new basic magma, which might mix with the differentiating magma in the reservoir,
and is sampled by successive eruptions. Volcanoes in persistent eruptive activity clearly
have an open-system behavior. In fact, many volcanoes are probably characterized by
alternating episodes of closed and open-system evolution, although the link between the
eruptive activity and the behavior of the magma reservoir is not always easy to establish.
In open-system magma chambers, depending on the relative values of input rate,
crystallization rate, and output rate, the volume of liquid magma in the chamber may
increase, decrease, or remain constant. Pyle (1992) developed a model describing the
evolution of U-series nuclides in the case of a constant volume crystallizing magma
chamber. Albaréde (1993) showed how the geochemical fluctuations in volcanic series
can be used to infer residence times of the magmas in their reservoirs. Other models
describing the evolution of trace elements in inflating, deflating, or steady state (constant
volume of liquid magma) magma chambers have been developed for example by Caroff
(1997). The influence of magma reinjections on the evolution of ***U-*"Th disequilibria
has been modeled in detail by Hughes and Hawkesworth (1999). The effects of closed vs.
open-system evolution on the variations of (NZ/N | )9 ratios are illustrated in Figure 3.

In a steady state magma chamber, the residence time of the magma, t, can be defined
in the same way as residence times in other earth’s reservoirs (ocean, crust...), as the
ratio M/®, where M is the mass of liquid magma and @ the input rate (mass of magma
per unit time) of magma in the reservoir. As magma injection in open-system magma
chambers of most active volcanoes is probably an episodic and not a continuous
phenomenon, it could appear that few magma chambers could strictly be at physical
steady state. However, if the output rate of lavas is nearly constant when integrated over
an eruptive period much longer than the repose time between eruptions, the steady state
model may be applied. Similarly, if the activity of a given U-series nuclide remains
constant in the erupted lavas, this could be explained by an open-system magma chamber
having reached a steady state activity, only if the repose time between eruptions is much
shorter than the half-life of this nuclide. If the repose time is similar to the half-life, then
the evolution of activity would be better explained by a succession of closed and open-
system models. Note that, for a nuclide having a decay constant A, the time ts necessary
to reach a steady state activity in a magma chamber with a residence time t is given by
ts >>1/(1+ A1) (Pyle 1992; Condomines 1994).
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Various terms are currently used when researchers discuss the timescales of magma
transfer: transfer time, residence time, storage time, differentiation time... These are
sometimes confusing, and their meaning should be clarified by reference to the above
models. For example, residence time as defined above should be applied only to open-
system magma chambers. Storage time or differentiation time could apply to closed-
system magma chambers and designates the time spent by a magma in the reservoir, from
the time of its isolation to a given state of differentiation, as sampled by a particular
eruption. Transfer time is a general term, simply referring to the time interval between an
assumed instantaneous parent-daughter fractionation (either due to partial melting or to
some other process higher in the crust) and eruption of a given magma batch. It is
implicitly assumed that this magma batch has evolved as a closed system. For example,
when stating that the existence of **°Ra->*Th disequilibria in lavas imply a transfer time t
of the magma (between the Ra-Th fractionation event and eruption) of less than 8 ka, this
time limit is deduced from the time needed to reach radioactive equilibrium in a closed
system. In an open system, where a magma chamber is constantly renewed by “fresh”
magma having a high and constant (***Ra/**"Th) ratio, the residence time in the chamber
could be much longer than 8 ka. This is illustrated in Figure 4, where (N,/N;) ratios
measured in a lava at the surface are plotted against t/T, or t/T,, where T is the half life
of the daughter nuclide.

It may be worth mentioning the analogy between the laws of radioactive equilibrium
in decay chains (N;/T; = N»/T, =... Ni/T;) and those of successive magma reservoirs at
steady state (i.e., with the same input and output rates ®, where M,/t; = My/t2 =...
Mi/t;), as illustrated in Figure 5.

3.2. Disequilibria in single volcanic samples

One of the advantages of U-series disequilibria is that a single measurement on a
volcanic rock can place some constraint on the transfer time between the parent-daughter
fractionation event and the eruption. Indeed, if the (N»/N)) activity ratio is different from
1, the transfer time is shorter than the time needed to reach equilibrium, i.e., about 5 half-
lives of the daughter nuclide for a closed-system evolution. This simple reasoning can be
illustrated by considering the two Ra-Th pairs: *°Ra->°Th and ***Ra-**Th, which reach
e%uilibrium in about 8 ka and 30 a respectively. The coexistence of (***Ra/**Th) # 1 and
(***Ra/**’Th) = 1, as observed in most active volcanoes erupting silicate lavas, indicates a
transfer time between Ra/Th fractionation and eruption in the range 30 a — 8 ka. If the last
Ra-Th fractionation is due to partial melting, then this transfer time applies to the transfer
from the mantle to the surface.

The case where (***Ra/?°Th) # 1 and (***Ra/**Th) # 1 has been only observed in the
active carbonatite volcano Oldoinyo Lengai (Tanzania), first in the lavas erupted during
the 1963-67 eruption by Williams and Gill (1986), a result which was later confirmed by
Pyle et al. (1991) in their study of the 1988 eruption. In their remarkable paper, Williams
and Gill (1986) were able to calculate the age of Ra-Th fractionation, by assuming a
similar Ra-Th initial fractionation for both pairs: they found an age of 7 years before
eruption for the exsolution of the carbonatite magma (very Ra enriched, with the highest
(***Ra/*Th) ratios (~63) ever measured in a volcanic rock) from a nephelinite magma
(Fig. 6). This result probably represents the best example of the kind of information that
can be obtained from the measurement of a single sample.

Although precise ages generally cannot be deduced from U-series data on single
silicate volcanic samples (because of the unknown initial value of the (No/N 12 activity
ratio) it was nevertheless very significant to discover the ubiquity of *°Th-**U
disequilibria (constraining the transfer time of the magmas to less than 350 ka), and later on
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Figure 4. Evolution of the (N,/N,) ratio in a reservoir in the two cases of closed system evolution (as a
function of t/T,, where t is the time since fractionation), or in an open-system, steady-state reservoir (the
steady-state (N,/N) ratio is plotted as a function of 1/ T,, where 7 is the residence time of the magma in
the reservoir). Initial fractionation results in an arbitrarily chosen ratio of 2, which is kept constant for
the influent magma in the continuously replenished reservoir. The diagram shows that radioactive
equilibrium is reached sooner in a closed system evolution. It also illustrates the fact that the radioactive
parent-daughter pair should be chosen such as T, is commensurate with the residence time of the
magma in the reservoir (e.g., t/ T, between 0.1 and 10). If T, is much longer than the residence time T,
then the (N,/N;) ratio will remain close to the initial value (here 2). If T, is much shorter than T,
equilibrium will be nearly established in the reservoir.

Figure 5. A schematic representation of
superposed  steady-state reservoirs of
constant volumes Vi (fractional
crystallization is omitted in this schema).
At steady-state, V|/11=V,/1,=..., where T is
the residence time. This is analogous to the
law of radioactive equilibrium between
nuclides 1 and 2: NJ/T=N,/T,=...A
further interest of this simple model is to
show that residence times by definition
depend on the volume of the reservoirs.
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Figure 6. Schematic representation of the model used by Williams et al. (1986) to calculate the age of
the Oldoinyo Lengai (Tanzania) carbonatite magma. The model assumes an instantaneous Ra-Th
fractionation produced by the exsolution of a carbonatite melt from a nephelinite parental magma in
radioactive equilibrium for both Ra-Th pairs. The existence of **Ra->**Th disequilibria indicates that
the fractionation occurred shortly before eruption, and thus the (**Ra/*°Th) ratios have not
signiﬁcantlgl changed since the exsolution. B;f assuming the same Ra-Th fractionation for both pairs,
the (***Ra/*°Th) in the carbonatite gives the (***Ra/***Th) ratio just after the exsolution, and its age can
then be calculated from the equation:

[(228Ra/232Th) _ 1] — [(226Ra/230Th) _ 1]6—7\{
where A is the ***Ra decay constant. With the measured values of these ratios (27 and 63 respectively),
an age of 7.2 a is obtained.

of *°Ra-*"Th disequilibria (reducing this transfer time to less than 8 ka). For example, the
discovery of large “**Ra->"Th (Rubin and MacDougall 1988), or **'Pa->"U disequilibria
(Pickett et al. 1997) in MORB samples played an important role, not only to address the
problem of magma transfer times, but also in the development of dynamic melting models
able to sustain such disequilibria over long periods. In subduction zone volcanoes, the
combined study of Z*°Th-**U and ***Ra->"Th disequilibria place unique constraints on the
timescales of mantle metasomatism (U and Ra enrichments by fluids derived from
dehydration of the subducted slab), melting and transfer of the magmas towards the
surface. These aspects are developed in another chapter (Turner et al. 2003) and in many
recent articles (e.g., Gill and Williams 1990; Sigmarsson et al. 1990; Reagan et al. 1994;
Hawkesworth et al. 1997; Turner et al. 2000a,b, 2001; Sigmarsson et al. 2002).

3.3. Comparison of disequilibria in comagmatic lavas: timescales of differentiation

Comparison of disequilibria in basic and differentiated magmas. Measurements on
a single sample can only give limited information (with the notable exception of
Oldoinyo Lengai), and do not allow us to go much beyond this general and rather
imprecise notion of transfer time (see section 3.1). It is sometimes possible to evaluate
the differentiation time necessary to evolve from a basic magma to a more evolved one,
by comparing the disequilibria measured in basic and differentiated rocks emitted in a
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single volcano or volcanic area. For example, if a basic magma enriched in >*°Th has a
higher (*"Th/*Th), ratio (at the time of eruption) than a differentiated magma with a
similar U/Th ratio, one can calculate the time needed, in a closed system evolution, to
decrease the (*°Th/**Th) of the magma by radioactive decay: this time t is calculated
from the slope on the isochron diagram: 1—e™ = [(*°Th/**Th)os — (**°Th/***Th)ep] /
[(P°Th/**Th)os — (P**U/**Th)], where the subscripts 0,B and 0,D indicate the ratios at
the time of eruption of the basic and differentiated magma respectively, and (***U/**Th)
is the ratio of both magmas. The basic hypothesis in this model is that the basic magma
which gave rise to the more evolved one by crystal fractionation had the same Th isotope
ratio as the basic magma directly erupted at the surface, a reasonable but not necessarily
true assumption. Such an approach has been used in several studies. For example, Widom
et al. (1992), in their study of the Fogo trachytes (Sao Miguel, Azores), estimated at 90 ka
the differentiation time from a parental alkali basalt magma to the trachytic magma,
which further evolved in a shallow, zoned magma chamber for a maximum of 4.6 ka.
However Claude-Ivanaj et al. (2001) measured an alkali basalt erupted just after the 1563
AD trachytic eruption on Sao Miguel, and found the same (**°Th/**Th) ratio as those
measured in the 1563 AD trachytes by Widom et al. (1992), which suggests a short
differentiation time if this basalt represents the parental magma of the trachytes.

In their work on the Laacher See eruption (Eifel, Germany), Bourdon et al. (1994)
inferred a differentiation time for the phonolitic magma of about 100 ka, from the
difference in Th isotope ratio between a possible parental basanite and the Laacher See
phonolite. Bohrson and Reid (1998) found that the differentiation from trachytes to
rhyolites in Socorro Island, Mexico took at most 40 to 50 ka. Another recent study by
Thomas (Hawkesworth et al. 2000) of the youngest magmatic cycle in Tenerife (Canary
islands) showed a general decrease of the initial (*°Th/***U), ratios of the lavas with
increasing differentiation from basanite to phonolite (both magmas have similar U/Th
ratios). This trend is interpreted to reflect a long differentiation time of about 200 ka to
produce the more evolved phonolite, although a plot of (*°Th/**U), ratios vs. Zr (an
incompatible element taken as a differentiation index) suggests that the first part of
crystal fractionation in the deep crust was much longer than the ultimate differentiation at
shallower levels (Hawkesworth et al. 2000). An alternative explanation for the lower
(**°Th/*?Th) and (*°Th/***U) ratios in the evolved tephrites and phonolites is that they
derive from an assimilation-fractional crystallization process (AFC) involving
assimilation of old syenitic rocks in radioactive equilibrium, a model supported by
variations in ¥'Sr/*Sr ratios (Sigmarsson et al. 1992a).

Partial melting of old volcanic rocks in radioactive equilibrium as an alternative to
long storage and differentiation times can also be illustrated by the study of Sigmarsson et
al. (1992b) on Hekla volcano in Iceland. (*°Th/**Th) ratios have been measured in nearly
all known historic and prehistoric eruptions, which makes this volcano the most extensively
studied for its Z*°Th-*U disequilibria. However, the activity of Hekla is limited to the
Holocene, which is a too short period to exgect significant variations of (*°Th/***Th) ratios
by decay in a magma chamber. The lower (**°Th/~*Th) ratios found in silicic rocks (dacites
and rhyolites) compared to the basalts and basaltic andesites are explained by a model of
partial melting of the hgdrothermally altered basaltic crust (in radioactive equilibrium and
thus with lower (*°Th/***Th) ratios), which produces a silicic (dacitic) liquid. Mixing of
this melt with the basaltic andesite magma, and crystal fractionation of the dacitic melt
giving rise to rhyolites at the top of the reservoir, result in a zoned magma chamber. The
time necessary to obtain a full zonation of the magma chamber is estimated from the repose
times between eruptions, which varies from 400 to 2600 years. In this model, crustal
melting, mixing, and crystal fractionation all operate on a short timescale.
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On a still shorter timescale, Sigmarsson (1996) used 2'°Pb-**’Ra disequilibria in
Surtsey and Heimaey (Iceland) lavas to infer the differentiation time from the Surtsey
alkali basalt erupted in 1963-1967 to the Heimaey hawaiites and mugearites (1973
eruption). The (2 0Pb/226Ra) ratios increase from the basalts to the evolved lavas, which
can be explained by a closed system differentiation of about 10 years, a value similar to
the time elapsed between the two eruptions. Thus, the Heimaey eruption is interpreted as
a consequence of the injection in the crust of a small volume of basaltic magma, 10 years
before eruption, a duration long enough to allow its differentiation towards hawaiite and
mugearite compositions.

Whole rock isochrons. Differentiation processes can lead to a chemical zonation of a
magma chamber. If these magma batches with different compositions are erupted during
a single eruption or during a restricted period of time, then it may be possible to date the
differentiation process by using whole-rock isochrons, provided that the parent-daughter
fractionations are large enough and the differentiation time is short compared to the half-
life of the daughter nuclide. Examples of whole-rock isochrons are rare. Crystal
fractionation involving major minerals do not fractionate significantly U and Th. Possible
causes of variations of the U/Th ratios include fluid-related processes which can mobilize
U and not Th, or the fractionation of accessory phases like zircon, sphene or apatite in
silicic magmas. The two examples below illustrate these processes.

One example of whole-rock isochrons is provided by the data of Villemant and
Fléhoc (1989) on K-rich volcanic rocks from Vico (Central Italy). A large range in U/Th
ratios of lavas and ignimbrite units is thought to result from U mobilization by fluids at
several depths in the magmatic system (U depletion in basic magma due to the
percolation of hydrothermal fluids, and U enrichment of highly differentiated magmas in
the shallow reservoir). Three whole-rock isochrons gave ages at 93, 188 and 259 ka, in
agreement with previous K-Ar ages (Fig. 7a). It means that the U-mobilization process
must have occurred a few millennia at most before eruption.

In their study of the Laacher See eruption, Bourdon et al. (1994) obtained an
isochron from their data on phonolitic pumice glasses (probably with U/Th ratios similar
to those of the whole rocks) and glasses from cumulate nodules. The fractionation of
U/Th ratios is attributed in that case to the crystallization of accessory U and Th-enriched
phases such as sphene and apatite. The age of 14.3 + 6.5 ka is similar to the ages deduced
from mineral isochrons (see section 3.5) and to the eruption age of 12.5 = 0.5 ka (Fig.
7b). Thus differentiation within the phonolitic magma occurred shortly before eruption.

Ra and Th are more easily fractionated when feldspars are involved in the
crystallization (plagioclases and mainly alkali feldspars, because Ra and Ba have much
higher partition coefficients than Th in these minerals). One whole-rock isochron has
been obtained by Evans, in a (***Ra)/Ba-(*°Th)/Ba diagram, for seven trachyte samples
from Longonot volcano, Kenya (Fig. 4 in Hawkesworth et al. 2000). The large Ba/Th
fractionation between the various trachytes is attributed to sanidine fractionation, which
also result in (***Ra/*°Th) ratios less than 1. The well defined isochron gives an age of
4.3 ka (+1.4, —0.9 ka) for this fractionation, which is indistinguishable from the eruption
ages (between 3280 and 5650 years BP). In this case also, differentiation within the
trachytic magma body has occurred very quickly, and at most a few centuries before
eruptions.

3.4. Evolution of disequilibria during the eruptive history of a volcano: magma
storage or residence times

The principle of such studies has been explained in section 2.3 (see also Condomines
et al. 1988). Despite the interest of this approach, which was soon realized in early works
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Figure 7. Two examples of whole-rock isochrons. (a) Isochron obtained on a lava unit of the Vico
volcano (Central Italy) (Villemant and Fléhoc 1989). (b) Isochron defined by glass and groundmass
analyses of the Laacher See phonolite (Bourdon et al. 1994). In both examples, differentiation occurred
shortly before eruption since calculated ages are indistinguishable from eruption ages.

of the 1970-1990 period (e.g., Allégre and Condomines 1976; Condomines and Allégre
1980; Condomines et al. 1982; Newman et al. 1984) relatively few studies have presented
a detailed evolution of radioactive disequilibria through time in a given volcano or
volcanic area. This is certainly in part due to the difficulty to gather a suite of well dated
samples from a single volcano, whose histor%/ and magmatic evolution is also well
known. On the timescale resolvable by *°Th->*U disequilibria (0-350 ka), one may use
U-Th mineral isochrons to date ancient volcanic rocks and thus deduce their
(***Th/**Th), ratios at the time of eruption (if isochron ages are close to eruption ages,
see section 3.5 below), or alternatively rely on samples dated by another method (e.g.,
K-Ar, *’Ar-"Ar) to recalculate their initial Th isotope ratios. On the shorter timescale
covered by “*°Ra-*"Th disequilibria (0-8 ka), it can be even more difficult to find a suite
of well dated samples, because eruption ages should be obtained from historical accounts
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(the number of volcanoes for which the historical record spans more than a few centuries
is very small) or archaeological or '*C dates.

Borp Py disequilibria. The long-term (~10° years) evolution of (***Th/**Th),
ratios has been studied in a few basaltic volcanoes from ocean islands. Newman et al.
(1984) reported a few data on Mauna Kea (Hawaii) and Marion island, which showed no
significant variation of (*°Th/?*Th), ratios with time. On a larger set of samples,
Condomines et al. (1988) reached a similar conclusion for the Piton de la Fournaise in
Reunion island, where the small variations in (**°Th/***Th), ratios most likely result from
source heterogeneities rather than radioactive decay in an evolving magma chamber. This
suggests that the transfer time (or residence time in an open system magma chamber) is
short compared to the >*°Th half-life. In their detailed study of Mt. Etna, Condomines et
al. (1982) interpreted the variation of (***Th/***Th), ratios to result from closed system
evolution in a long-lived (~200 ka) magma chamber filled by an alkali basaltic magma,
with episodic injections and mixing of magmas with tholeiitic affinities. To this long term
evolution were superimposed multiple and short episodes of crystal fractionation in
shallower reservoirs. However this model might not be applicable to the recent volcanic
evolution, because the large **°Ra excesses [(““°Ra/*"Th) between 1.4 and 2.6] measured
in historic lavas cannot easily be maintained in a long lived magma reservoir.

*Ra->"Th disequilibria. The existence of *°Ra->’Th disequilibria in many basaltic
volcanoes in permanent eruptive activity suggests that the magma residence time in their
open system magma chambers is of the order of the **°Ra half-life (a few centuries to a few
ka). The most complete study so far of the evolution of 26Ra-*"Th disequilibria in a single
volcano is that of Condomines et al. (1995) on the historic lavas of Mt. Etna, where the
historic record spans almost two millennia. This study shows that (***Ra/*°Th) ratios
(recalculated at the time of eruption) decrease with differentiation in hawaiites and
mugearites, as do the Ba/Th ratios, an effect which is attributed to plagioclase fractionation
in the shallow plumbing system of Mt. Etna and confirms the similar behavior of Ra and
Ba in this case. The constant (**Ra)y/Ba ratio measured in historic lavas of the last two
millennia (Fig. 8) is interpreted to reflect the existence of a steady state open-system deep
magma chamber at a depth of about 15 km, filled with an hawaiitic magma: the (***Ra),/Ba
ratio reaches a steady state, because of the opposite effects of “*°Ra radioactive decay and
reinjection of basaltic magma with a higher (***Ra)y/Ba ratio. According to the models
proposed by Pyle (1992) and Condomines (1994), the residence time of the magma in the
reservoir can be calculated if the (***Ra/Z°Th) (or (***Ra)/Ba) ratio) of the influent basaltic
magma is known. Assuming an upper limit for this ratio is represented by the value of the
1974 basaltic and eccentric eruption, Condomines et al. (1995) were able to calculate a
maximum residence time of about 1500 years and a maximum volume of the deep
reservoir of 150-300 km®, much smaller than the volume inferred from seismic studies (this
latter probably includes the volume of the outer part of the magma reservoir composed of
cumulates and interstitial melt). The present period of activity at Mt. Etna, since 1970 AD,
is characterized by the eruption of more basic lavas with anomalous enrichments in Ra and
alkaline elements (K, Rb, Cs), and higher ¥Sr/%Sr ratios, attributed to a selective
contamination in the sedimentary basement (see Condomines et al. 1995, and references
therein). This basic magma progressively mixes with the previous, more differentiated
magma, in the upper plumbing system. From the analysis of geochemical variations during
this period, Condomines et al. (1995) infer a residence time of a few tens of years, and a
volume of about 0.5 km® for the shallow plumbing system. This residence time is in good
agreement with the values deduced by Albaréde (1993). The principle of calculation of the
residence time from measurements of radioactive disequilibria is schematically illustrated
in Figure 9, in the simplified case of a magma chamber without fractional crystallization
(Pyle 1992).
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Figure 8. (***Ra)q/Ba ratios (recalculated at the time of eruption) vs. eruption ages of the pre-1970 lavas
from Mt. Etna (Condomines et al. 1995). The constant (***Ra),/Ba ratios are interpreted by a model of
steady-state reservoir (see text for explanation). The upper and lower horizontal lines correspond to +
5% of the mean (the maximum estimated error on the (“"Ra),/Ba ratios).

A similar model is proposed for the Piton de la Fournaise, where there are significant
differences between the constant (**Ra/*°Th) ratios of the lavas inside the Enclos
caldera and the higher ratios of the lavas erupted outside this caldera, which are assumed
to have bypassed the shallow magma chamber. Sigmarsson et al. (in preparation) explain
these data by the existence of a steady state shallow reservoir and calculate a magma
residence time of about 400 years.

Another recent study on historic, basaltic lava flows (1848 to 1977 AD) from
Karthala volcano (Comores, Indian ocean) by Claude-Ivana) et al. (1998) reveals
significant variations of the (***Ra)o/Ba ratios, correlated with *'Sr/*Sr ratios, which are
explained by mantle source heterogeneities preserved by short transfer times of the
magmas (a few centuries at most).

*2°Ra-**Th disequilibria have also been measured in several prehistoric and historic
lava flows from Hawaiian volcanoes (e.g., Cohen and O’Nions 1993; Hémond et al.
1994; Sims et al. 1999; Pietruszka et al. 2001). All these authors assume that the
(***Ra/*°Th) ratios have not been affected by radioactive decay in the shallow open-
system reservoirs of tholeiitic volcanoes like Kilauea, and this is supported by
independent evidence for short magma residence times (e.g., < 200 years; Pietruszka and
Garcia 1999).

(***Ra/*Th) ratios may also vary during a single eruption. Sigmarsson et al. (1998)
analyzed the lavas of the long 1730-36 eruption on Lanzarote (Canary Islands), whose
nearly E)rimitive compositions evolved from basanites to alkali basalts and tholeiites. The
(***Ra/**°Th) variations are explained by differences in the mantle sources (with variable
proportions of garnet pyroxenites and lherzolites) and meltin§ degrees, or alternatively by
the addition of Ra rich fluids to the mantle sources. (***Ra/*"Th) ratios are preserved by
very short transfer times of the magmas (a few decades) in the absence of any magma
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Figure 9. A schematic and ideal model showing how the residence time of the magma in a steady-state
reservoir of constant mass M, replenished with an influx @ of magma and thoroughly mixed, can be
calculated from disequilibrium data, in the simplifying case where crystal fractionation is neglected
(Pyle 1992). The mass balance equation describing the evolution through time of the concentration [N,]
(number of atoms of the daughter nuclide per unit mass of magma) in the reservoir is:

M d[N,]/dt = A M[N;] — X M[N,] + ®[N,]* — ®[N,].
At steady state, d[N,]/dt=0, and the residence time T = M/® can be written as
T=[(N2)* —=(N2)]/ A2 [(N2) = (N)] or T =[(No/N1)*~(No/Np)J / A2 [(No/Ny) — 1],
where parentheses denote activities or activity ratios (note that (N;) = (N;)* because of the long half-life
of the parent nuclide and the absence of crystal fractionation). If the (N/N;)* ratio is known, then the
residence time can be calculated from the measurement of the (N,/N)) ratio in lavas erupted from the

central conduit. An eccentric eruption, whose magma has bypassed the reservoir, may provide a value
for the (N,/N)* ratio.

reservoir in the crust. Thomas et al. (1999) also found variable (***Ra/*"Th) ratios in two
samples of the 1730-36 eruption and one sample of the 1824 eruption. They consider that
the lower (**Ra/*’Th) ratios in basanites derived from low-degree melts reflect a
significant transfer time of these magmas. However, if transfer times were long enough to
affect (**Ra/*°Th) ratios, the good mixing relationship observed in the (***Ra/*Th)-
1/(3"Th) diagram (Sigmarsson et al. 1998) would not be preserved.

Other variations in (***Ra/**°Th) ratios observed in the alkali basalts of the 1718 AD
eruption on Pico (Azores) by Claude-Ivanaj et al. (2001) are also interpreted as primary
features acquired in the mantle and not affected by decay during transfer to the surface.

Variations in (***Ra/*°Th) ratios are also apparent in the Ardoukoba (Asal Rift)
1978 basaltic eruption studied by Vigier et al. (1999). (***Ra/*°Th) ratios decrease with
increasing Th content, as do the (***Ra)/Ba ratios. These variations cannot be entirely
explained by plagioclase fractionation, which led the authors to propose a model of a
laterally zoned fissural reservoir, with several injections of basaltic magmas. In this case,
the oldest magma would have stayed in the reservoir for about 1.9 ka. However small Sr
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isotope variations suggest that source heterogeneities might also have contributed to the
2261, 1230 Qs
(“"°Ra/~"Th) variations.

3.5. Studies on minerals and crystallization ages: timescales of crystallization

Another way to place constraints on the magma storage time in its reservoir comes
from the analysis of minerals present as phenocrysts in a volcanic rock. Analyses of
minerals were undertaken from the beginning of **°Th-**U disequilibria studies in
volcanic rocks (around 1965), with the aim of dating these rocks (i.e., to find their
eruption ages), and soon mineral data were reported in the (*°Th/*2Th) vs. (P*U/~*Th)
isochron diagram (Fig. 2). The principle of this isochron diagram has been recalled in
section 2.2. A “perfect” mineral isochron, whose slope allows calculation of a meaningful
crystallization age, requires that all minerals crystallized in a short time interval
compared to the ~*°Th half-life, that they were initially in Th isotope equilibrium (with
the same (**°Th/**Th) ratio) and that they evolved as closed systems after crystallization.

In the first studies reporting mineral analyses, it was implicitly assumed that
crystallization occurred shortly before eruption (at least in an interval that was within the
age limits due to analytical uncertainties). The number of works including analyses of
minerals has greatly increased in the last 10 years, and this is largely due to the
development of mass spectrometric measurements. Indeed mass spectrometry allow
analyses of much smaller amounts of mineral phases, with a generally better precision
(Goldstein and Stirling 2003). While in several cases, the ages obtained from mineral
isochrons were in agreement with eruption ages derived from other dating methods
(mainly C, K-Ar or *Ar-**Ar methods), in many other cases *°Th->**U ages were
significantly older than inferred erug)tion ages. In some instances however, > Th->*U
isochrons give younger ages than Ar-*’Ar ages (e.g., three volcanic rocks from the
Alban Hills, Italy, dated between 33 and 11 ka by Voltaggio et al. 1994). Several
examples are detailed below. The difference between crystallization age and eruption age
is usually interpreted as a minimum storage time of the magma in its reservoir. We will
see, however, that the interpretation of mineral isochrons giving ages older than eruption
ages is not straightforward.

Data on mineral separates in present day volcanic rocks. Since every dating method
(including the K-Ar or "™C systems) can be affected by several geochemical perturbations
which may lead to erroneous ages, the best test for the **°Th->*U mineral isochrons
consists in the analysis of presently erupted lavas or historic lavas of well known eruption
dates. Rather surprisingly the data obtained on such samples are not so numerous (some
examples are illustrated in Fig. 10). Early data showed that, in some cases, there were inter-
laboratory analytical discrepancies, especially in Th isotope ratios measured on mineral
separates extracted from the same lava flows (this was the case for the 1971 lava from Mt.
Etna and 1944 lava from Mt. Vesuvius: Capaldi and Pece 1981; Hémond and Condomines
1985; Capaldi et al. 1985). This emphasizes the fact that **°Th-***U mineral analyses

Figure 10 (on facing page). Several examples of mineral isochrons obtained on near zero age volcanic
rocks. The figure compares the isochron diagrams obtained from both **U-*"Th and ***Ra-**"Th data.
In (a) and (b), the U-Th isochrons give near zero crystallization ages, in agreement with eruption ages
(associated with sample numbers or volcano names). In (c) and (d), U-Th crystallization ages are older
than eruption ages, and yet Ra-Th isochrons suggest young crystallization ages (see discussion in the
text). (al-a3) Results for andesites and dacite from Mt. St. Helens (MSH; Volpe et al. 1991). (b) Data
for the Nevado del Ruiz dacitic pumice (Schaefer et al. 1993). (c) Mt. St. Helens basalt (Volpe et al.
1991). (d) Mt. Vesuvius phonotephrite (Black et al. 1998). WR: whole-rock; Gl: glass (Nevado del
Ruiz) or groundmass (Mt. St. Helens and Vesuvius); Pl: }z)lagioclase; Px: pyroxene; Mt: magnetite or
magnetic separate; Ol: olivine; Le: leucite. (*Ra)/Ba and (**°Th)/Ba ratios are expressed in dpm/pg Ba.
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remain difficult, and need very careful chemistry, in order to avoid problems linked to
inclusions of insoluble accessory phases, insoluble precipitates, etc. Leaching procedures,
sometimes used to purify mineral separates, should also be undertaken with great caution
as they may induce differential U and Th leaching from the minerals themselves.

Volpe et al. (1991) analyzed minerals (plagioclase, pyroxene, olivine, and magnetite)
in the 1982 dacitic dome of Mt. St Helens and in five other samples of dacite, andesite and
basalt less than 2200 years old from this volcano: they found four near-zero age U-Th
isochrons (Fig. 10 al-a3), among them the 1982 dacite, giving an age of 6 + 4 ka (20), the
magnetite having a slightly higher ratio than the whole rock and plagioclase. But an
andesite and a basalt define mineral isochrons of 27 + 12 and 34 + 16 ka (20) respectively,
in excess of the eruption age, between 1700 and 2200 years before 1980 (Fig. 10c).

Schaeffer et al. (1993) analyzed mineral phases extracted from the 1985 dacitic
pumice erupted by Nevado del Ruiz (Colombia): pyroxene, plagioclase, magnetite, glass
and whole rock define an U-Th isochron with a near-zero age (7 + 6 ka, 2c; Fig. 10b).

In their study of Soufriére (St Vincent, Antilles), Heath et al. (1998) analyzed four
volcanic rocks erupted less than 4 ka ago. The 1979 pyroclastic flow (basaltic andesite)
provides a mineral U-Th isochron giving an age of 46 + 27 ka (2c). The three other
samples give ages of 56 to 77 ka (cf. Fig. 12c below). All the mineral and groundmass
data from the four rocks define an average age of 58 = 7 ka (20), interpreted as reflecting
a long storage time of the magma (minerals and melt), perhaps near the walls of the
reservoir, in a layer which was maintained at a near-liquidus temperature because of the
heat flux produced in the main part of the reservoir by injections of fresh magma.
However, this interpretation remains to be reconciled with the study of Zellmer et al.
(1999), who obtained an age of a few hundred years for a Soufriere plagioclase crystal
from a study of Sr diffusion profile in this mineral. Similar timescales of a few hundred
years were also obtained for plagioclase crystals from El Chichon volcano (Mexico), on
the basis of *’Sr/*Sr diffusion profiles (Davidson et al. 2001).

The products of the 1944 eruption (phonotephrites) of Mt. Vesuvius were studied in
detail by Black et al. (1998). Minerals extracted from the lava give an U-Th isochron
with an age of 11.9 + 5.6 ka (20; Fig. 10d). A cumulate ejected during the same eruption
reveals an age of 39.4 + 9.1 ka (20).

In a recent study, Zellmer et al. (2000) found a zero-age U-Th isochron for the 1940
Kameni dacite in Santorini (Aegean volcanic arc). The existence of (***Ra/*Th) ratios
lower than 1 in Kameni dacites suggests that plagioclase fractionation took place less
than 1 ka before eruption, in agreement with estimates based on Sr diffusion profiles in
plagioclases (Zellmer et al. 1999).

Summarizing these recent U-Th results on near-zero age volcanic rocks (including the
results of Hémond and Condomines (1985) on the 1971 lava from Mt. Etna and excluding
the Vesuvius cumulate) shows that 7 out of 14 samples also give near-zero crystallization
ages (or at least that the time difference between crystallization and eruption is less than a
few ka). The other half of samples give crystallization ages significantly different from
eruption ages (>10 ka). Interestingly, in many of the above examples, **°Ra->"Th have also
been measured in mineral phases and/or whole rocks and reported in the (**Ra)/Ba-
(**Th)/Ba isochron diagram (see Fig. 10). In 6 samples giving U-Th crystallization ages
within a few ka of the eruption, *°Ra->*"Th “isochrons” (or a reasoning based on whole
rock results in the case of Santorini) suggest crystallization ages between 0.5 and 6 ka, in
agreement with U-Th ages. It should be noted however that most “isochrons” from Mt. St.
Helens rocks are two-points isochrons based on two minerals, and that the whole rocks do
not plot on these isochrons (Fig. 10a2, a3). As discussed by Volpe et al. (1991), this might
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be explained in several ways, including a different behavior of Ra and Ba, an open system
evolution of the melt after crystallization of the minerals, a mixing of old and young
crystals (either as separate crystals or as old crystal cores surrounded by younger rims), a
prolonged and/or non simultaneous crystallization of the various minerals. In view of the
rather short half-life of **°Ra, this last héypothesis would not seem unlikely. It could even
appear surprising to find a very good **°Ra->"Th isochron as that defined by the Nevado
del Ruiz andesite minerals (6.1 = 0.5 ka (25); Schaefer et al. 1993; Fig. 10b). In that case,
the minerals should have crystallized in a very short time interval and have not
reequilibrated through diffusive exchange with the melt. The possibility of reequilibration
can be evaluated through a calculation of characteristic length scales of Ra diffusion. These
can be estimated in plagioclase using published values for Ba diffusion coefficients in this
mineral (Cherniak 2002). A Ra diffusion coefficient D of around 1.6.107"° m’ ™ is
estimated for an An45 plagioclase at a temperature of 1080°C (the average plagioclase
composition and andesitic magma temperature are taken from Schaefer et al. 1993). The
characteristic length scale of diffusion (1 = /Dt ) over a timescale t of 6000 years is thus
about 0.17 mm, which is significant compared to the size of the smallest crystals, but
negligible for the largest ones (the actual sizes of the crystals range from < 20 um to 5
mm). This suggests that Ra and Ba diffusive reequilibration between minerals and melt at
magmatic temperatures on timescales of a few thousand years can only be significant in
small crystals (< 1 mm).

The possibility that Ra and Ba have different partitioning behavior is suggested by
the work of Blundy and Wood (1994). These authors experimentally determined partition
coefficients for several alkaline-earth elements (Mg, Ca, Sr, Ba) in plagioclase and
clinopyroxene, and showed that partition coefficients could be predicted by a model
based on the size and elasticity of crystal lattice sites. Because of its larger ionic radius,
Ra should be more incompatible than Ba in these minerals. In that case, minerals in
equilibrium with the melt would have different (**°Ra)/Ba ratios at the time of
crystallization and would not plot on an horizontal line in the (226Ra)/Ba-(230Th)/Ba
isochron diagram. Such an example is illustrated in Figure 11. As developed in the
caption of this figure, the age of crystallization of a given mineral can be derived if the
(DRra/Dpga,) ratio for this mineral is known. This approach has recently been used by
Cooper et al. (2001) as discussed below. It should be noted that all the ages usually
calculated from plagioclase and/or clinopyroxene-groundmass data in the (***Ra)/Ba-
(**°Th)/Ba isochron diagram are older than the true crystallization ages if Ra is more
incompatible than Ba in these minerals.

In the three samples from Mt. St Helens and Vesuvius giving crystallization ages
more than 10 ka older than eruptions, ***Ra->**Th disequilibria are nevertheless present in
mineral phases, groundmass or whole rocks. For example, the minerals of the 1944
Vesuvius lava giving a crystallization age of 11.9 + 5.6 ka (2c), which should have been
in *°Ra->"Th equilibrium had they evolved as closed systems, define a rather good
22°Ra-*"Th isochron with an age of 2.63 + 0.55 ka (20) (Fig. 10d). Even the minerals of
the Vesuvius cumulate (39.4 + 9.1 ka crystallization age) indicate a **°Ra->Th age of
3.27 £ 0.62 ka (2o0) (Black et al. 1998). These data strongly suggest that some Ra-Th
fractionation occurred shortly before eruption, either because crystallization of mineral
rims or as a consequence of chemical exchanges between already crystallized minerals
and melt. The situation is further complicated in the case of Vesuvius by a probable late
Ra enrichment by a fluid phase (Black et al. 1998) and the existence of cumulative
floating minerals like the leucites which show huge Ra excesses [(**°Ra/**"Th) > 50].

Another example of **°Ra-**Th isochron dating is provided by the study of Reagan
et al. (1992) on phonolites erupted in 1984 and 1988 at Mt. Erebus (Antarctica). Glass-
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(226Ra)/Ba
o

(230Th)/Ba

Figure 11. Theoretical evolution, in a (***Ra)/Ba-(**°Th)/Ba isochron diagram, of groundmass (G) and
minerals (M, and M,) with different partition coefficients for Ra and Ba. Minerals are assumed to
crystallize simultaneously and instantaneously (e.g., in less than 200 years). Open symbols represent the
position of minerals and melt in chemical equilibrium at the time of crystallization. Ra is assumed to be
more incompatible than Ba in both minerals, with (Dr./Dga)mi < (Dra/Dpa)mz <1. After a time t of closed
system evolution, minerals and groundmass plot as indicated in the diagram by filled symbols. The true
age of crystallization cannot be directly obtained from any line drawn through the filled symbols: the
M, G and M,G lines give ages respectively older and younger than the true age (the respective slopes
might even be >1 or < 0), and the best fit line through M,;, M,, G can give an older, younger or similar
age compared to the true crystallization age, depending on the initial position of minerals and
groundmass.

Note that, if the (Dro/Dpa.)m of one mineral is known, then the crystallization age t can be
calculated by solving a system of two equations with two unknown parameters: t and ;(226Ra)/Ba G0, the
initial ratio of the melt. Indeed if minerals and melt evolve as closed systems, their (***Ra)/Ba ratios are
given by the following equations, where y and x represent (**°Ra)/Ba and (**°Th)/Ba ratios respectively:

—ht —ht
\ =xG><(1—e )+y070><e ,

and:

D
Yy, =X, X (1 - C_M)-i-(DRa j XY, xe "
M

Ba

The [(226Ra)/Ba]G,0 ratio can thus be derived from the above equations:
(XG ><yM)_(XM ><yG)

G.0 D
Yu — Xy _(DRa ]M ><(yG _XG)

and the crystallization age t is calculated as:
T

t= _EXIH{(yG — X4 )/(yc,,o _XG)} 4

where T is the ??°Ra half-life.
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anorthoclase pairs for both rocks define similar ages of about 2.4 ka. But the anorthoclase
megacrysts continued to grow until the eruptioni as demonstrated by an excess of “*Th
over 2“Th, a consequence of an enrichment of “**Ra over ***Th in the outer rim of the
mineral.

Cooper et al. (2001) recently analyzed ***Ra-***Th disequilibria in the phenocrysts of
the 1955 basaltic lava flow from Kilauea. This rather evolved lava erupted in the Kilauea
rift zone contains plagioclase and clinopyroxene phenocrysts. The authors discuss their
mineral data, by taking into account the possible differences in Ra and Ba partition
coefficients as explained above (Fig. 11), and the presence of glass inclusions in the
minerals. They conclude that the interval between phenocryst crystallization and eruption
was at least 550 years, unless a high proportion (> 30%) of crystals are xenocrysts from
an earlier batch of evolved magma. They consider that this age represents the average
duration of storage of the 1955 evolved magma batch in the rift zone, and suggest that
primitive lavas erupted by the main conduits at the summit crater may have much shorter
storage times.

Data on mineral separates in older volcanic rocks. Recent studies comparing U-Th
ages and eruption ages obtained by other methods have concerned mainly subduction
related volcanoes, but also volcanoes from the East African Rift or intraplate volcanism
in the Eifel area (Germany). These data are summarized below and some of the examples
showing a large difference between crystallization ages and eruption ages are illustrated
in Figure 12.

One of the first detailed evidence of the complexity of mineral data comes from the
work of Pyle et al. (1988) on an andesite from Santorini. The minerals extracted from this
rock fall on two isochrons: olivine, magnetite and plagioclase define a 92 ka isochron,
while whole rock, pyroxene and zircon plot on a 79 ka isochron. These data are thought
to reflect mixing of two crystal populations from two different magmas: a crystal poor,
dacitic magma and cumulate minerals from an earlier basic magma (Fig. 12a). In a more
recent study, Zellmer et al. (1999) obtained a whole rock-plagiocase-magnetite U-Th
isochron, with an age of 85 + 40 ka (20), indistinguishable from the 67 + 9 ka *’Ar-*"Ar
eruption age for a dacite from Santorini.

Volpe et al. (1992) obtained U-Th isochron ages for andesites from Mt. Shasta
(California) which were 27 to 28 ka older than eruption ages (< 4.5 ka).

Three U-Th isochrons are available from the Nevados de Payachata volcano (Central
Volcanic Zone of Chile) (Bourdon et al. 2000): one rhyolite sample gives an age similar
to the eruption age, while two other give older ages, in particular a dacite whose
crystallization age is 100 ka older than the eruption age.

In the Taupo volcanic zone of New Zealand, the 26.5 ka Oruanui eruption was
studied by Charlier and Zellmer (2000). Three fractions of zircons (sub 63 pum; 63-125
pm; 125-250 um) were extracted from the rhyolitic pumice, which together with the
whole rock respectively define three ages from 5.5 to 12.3 ka before eruption (Fig. 12b).
Microscopic observation of the zircons showed that they are composed of a core
surrounded by euhedral rims, and the preferred explanation of the authors is that zircons
represent mixtures in variable proportions of old crystal cores crystallized 27 ka before
eruption and crystal rims crystallized just before eruption.

Several volcanic centers from the Kenya Rift Valley in East Africa were studied by
Black et al. (1997, 1998). Four U-Th isochrons were obtained from trachytes from
Emuruangogolak and Paka volcanoes (Black et al. 1998): their crystallization ages range
from 9.3 to 39.5 ka and are in full agreement with in situ °’Ar-*"Ar laser dating of
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sanidine crystals (11 to 38 ka), which suggests a short storage time of trachytic magma
before eruption. Black et al. (1997) also analyzed peralkaline rhyolites from the Olkaria
volcanic center in Kenya. Their eruption ages are between 3.3 and 9.2 ka BP. U-Th
isochrons indicate crystallization ages between 9.8 and 50.5 ka: three samples give ages
within a few millennia of the eruption ages (Fig. 12f), three samples reveal older ages
(from 23 to 47 ka before eruption, Fig. 12d). In a more recent work, other peralkaline
rhyolites from the same Olkaria volcanic center were analyzed by Heumann and Davies
(2002). Both Rb-Sr and U-Th isochrons give crystallization ages of about 25 ka, which
are ~16 ka older than the eruption age. However some of the major minerals have
anomalously high U and/or Th contents, which are attributed to the presence of inclusions
of U and/or Th rich accessory minerals (zircon in fayalite, and chevkinite, a Ti-REE rich
accessory phase, in other major minerals, like biotite, amphibole, quartz...). The mineral
isochrons (Fig. 12e) might thus represent mixing lines due to variable amounts of
chevkinite inclusions in major minerals, and the age of 25 + 10 ka (2c) given by the slope
would be the crystallization age of chevkinite. The glass and fayalite data give an older
age of 47 £ 0.2 ka (2o0) which could reveal the crystallization age of zircon (Heumann
and Davies 2002). It may be worth mentioning that internal isochrons were obtained on
the same rhyolite sample (#570) by both Black et al. (1997) and Heumann and Davies
(2002) (Fig. 12f,g), with significantly different ages of 15 £ 2 ka and 50 + 25 ka (20)
respectively. There are also large differences in Th/U ratios of the glasses. The
discrepancy between these results might in part be due to analytical problems linked to
the presence of accessory phases, which are very difficult to fully dissolve using
conventional acid digestion.

The importance of accessory phases is also emphasized in the recent study by
Heuman et al. (2002), who analyzed **°Th-**U disequilibria in Long Valley postcaldera
rhyolites erupted between 100 and 150 ka ago. Glass analyses yield a Rb-Sr isochron
with an age of 257 + 39 ka interpreted by a feldspar fractionation event 150 ka before
eruption. Among other results, one U-Th mineral isochron in a rhyolite from the Deer
Mountain Dome defines an age of 236 + 1 ka (2c), with amphibole, biotite, sanidine and
zircon plotting on the isochron, glass and whole rock lying below the isochron. These
ages are in agreement with those previously obtained by Reid et al. (1997) through in situ
dating of zircons (see next subsection). As all major minerals contain inclusions of
accessory phases (zircon and probably allanite), the mineral isochron is interpreted by the
authors as a mixing array defined by variable proportions of accessory phases in major
minerals (cf. Heumann and Davies 2002): they conclude that zircon and allanite
crystallized during two distinct and short (~1 ka) episodes at 250 + 3 and 187 + 9 ka (20)
respectively (Fig. 13). To explain the long storage time of the rhyolitic magma, Heumann
et al. (2002) consider that small batches of rhyolitic magma differentiated by a filter press
mechanism could have remained isolated near the roof of the magma chamber until the
eruption, their complete crystallization being prevented by the heat flux produced by the
large volume of magma stored in the main magma chamber.

Two studies have been published on volcanic rocks from Eifel (Germany). Bourdon
et al. (1994) analyzed the Laacher See phonolites erupted 12.5 ka ago. Three pumice
samples provided mineral isochrons with a mean age (13 + 3 ka, 2c) identical to the
eruption age. Another pumice sample suggested an older age (~30 ka) while mineral data
from various cumulate nodules could be interpreted as evidence of crystallization of some
minerals 10 to 20 ka before eruption. In the East Eifel volcanic field (Fornicher Kopf),
Peate et al. (2001) tried to date a basanite lava flow but the data failed to give a
meaningful mineral isochron, which is attributed by the authors to the presence of old
xenocrysts together with an open system bebaviour of phlogopite that experienced recent
U exchange.
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Figure 13. (a) and (b) Mineral U-Th isochron obtained by Heumann et al. (2002) on a post-caldera rhyolite
from Long Valley (a is an enlarged part of b). (c)-(f) Model of crystallization given by Heumann et al.
(2002) to explain the above data. Zircon (Zr) crystallizes in the melt at time t;, then allanite (Al) crystallizes
at t,. (f) shows the present situation after radioactive decay. The major minerals plot on the zircon-allanite
line because most of their U and Th contents are assumed to come from inclusions in variable proportions
of these U and Th-rich phases. The only exact age is the age defined by the allanite-glass pair. Note that the
glass does not plot on the mineral isochron and that, in this model, the mean age defined by the mineral
isochron corresponds to the mean crystallization age of the accessory phases only, and does not give any

indication on the crystallization of major minerals. Am: amphibole;

whole-rock.

Bt: biotite; Gl: glass; Sa: sanidine; WR:
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In situ dating of U-Th rich accessory minerals. Recent instrumental developments
have allowed the first in situ >°Th->*U dating by ion microprobe of U rich accessory
minerals like zircons. The first study using this method was published by Reid et al.
(1997). They analyzed several zircons extracted from two postcaldera rhyolites belonging
to the Long Valley magmatic system. Model ages are calculated from the slopes of the
whole rock-zircon two-points isochrons, the U-Th characteristics of the whole rock being
independently measured by thermal ionization mass spectrometry. In spite of a rather
large dispersion of the model ages, most of the zircons from both rhyolites are within
error of a weighted mean age around 230 ka, much older than the eruption ages of 0.6
and 115 ka (Fig. 14). If these ages represent crystallization ages of zircon in a same upper
crustal rhyolitic magma chamber, they imply that the zircons remained more than 100 ka
in this reservoir, which could have been maintained in a molten state by influx and
differentiation of a large volume of basic magma.
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Figure 14. (**U/**Th) ratios vs. model ages obtained by in situ ion microprobe **°Th-**U dating of
zircons extracted from two rhyolites associated with the Long Valley magmatic system (California,
USA) (modified from Reid et al. 1997). The eruption ages of the two rhyolites are indicated on the
figure. Only the results used for calculating a weighted mean age (dashed line) for each sample are
shown here (with 1o error bars). Note the absence of correlation between zircon ages and their highly
variable (***U/**Th) ratios (compare to Fig. 12b).
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Using a similar ion microprobe technique, Bacon et al. (2000) analyzed zircons
extracted from a granodiorite block ejected during the climactic eruption of Mount
Mazama which formed the Crater Lake caldera (~ 7700 years ago). Several zircon grains
plot on an U-Th isochron giving an age of 112 + 24 ka, interpreted as the crystallization
age of the shallow granodiorite pluton, in agreement with a less precise in situ > U->"°Pb
age on the same zircons.

Lowenstern et al. (2000) used the same approach to date several zircons found in
granitoid xenoliths ejected by Medicine Lake volcano (California) during two eruptions,
1065 and 2000 years ago. The ages obtained at 29 and 90 ka are thought to represent
previous intrusive episodes in this magmatic system.

One of the most studied examples of a large silicic magma chamber is the Long
Valley caldera, formed after the emission of more than 750 km® of high silica rhyolite
(Hildreth and Mahood 1986). Unfortunately, this eruption is too old (~760 ka) to be
subjected to a Z°Th-?*U analysis. Several *Ar-*’Ar and Rb-Sr studies (e.g., Van den
Bogaard and Schirnick 1995; Halliday et al. 1989; Christensen and De Paolo 1993;
Christensen and Halliday 1996) have suggested that this rhyolitic magma has been stored
in the reservoir for 0.5 to 1.7 Ma before eruption. However Reid and Coath (2000)
recently dated some zircons by in situ U-Pb ion microprobe analysis. Taking into account
the corrections for initial **°Th-***U disequilibrium in zircons, they conclude that zircons
could not have crystallized more than 100 ka before eruption, a significantly shorter
interval between crystallization and eruption than those indicated by previous studies.

Discussion. From the above review, it appears that interpretation of mineral data is
rather complex. In several cases, Th isotope homogeneity has been demonstrated in zero
age rocks, which allows the use of mineral isochrons to determine eruption ages (see
section 4.1). In other cases (and sometimes in the very same volcanoes showing
agreement between crystallization age and eruption age) crystallization ages are much
older (10*to 10° a) than the eruption ages. The significance of these mineral isochrons is
still a matter of debate: do they really represent a crystallization age? If so what do they
date: a mean crystallization age of major minerals, the age of crystallization of some
accessory phases? What is the meaning of this age for the timescale of magma storage,
differentiation or residence time?

One possible cause of Th isotope heterogeneity between minerals could be that they
crystallized in a heterogeneous magma formed by incomplete mixing of two (or more)
magmas with different (**°Th/*?Th) ratios (see Gill et al. 1992): however, in that case it
would be very fortuitous that the minerals define a good isochron. While some data might
be explained in this way, this process seems rather unlikely in most cases.

Another often advocated explanation is the incorporation in the magma of old
cumulate minerals (or xenocrysts crystallized from a magma batch of a different
composition). In some cases, minerals in equilibrium with the magma and the
groundmass could define an isochron, the cumulate minerals falling onto another steeper
isochron (e.g., Pyle et al. 1988, Fig. 12a). In general, however, if cumulate crystals
belong to the same mineral species as phenocrysts, mineral separates will be mixtures in
variable proportions of xenocrysts and phenocrysts, and they will not define good
isochrons. When it is possible to calculate the crystallization age of the cumulate
minerals, this gives an indication on the lifetime of the magma chamber or magmatic
system but does not allow us to infer the magma storage or residence time.

The suggestion recently made by Heumann et al. (2002) that U-Th crystallization
ages in Long Valley rhyolites can reflect crystallization of accessory minerals like zircon
or allanite and not of major minerals, needs to be seriously considered in other studies as
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well, because the behavior of these accessory phases (and their growth rates) will be
different from those of the major minerals. Indeed, crystallization of accessory minerals
like zircon depends on the trace-element (Zr) solubility in the melt, whereas
crystallization of major minerals are governed by phase diagram relationships. The times
spent in the magma chamber by major and accessory minerals might thus be very
different. Moreover, the presence of such refractory phases, like zircons, as inclusions in
major minerals emphasizes the necessity of a complete dissolution of mineral separates,
which requires acid digestion in sealed pressure bombs or alkaline fusion procedures.
Incomplete dissolution might result in selective U and/or Th leaching from the accessory
phases, affecting the position of the data in the isochron diagram. This is especially true
for silicic volcanic rocks, but might be of importance also for more basic rocks, where the
magnetic separates sometimes contain zircon inclusions. To what extent some results
might be affected by these problems is difficult to evaluate, but this analytical difficulty
must be kept in mind.

In fact, it is probably easier to explain dispersed mineral and groundmass data, than
some nearly perfect isochrons defined by all mineral and groundmass data and giving
ages older than the eruption ages (e.g., Volpe et al. 1991, 1992; Black et al. 1997, 1998;
Heath et al. 1998; Fig. 12¢,d,e,g). This implies that not only the minerals are old but that
the melt has the same old age when the magma is erupted. The isochron can only be
preserved during a storage time of 10* to 10° years in the magma chamber if Th isotopes
do not reequilibrate between melt and minerals. This condition is probably met for major
minerals larger than 1 mm, in view of the very low Th diffusion coefficients determined
for diopside (D = 4.10*' m®s~' at 1200°C, Van Orman et al. 1998). The characteristic
length scale of Th diffusion in diopside would only be about 0.1 mm in 100 ky. Th
appears to diffuse even more slowly in zircon (D = 1.2.107* m’s™" at 1100°C, Lee et al.
1997, or even D ~ 102 m’s ' at 1200°C from an extrapolation of the data obtained by
Cherniak et al. 1997).

The fact that the isochron is well defined suggests that all the minerals grew during a
short episode (a few ka at most) and not during extended and successive episodes. The
explanation proposed by several authors (Heath et al. 1998; Heumann et al. 2002) is that
this crystal-rich melt might remain stored near the walls or the roof of the magma
chamber at a near constant temperature between liquidus and solidus curves, because of
the heat flux produced by the main part of the large magma chamber (and possible
influxes of new magma). In some cases, especially for silicic rocks, it could even be
envisaged that the erupted magmas are produced by partial melting, just before eruption,
of an already consolidated and older border zone.

While the persistence of a crystal-rich melt in the magma chamber for 10 to several
10° years can rather easily be envisaged for large silicic magma chambers with long
repose times between eruptions, it is very difficult to explain in other, smaller central
volcanoes (e.g., Mt. St Helens, Soufriére, Vesuvius) which have had numerous eruptions
between the inferred age of the old magma and the eruption age of the studied rock. How
this old magma could have remained in the chamber without being drained by subsequent
eruptions is one of the most puzzling questions raised by these old mineral-groundmass
isochrons. A systematic study of mineral isochrons in successive eruptions could help to
clarify this problem.

It should be noted that, even when good U-Th mineral isochrons indicate old
crystallization ages, “*°Ra->°Th disequilibria can be found in minerals, groundmass and
whole rocks. It is the case for Mt. St Helens and Mt. Shasta (Volpe et al. 1991, 1992) and
Vesuvius (Black et al. 1998) (see Fig. 10c,d): this requires either a selective Ra
enrichment in the magma shortly before eruption accompanied by further crystallization
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and/or Ra exchange between mineral rims and melt, or some sort of mixing of the “old”
magma with a newly injected one. In any case, combined *°Th-**U and ***Ra-""Th
studies on recently erupted volcanic rocks suggest that the complex processes occurring
in the magma chamber are far from being completely understood.

It is worth mentioning, as recently reviewed by Hawkesworth et al. (2000), that most
data showing crystallization ages much older than eruption ages come from the more
silicic rocks and often from alkaline or peralkaline provinces. Hawkesworth et al. (2000)
remarked that these silica rich magmas have a higher viscosity and are thus more likely to
keep old minerals in suspension near the walls or roof of the magma chamber. This is
especially true for isolated accessory minerals like zircons which usually form very small
crystals (in spite of its high density, zircon has a lower settling velocity compared to
larger major phenocryst phases, as shown by Reid et al. 1997). Moreover, most of these
volcanoes have a very episodic volcanic activity with sometimes very long repose times
between eruptions, and their behavior is probably dominated by alternating episodes of
closed and open-system evolution, which makes them more susceptible of revealing
complex magmatic processes such as magma mixing, magma-cumulate mixing, aging of
small batches of magma... When comparing the results provided by U-series studies on
minerals to the other methods of evaluating the residence time of crystals in the magma
(crystal size distribution or trace element and Sr isotope diffusion profiles in crystals),
Hawkesworth et al. (2000) emphasize the fact that these latter suggest short crystal
residence times (a few tens to hundreds of years). These estimates are in agreement with
results from **°Ra-*°Th disequilibria, or *°Th->**U disequilibria in rocks for which
crystallization ages and eruption ages are indistinguishable.

Further studies would be necessary to assess the significance of old (10* to 10° a)
magma (crystals and groundmass) ages. For example, it could be particularly interesting to
analyze minerals in both U-Th and Ra-Th systems in the case of a complex eruption
thought to have tapped a zoned magma chamber. Another useful approach would be to
study, on a single volcano whose eruptive history is well known, both the evolution of
SOTh-28U and/or **°Ra->"Th disequilibria in whole rocks, and crystallization ages deduced
from mineral data. As shown in Figure 15, these two approaches are necessarily linked.

3.6. Timescales of magma degassing

Radionuclides of interest for the purpose of studoying magma degassing are *°Ra and
its main dau§hters, namely 222Rn, 2'%Pb, “'%Bi, and *'’Po. All the isotopes located between
*2Rn and *'"Pb (i.e., *'*Po to *'*Po) have extremely short half-lives, ranging from about
0.16 ms up to about half an hour. They will not be considered any further in this
discussion since, in a closed system, they return to radioactive equilibrium with their
parent **’Rn within a few hours after fractionation. Thus, it can be assumed that *'°Pb is
directly produced by decay of **’Rn. *°Ra daughters have half-lives that range from a
few days (T **Rn = 3.82 days; T *'°Bi = 5.01 days; T *'°Po = 138.4 days) up to 22.3
years for *'°Pb. Disequilibria among these nuclides are thus preserved for time periods of
the order of a few weeks up to a century. Hence, they can be used to study recent
fractionation events, most likely to be associated with shallow magmatic processes.
Furthermore, these isotopes have contrasted gas-liquid partition coefficients. While
radium forms no volatile compound at magmatic temperatures and mostly remains in the
molten lava (Lambert et al. 1985-86), the noble gas radon is continuously and thoroughly
lost from the degassing magma as long as major gas species, acting as carriers of trace
gaseous species, are efficiently released (Gill et al. 1985; Gauthier et al. 1999). Lead,
bismuth, and polonium are known to form chemical compounds, mostly halogenides and
sulfides, that are more or less volatile at magmatic temperatures (e.g., Pennisi et al. 1988;
Symonds et al. 1994). It is generally accepted that in hot basaltic systems, lead is slightly
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Figure 15. Diagrams showing two contrasted models of magma evolution and their consequences on
the location of minerals (m;, m,...) and groundmass (Gr) in the U-Th isochron diagram. In (a), the
(**°Th/**Th) ratio of the magma (as deduced from the (*°Th/***Th), ratio of the lavas of eruption age
0) remains constant (e.g., because of a short transfer time). If the present-day melt incorporates an old
mineral cumulate, it will not plot on the mineral isochron (Gr in b). Newly formed minerals (open
symbols) would have the same (*°Th/*>Th) ratio as the groundmass. In (c), the magma is stored in a
closed-system reservoir, and its (*°Th/***Th) ratio increases through time, if it is located to the right of
the equiline, with an (**U/*"Th) ratio >1 (see Fig. 3, showing the reverse case). In that case, the magma
itself (minerals and melt) might get old, and, in (d), the groundmass will plot on the isochron along with
the minerals, if they have not reequilibrated with the melt. If the U/Th ratio of the melt is not
significantly affected by fractional crystallization, all the groundmass (melt) data will plot at the same
point in the isochron diagram, whatever their eruption ages. If successive but short crystallization
episodes occurred in this reservoir and if these magma batches were somehow preserved in the reservoir
(zoned magma chamber?), then a variety of mineral isochrons may be obtained but the range in
(**°Th/**Th) initial ratios given by the intercept of these isochrons with the equiline should increase
during the evolution of the reservoir. That means that the oldest erug)tions will have (**°Th/***Th) initial
ratios close to R, the present-day eruptions could show a range of (**Th/***Th) initial ratios between Ry
and R, (such as R; at © = t; Ry is the ratio of newly formed minerals shown as open symbols).
Interpretation of mineral isochrons should benefit from coupled mineral and whole-rock studies over a
long period of magmatic activity.

volatile (with a gas-melt partition coefficient Dp, < 1) while bismuth is moderately
volatile (1 < Dg; < 10) (e.g., Gauthier et al. 2000). On the other hand, polonium usually is
thoroughly degassed (Dp, >> 1000) from freshly erupted basalts (Gill et al. 1985).
Because of these contrasted partition coefficients, **Ra daughters are strongly
fractionated during magmatic degassing processes. As a consequence, > Po-*'’Bi-*'’Pb
radioactive disequilibria are often observed in volcanic gases, with (*'°Po/*'’Pb) >
(*'Bi/*'°Pb) > 1, (Polian and Lambert 1979; Lambert et al. 1985-86; Le Cloarec et al.
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1986, 1992, 1994; Gauthier et al. 2000; Le Cloarec and Pennisi 2001). In the same way,
both 21OPo—ﬁIOPb and *'°Pb-*°Ra disequilibria are common in freshly erupted lavas, with
both (*'’Po/*'°Pb) and (*'°Pb/***Ra) activity ratios usually lower than one (Krishnaswami
et al. 1984; Le Cloarec et al. 1984; Gill et al. 1985; Rubin and MacDougall 1989; Rubin
et al. 1994; Sigmarsson 1996; Gauthier and Condomines 1999 and references therein).

Short-lived disequilibria between **°Ra daughters in lavas and in volcanic gases at
open conduit volcanoes can be accounted for by two simple dynamic degassing models
(Gauthier and Condomines 1999; Gauthier et al. 2000). These models have the same
conceptual framework as the pioneering model developed by Lambert et al. (1985-86)
and rely on some basic assumptions. Deep undegassed magma is assumed to be in
radioactive equilibrium for **Ra daughters which all have short half-lives compared to
the timescales of magma transfer. Since degassing activity is persistent on many active
open-conduit volcanoes, it is reasonable to assume that deep undegassed magma is
continuously brought by convection into the shallow degassing reservoir, where efficient
radionuclide degassing takes place through water exsolution (Gauthier et al. 1999; 2000).
When this reservoir contains a constant mass of magma M (physical steady-state), the
influx ¢y of deep magma entering the reservoir is exactly balanced by a flux of gas ¢¢ and
a flux of degassed lava ¢ leaving the reservoir (Fig. 16). The output of degassed lava is
sustained either by lava eruption at the surface (¢g), or by recycling at depth (¢r), or else
by sill-like intrusion (¢r). For low-viscosity magmas such as basalts or basaltic andesites,
it may be assumed that the magma reservoir is quickly mixed and homogenized, so that
these three components (erupted, recycled and intruded) have the same chemical
composition, which is also the chemical composition of the magma within the reservoir.
Accordingly, the output of degassed lava may be considered as a single component (¢r),
no matter the way the degassed magma leaves the reservoir. Thus, the variation through
time of the activity of any radionuclide Iy in the degassing magma is merely given by a
mass balance equation that includes a term of radioactive ingrowth from its parent Iy, a
term of radioactive decay, and three terms of mass transfer:

d(I

b, )-h )+ i
where A, is the decay constant of nuclide I; a is defined as the fraction of volatiles
initially dissolved in the deep magma and ultimately released in the gas phase, such as
fluxes can be written as: ¢ = o ¢o and ¢ = (1—a) Po; parentheses denote activities in the
deep undegassed magma (0), the degassed lava (L), and the gas phase (G). Also note that
do/M corresponds to the renewal rate of the degassing magma chamber (per unit of time),
which is equal to 1/t, where 1 is the magma residence time in the degassing reservoir.

(1), --02 ), —aeq), 4)

Model of radon degassing. Because the half-life of **°Ra is considerably longer than
the timescale of magma degassing (Lambert et al. 1985-86; Gauthier et al. 2000), it is
assumed that its activity remains constant during degassing. By applying successively
Equation (4) to 222Rn and *'°Pb, it is possible to link (*'°Pb/**°Ra), activity ratios in the
degassed lava to the degassing of radon (Gauthier and Condomines 1999). It can be then
demonstrated that (*'°Pb/**°Ra), activity ratios in the degassed lava depend on a) two
unknown parameters: the renewal rate of the degassing reservoir (¢o/M), and the duration
of the continuous degassing process (t); and b) two parameters that can be determined
from independent studies: the fractional loss of radon (f) which can be estimated by
monitoring **’Rn ingrowth in freshly erupted lavas (e.g., Gill et al. 1985), and the initial
volatile content (or) which can be determined through the study of volatile contents in
melt inclusions (e.g., Johnson et al. 1994).

Time evolution of (*'*Pb/**°Ra), activity ratios in the degassed lava can be drawn for
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Figure 16. Schematic representation of a degassing magma reservoir in a physical steady-state (mass M
of magma constant). ¢ and [I] denote fluxes and radionuclide Iy concentrations, respectively. Indices 0, L,
G, E, I, R, refer to deep undegassed magma (in radioactive equilibrium), degassed lava, gas phase, and
erupted, intruded, or recycled degassed magma, respectively (after Gauthier and Condomines 1999).

different renewal rates ¢o/M, using realistic values for both a and f (Fig. 17). Curves are
drawn for a value of a fixed at 0.03, but it is worth noting that this parameter has only little
influence on the evolution of (*'°Pb/**°Ra). activity ratios. Also, curves in Figure 17 are
drawn for a complete radon degassing (f = 1). Incomplete degassing would simply shift
these curves upwards and, hence, would yield activity ratios closer to unity. When the
degassing reservoir is not replenished with deep undegassed magma (¢o/M = 0), *'°Pb
(whose radioactive ingrowth is not sustained any more in the degassed magma that is
*22Rn-depleted) becomes rapidly depleted with res?ect to “°Ra. For instance, after 9 years
of continuous radon degassing, significant *'’Pb-***Ra disequilibria may be observed in
lavas, with activity ratios as low as 0.75. This effect of radon degassing on Ra-Pb
fractionation still exists when the magma chamber is continuously replenished with deep
undegassed magma in radioactive equilibrium, but it is lowered for increasing values of
do/M. Finally, when ¢o/M is considerably higher than Apy, (i.e., when ¢po/M is higher than 3
yr ', or else when the magma residence time t is shorter than 4 months), “*°Ra-*'’Pb
equilibrium is maintained in erupted lavas in spite of sustained radon degassing.
Accordingly, provided that a and f can be determined from independent studies, time-
series analyses of **Ra-*'"Pb disequilibria in freshly erupted products from an active
volcano allow determination of the renewal rate of the shallow degassing reservoir.
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Figure 17. Time-evolution of (*'’Pb/***Ra), activity ratios in the degassed magma for different values
of the magma chamber renewal rate ¢o/M (figures on curves). Curves are drawn from the equation
(Gauthier and Condomines 1999):
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with o = 0.03 and f= 1 (complete radon degassing) (after Gauthier and Condomines 1999).

This model has been applied to the case of Stromboli (Italy) and Merapi
(Indonesia) volcanoes (Gauthier and Condomines 1999). At Stromboli, ***Ra-*'’Pb
disequilibria in unaltered lava samples from the XX™ centur?l have been monitored by
gamma-ray spectrometry, yielding a constant steady-state (*' 'Pb/**°Ra). " activity ratio
(recalculated at the time of the eruption) of 0.975 £+ 0.015. For a chemical steady-state,
(*'°Pb/***Ra)_ activity ratios do not depend any more on the duration of the de%assing
process (at steady-state, Eqn. 4 writes d(Ix)./dt = 0). The steady-state (*'°Pb/**°Ra),
activity ratio at Stromboli allows direct determination of the renewal rate ¢o/M in the
range 0.7-3.2 yr ', corresponding to a magma residence time t in the shallow degassing
reservoir between 110 and 520 days. Measurements of (*'°Pb/**°Ra).° activity ratios in
lava domes erupted at Merapi between 1984 and 1995 reveal some significant Ra-Pb
disequilibria in erupted products. (*'°Pb/***Ra)° activity ratios decrease from 1 in 1984
down to 0.75 in 1992, before they increase back to the equilibrium value of 1 which is
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reached in 1995 (Fig. 18). This evolution can be explained by the succession of a 9-year
period of complete radon degassing (f = 1) from a poorly renewed magma batch (¢o/M <
0.045 yr', that is T > 22 yr), followed by the injection of deep undegassed magma in
radioactive equilibrium which progressively mixes with the degassed magma. By
applying a model of progressive injection and instantaneous mixing in a magma reservoir
of constant mass M (Condomines et al. 1982b), the injection rate ¢o/M between 1992 and
1995 can be estimated at about 0.5 yr ', yielding a residence time t of 2 yr. It is worth
noting that the sudden reinjection of magma in 1992 coincides with the beginning of a
new eruptive cycle characterized by both more numerous dome collapse events and
higher lava production rates at the surface (Fig. 18).

Model of *"’Pb, *’Bi, and *'’Po degassing. For a purpose of clarity, it is considered
here that the degassing reservoir has reached a chemical steady-state (i.e., radionuclide
activities in the degassing reservoir are constant, that is d(Ix)/dt = 0 in Eqn. 4). This
assumption usually is valid for very active basaltic systems like Stromboli, where erupted
products display an almost constant chemical composition as shown above, and where the
degassing reservoir is quickly and continuousl;/ replenished with deep undegassed magma.
B?l ap loying Equation (4) successively to *'°Pb, *'°Bi, and *'°Po, (*'’Bi/*'’Pb)g and
(*"Po/*'"Pb)g activity ratios in the gas phase at the time of gas exsolution can be related to
both the magma dynamics in the degassing reservoir (i.e., the renewal rate ¢o/M, or else the
magma residence time t) and the respective volatilities of the three nuclides, which are
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Figure 18. Time-evolution of (*'’Pb/**°Ra),” activity ratios in Merapi lavas erupted between 1984 and
1995. Curve (a) is drawn from the equation given in the caption of Figure 17 with o = 0.03, f=1, and
do/M < 0.045 yr'. Curve (b) is drawn from an equation of progressive magma injection and mixing
(modified from Condomines et al. 1982), such as: (R — Ry) = (R; = Rg) x exp (— (App + $¢o/M) t), where
R represents (*'°Pb/**°Ra), activity ratios, R; is the (*'’Pb/***Ra), activity ratio of the magma initially
present in the reservoir (R; = 0.75), and Ry is the (*'°Pb/**°Ra), activity ratio of the magma injected into
the reservoir (Ry = 1). Vertical arrows indicate the beginning of a new eruptive cycle. Years during
which pyroclastic eruptions have occurred are underlined. The thick curve represents the cumulative
volume of erupted lavas between 1984 and 1995 (modified from Gauthier and Condomines 1999).
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expressed by using a gas-liquid partition coefficient, defined as: Dy = (Ix)c/(Ix)L (Gauthier
et al. 2000). It is worth noting that if a significant time 0 elapses between the degassing of
the radionuclides and their emission into the atmosphere, the two shortest-lived isotopes
(*'“Bi and, to a lesser extent, *'’Po) may undergo significant radioactive decay within gas
bubbles en route to the surface. Activity ratios in the gas phase, at the time 0 after
exsolution, are then obtained using the basic radioactive decay equations.

Provided both the initial pre-eruptive volatile content o and the gas-liquid partition
coefficients D's can be determined (from melt inclusion studies and from concentration
measurements in both lavas and gases, respectively; see for instance Gauthier et al. 2000
and references therein), activity ratios in the gas phase only depend on two unknown
parameters: the magma residence time t (inversely proportional to the renewal rate of
the magma chamber ¢¢/M), and the escape time of gases 6. The variations of both
('Bi/"Pb)g and (*'°Po/*'°Pb)g activity ratios in the gas phase as a function of the
magma residence time inside the degassing reservoir are shown in Figure 19. Both
activity ratios increase for increasing values of the residence time t, which is explained
by the contribution to the gas phase of ingrowth atoms of *'°Bi and *'°Po that are
produced by radioactive decay of *'°Pb in the degassed magma sojourning in the
degassing reservoir. This effect is more pronounced for *'°Po due to its higher volatility.
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Figure 19. (*'"°Po/?'°Pb)g and (*'°Bi/*'’Pb)g activity ratios in the gas phase as a function of the magma
residence time 7 in the degassing reservoir. Curves are drawn from the equations:
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written at the time 0 (see Gauthier et al. 2000), with oo = 0.03, Dp, = 0.5, Dg; = 5, and Dp, >> 1000.
Solid and dashed curves refer to (*'°Po/*'’Pb)g and (*'’Bi/*'°Pb)g activity ratios at @ = 0 (thick curves)
and 6 > 0 (thin curves), respectively. Vertical arrows indicate radioactive decay within gas bubbles for
different values of the escape time of gases 0 (figures on curves) (after Gauthier et al. 2000).
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On the other hand, both activity ratios decrease for increasing values of the escape time 0,
(*'"Bi/*'Pb)g ratios being more affected than (*'°Po/*'"Pb)g ratios because of the very
short half-life of ?'°Bi (T = 5.01 d).

This dynamic degassing model has been applied for the first time to the case of
Stromboli volcano in Italy (Gauthier et al. 2000). Gross a- and B-countings of *'*Po,
21981, and *'°Pb in gas emissions sampled over 12 years yield (*'°Po/*'°Pb)g activity ratios
in the range 70-210, and (*'*Bi/*'°Pb)g activity ratios between 10 and 32. At Stromboli
the pre-eruptive volatile content o is estimated at about 3% and Pb, Bi, Po gas-liquid
partition coefficients are in the range 0.3-0.5, 5-10, and >> 1000, respectively. Using
these parameters, modeling shows that the escape of gases at Stromboli is always very
fast, and probably never exceeds a few hours, no matter how intense the volcanic activity
is, suggesting that degassing takes place at very shallow depth beneath the summit craters
(a few hundred meters at most). This is in good agreement with previous determinations
based on acoustic and seismic studies (e.g., Vergniolle et al. 1996; Chouet et al. 1999).
Magma residence times are very short, ranging from 10 to 20 days up to about 200 days.
They correspond to very fast renewal rates ¢o/M, in the range 1.7-36.5 yr ', which
produce the sustained and permanent degassing activity observed at Stromboli.
Furthermore, magma residence times seem to be in qualitative agreement with the
intensity of volcanic activity observed at the surface, the shortest residence times
corresponding to episodes of lava fountaining and sustained strombolian explosions,
while the highest ones are found during periods of quiescent degassing and before
effusive activity (Gauthier et al. 2000).

In summary, degassing of a magma batch stored at shallow depth with little, if any,
turnover may last for tens of years, and probably even longer. On the other hand, the
extraction of gas bubbles and gas emission into the atmosphere is a very short process
occurring over a few hours at most, when degassing takes place at a depth of a few
hundred meters. Magma residence times in shallow degassing reservoirs range from tens
of days (Stromboli) to tens of years (Merapi). Since the mass of the shallow degassing
reservoir is given by the simple relation M = ¢ 1, these estimates of magma residence
times may also be used to calculate the mass and thus volume of degassing magma.
Calculated volumes range from 10° m® (Stromboli) to 10’ m® (Merapi). It is important to
emphasize that the estimates of magma residence times derived from the two independent
and complementary degassing models (one for **Ra-*'"Pb disequilibria in lavas and the
other for 2'Pb-*'"Bi-*"’Po disequilibria in gases) are in very good agreement. This
strengthens the validity of this approach and demonstrates the potential of short-lived
nuclides to characterize the dynamics of shallow degassing reservoirs. It should also be
mentioned that the short magma residence times inferred above only apply to these small
and shallow degassing “reservoirs” (or simply the upper part of the plumbing systems)
fed by undegassed magma rising from a deeper magma chamber, characterized by longer
magma residence times (see sections 3.3 to 3.5; Fig. 5).

4. DATING YOUNG VOLCANIC ROCKS
4.1. Mineral isochrons

The principle for a successful dating of eruption ages from mineral isochrons have
been recalled in section 3.5. From the previous discussion, it is clear that U-Th mineral
isochrons sometimes give crystallization ages in excess of eruption ages. If the difference
between these ages is less than 10* a, this will introduce a maximum 10% error on a 100
ka old volcanic rock, which is still usually within analytical uncertainties on the age.
Dating younger rocks will of course increase the relative error. The discrepancy will also
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increase if the interval between crystallization and eruption is larger than 10* a. However
in many examples, U-Th mineral isochrons give ages in agreement with eruption ages.
Some examples have already been described in section 3.5. Many successful dates were
published during the 1965-1990 period (see the review by Gill et al. 1992). Most of these
studies were applied to basaltic volcanoes like Stromboli (Eolian islands), Etna, Chaine
des Puys in the French Massif Central, Piton de la Fournaise in Réunion Island
(Condomines et Allegre, 1980; Condomines et al. 1982a, 1982b, 1988), but also to some
silicic volcanics from Japan (Fukuoka 1974). Other recent examples include an U-Th
isochron obtained by Peate et al. (1996) on a basalt from the Albuquerque volcanic field
(New Mexico) recording a geomagnetic excursion, which gives an age of 156 + 29 ka in
agreement with K-Ar ages, three isochrons reported by Bourdon et al. (1994) on the
Laacher See (Eifel, Germany) phonolites (see section 3.5), and the isochron obtained on
the Puy de Dome trachyte in the Chaine des Puys (Condomines 1995) with an age of 12.1
+ 1 ka, identical to "*C and thermoluminescence ages. Figure 20 illustrates four examples
of U-Th successful datings.

The main difficulty lies in the selection of samples that will eventually give a
crystallization age close to the eruption age. However, careful mineralogical and
petrological studies, including electron microprobe analyses to check for chemical
equilibrium or disequilibrium between phenocrysts and groundmass, could help to
eliminate samples containing xenocrysts or showing evidence of a complex magmatic
history. Another approach consists in the selection of volcanic rocks nearly aphyric, or at
least poor in phenocrysts. If the microlites display U-Th fractionations large enough to
provide an isochron, then the age will certainly give the eruption age.

It should also be mentioned that most successful datings have been obtained either
on basaltic or only slightly differentiated basic lavas, or on silicic lavas of small volume
eruptions. Basaltic volcanoes in permanent activity probably have open-system magma
chambers with rather short residence times of the magmas (a few 10° years ) as suggested
by 220Ra-#'Th disequilibria in Etna (see section 3.4). They might represent favorable
examples to apply U-Th mineral isochron dating. Other basaltic and nearly primitive
lavas from simple monogenic volcanoes or fissure eruptions could also be dated, because
such magmas are unlikely to have been stored for a long duration in the crust. For silicic
rocks, successful dating can certainly be achieved for small volume eruptions, for which
volcanological, petrological and geochemical data suggest that they are derived from the
differentiation of a small and shallow magma chamber with a short storage time.
Conversely, determining the eruption ages of rocks emitted from large volume silicic
magma chambers (e.g., Long Valley) is certainly a very risky task. In spite of the above
criteria taking into account the volcanological context, it is difficult to ascertain that the
data will not be disturbed by such problems as magma-cumulate mixing. A good, though
not absolute, test is the analysis of a zero age (or well dated) volcanic rock from the
volcano to be studied, and whenever possible, it is always profitable to compare U-series
results with the ages obtained from independent dating methods.

The use of (***Ra)/Ba-(**Th)/Ba mineral isochrons to date eruption ages of very
young volcanic rocks in the range 0 to 10* a is necessarily limited because the available
data described in section 3.5 show that crystallization ages might be a few 10 to 10” a
older than eruption. However, there is one example where **°Ra->**Th data on minerals
have been used to infer eruption ages, although the method does not involve true mineral
isochrons. Voltaggio et al. (1995) measured “*°Ra-""Th disequilibria in four shoshonitic
lavas from Vulcano (Eolian Islands) using a leaching method. For a given rock, they
analyzed by gamma spectrometry the residues obtained from successive leaching steps of
the rock powder, and reported their results in a (***Ra/***Ra)-K/(***Ra) diagram (Fig. 21).
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Figure 21. (**Ra/***Ra)-K/(*Ra) diagram proposed by Voltaggio et al. (1995). In this diagram,
equivalent to a (***Ra/*°Th)-K/(**°Th) diagram, are reported the data resulting from successive
leachings of K-rich volcanic rocks from Vulcano (Eolian Islands). For each rock, the data define a
straight line, whose intercept on the y-axis gives the (***Ra/**"Th) ratio of the Th-enriched accessory
phase and thus the age of the rock (UCS: 2.9 + 0.4 ka; DS: 2.1 + 0.3 ka; PLZ: 1.5 + 0.2 ka). K/(**Ra)
ratios are expressed in weight % K/dpm.g ' (results from Voltaggio et al. 1995; see text for a detailed
explanation).

Instead of Ba, K is taken as an analog for Ra. This diagram is equivalent to a
(***Ra/*°Th)-K/(**°Th) diagram, because (228Ra)=(232Th) and the (“°Th/**’Th) ratio is
constant in minerals of these very recent rocks. The analyzed residues and the whole rock
plot on a straight line in such a diagram. The interpretation of the authors is that this
straight line represents a mixing line between major minerals and groundmass, and a Th-
enriched accessory phase contained in the groundmass, which is assumed to be perrierite,
a REE-Ti bearing silicate found in several volcanic rocks from Central Italy. Successive
leachings progressively dissolve this accessory phase and produce the observed linear
array. The diagram is similar in its principle to the well known (*°Th/**U) vs.
(***Th/?*U) Osmond-type mixing diagram used for dating impure carbonates. In this
latter, the y-intercept of the straight line defines the (*'Th/**U) ratio of the pure
carbonate component ([Th]~0). Similarly, the (***Ra/*’Th) ratio of the Th-enriched
accessory phase is deduced from the y-intercept, and the age of this phase is then
calculated, assuming a negligible initial *°Ra content, from the simple equation:
(**Ra/?Th) = 1—-e ™. Voltaggio et al. (1995) obtained ages from 1.5 to 2.9 ka, which
seem in good agreement with K-Ar estimates, archaeological and historical data.

4.2. Dating of whole-rocks

Dating of whole rocks by any U-series method is possible only if the initial (N2/Ny)o
ratio is known (see Eqn. 1). In several cases, this condition can be met as will be shown
in the examples below.

BOTh-8U and ' Pa-*U dating of MORB samples. Several recent attem;z)ts to date
eruption ages of recent mid-ocean ridge basalts through *°Th-**U and *'Pa-U
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disequilibria measured in whole rocks have proved successful. This is a very important
advance because of the difficulty to date these rocks by other methods (the low K content
does not allow K-Ar dating of such young rocks, and the low U-Th contents make U-
series analysis of minerals very difficult).

Goldstein et al. (1992), in their study of MORB from the Juan de Fuca and Gorda
ridges in the Pacific, assumed that the (***Th/**Th), initial ratio (at the time of eruption)
could have remained constant for several 10° a, for a given ridge segment. This ratio is
estimated from the present day ratio of very young axial MORB, and the ages of older,
off-axis MORB can then be calculated. The authors obtained ages from a few ka to 220
(¥37) ka, which were in good agreement with the spreading rates and MORB
geographical locations relative to the ridge.

Goldstein et al. (1993, 1994) applied the same method as well as the *'Pa-*’U
method to date young MORB from the East Pacific Rise (EPR) at 9-10°N and the Juan de
Fuca-Gorda ridges. Again, very young axial MORB were used to infer the initial
(*'Pa/**°U) ratio. The results show a remarkable agreement between the ages determined
by these two independent methods in the range 0 to 130 ka (Fig. 22), suggesting that the
assumption of constant initial (*°Th/?*Th), and (**'Pa/***U)j ratios is valid.

A similar approach led Sturm et al. (2000) to propose some *°Th->**U and **'Pa-
33y ages for the Mark area, South of the Kane Fracture Zone of the Mid-Atlantic Ridge.
22°Ra-"'Th disequilibria were also measured, and helped in the selection of the youngest
samples to infer the (**°Th/**Th)o and (**'Pa/**°U), initial ratios.

BOTh?BU dating of samples from subaerial volcanoes. When several volcanic

rocks covering a significant period of the eruptive activity of a volcano can be dated
(either by mineral isochrons or by other dating methods), the evolution through time of
the (3°Th/*?Th), or (*°Th/**U), initial ratios will be revealed (see section 3.4). If these
ratios remain nearly constant, then they may be used to calculate the ages of other lavas
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Figure 22. Comparison of the ages obtained by the ***U-*"Th and **U-*'Pa dating methods on MORB
samples from the East Pacific, Juan de Fuca and Gorda ridges. [Reprinted from Goldstein et al. 1993,
with permission from Elsevier Science].
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from this volcano, from their measured (*°Th/***Th) ratios. One such example can be
illustrated in the case of Piton de la Fournaise (Réunion Island) for which (**°Th/***Th),
or (P°Th/?**U) ratios display very limited variations (Condomines et al. 1988). Figure 23
shows how an approximate age can be obtained from the measured (**°Th/*?Th) ratio in
a lava of unknown age from this volcano.

2Ra->"Th (and (**°Ra)/Ba) dating of MORB. The (***Ra)/Ba method for dating
very young MORB (< 8 ka) was originally proposed by Rubin and Macdougall (1990).
Its principle is based on the assumption that Ra and Ba have the same behavior during
partial melting and potential fractional crystallization of MORB magmas. Thus a same
mantle source undergoing various melting degrees will give magmas with the same
(***Ra)y/Ba, provided that the transfer time of these magmas is short compared to the
“%Ra half-life (e.g., < 200 a). If this (***Ra)e/Ba ratio can be estimated, then the age of
young MORB can be calculated from their measured (***Ra)/Ba ratios. Rubin and
Macdougall (1990) actually use an empirical correlation between (***Ra/*Th) and Ba/Th
ratios in the samples having the largest “*°Ra excesses (and thus assumed to be the
youngest) to estimate the (***Ra/**°Th)y initial ratio of each sample and deduce its age.

The same method was also applied to a few MORB from the Juan de Fuca — Gorda
ridges on the EPR (Volpe and Goldstein 1993).

Ra-'Th (and (***Ra)/Ba) dating of subaerial volcanics. Systematic analyses of
22°Ra-*'Th disequilibria in recent and well dated rocks from active volcanoes allow
studies of magmatic evolution as explained in section 3.4. If the variations through time
of (226Ra/230Th)0 or (226Ra)o/Ba ratios are sufficiently well constrained, one may use the
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Figure 23. Measured (*°Th/?*Th) ratios in basalts from Piton de la Fournaise (Réunion Island) as a
function of their eruption ages deduced from mineral isochrons. These ratios decrease with increasing
eruption ages as a result of post-eruptive radioactive decay. The curve shows the theoretical evolution
by radioactive decay for a rock with a Th/U ratio of 3.95 and a (*°Th/**Th) ratio of 0.93, similar to the
values measured in presently erupted lavas. An approximate age can thus be obtained from the
measured (*°Th/**Th) ratio of an old sample. Part of the dispersion around the theoretical curve are
due to small source heterogeneities (slightly variable (**Th/**Th) and Th/U ratios), also evidenced by
¥7Sr/*Sr ratios (Condomines et al. 1988, and unpublished results).
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curves representing these variations to infer the initial ratios for a rock of unknown age
(in the range 0 to 8 ka), and thus calculate its age from the measured (***Ra/*Th) or
(**°Ra)/Ba ratios. Of course, the simplest case occurs when these ratios have monotonous
variations or even are constant. The results obtained on historical lava flows erupted
during the last two millennia (and before 1970) at Mt. Etna (Condomines et al. 1995),
already described in section 3.4, show a good correlation between (***Ra), and Th
contents (which also means that (**Ra/*°Th), ratios decrease with increasing
differentiation and Th content, the (**°Th/***Th) ratio being constant), and a constant
(***Ra),/Ba ratio (see Fig. 8). From the (***Ra),-Th correlation or the constant (***Ra)o/Ba
ratio, ages of lava flows of a given Th or Ba content can be determined. If the eruption
age falls in the age range used to define the above correlations, one can be confident
about the validity of the calculated age. If it is outside this range, then the calculated age
is based on the assumption that the *°Ra->"Th disequilibria followed the same evolution
during the past millennia. Examples of such dates on prehistoric lava flows from Etna are
given in Condomines et al. (1995). New samples from Etna and Merapi (Indonesia) are
now being dated: Mt. Merapi, a permanently active andesitic volcano, indeed seems to
present “°Ra->°Th systematics very similar to that of Mt. Etna (Condomines et al., in
preparation). The ages of lava flows can be conveniently estimated by comparison with
the isochron curves drawn in the diagram of Figure 24 for the case of Mt. Etna.

10po 2Py dating method. An original application of this method based on very
short lived nuclides (equilibrium between *'°Po and *'°Pb is reached after only 2 years)
was published by Rubin et al. (1994). These authors collected and analyzed volcanic
glasses from freshly erupted lava flows on the East Pacific Rise. They found that
(*'°Po/*'Pb) ratios were lower than unity. By assuming that *'’Po was completely
degassed on eruption (a reasonable assumption owing to the high volatility of Po, see
section 3.6), they could calculate the eruption ages of the lava flows from the equation:
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Figure 24. Measured (**Ra) vs. Th diagram used to infer the ages of lava flows from Mt. Etna in the
age range 0 to 8 ka. The curves labeled 0, 0.5, 1... ka correspond to isochron curves. The isochron 0 is
defined by the (***Ra),-Th correlation observed in historical lava flows of the last two millennia
(Condomines et al. 1995). Five samples of previously unknown ages are reported in this diagram
(Condomines et al. 1995, and unpublished results).
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(*'%Po/*'%Pb) = 1—e™. Rubin et al. (1994) were able to show the existence of two
eruptive episodes separated by about 7 months and to precisely determine their ages.

5. SUMMARY AND CONCLUSIONS

The development of U-series studies in volcanic rocks over the past twenty years has
led to significant advances in our understanding of magmatic processes and their
timescales as well as in their use as dating tools for young volcanic rocks. They have also
raised a number of important questions which hopefully will promote more work in this
field.

Because U- or Th-series disequilibria date chemical fractionations between various
nuclides of the radioactive decay chains, it is fundamental to understand their behavior
during the main magmatic processes (partial meltiné, fractional crystallization,
assimilation, fluid circulation...). For example, *°Th->*U disequilibria are mainly
created during partial melting, and Th/U ratios are little modified by crystal fractionation
involving major minerals (but U and Th can be fractionated by the crystallization of
U, Th-rich accessory phases in silicic magmas). Fluid transfer can also affect U, either
during partial melting in the mantle (e.g., in subduction zones whose magmas are often
enriched in U through slab-derived fluids), or, in some cases, during differentiation (e.g.,
in ultrapotassic magmas, Villemant et al. 1989). **Ra-*"Th disequilibria are influenced
by partial melting, crystal fractionation involving feldspars, and fluid transfer affecting
Ra. When a fractionation process has been identified, then U-series disequilibria offer the
possibility to constrain the time interval between this event and eruption of a volcanic
rock. This is an unique advantage of U-series methods based on the fact that the half-lives
of several nuclides are of the same magnitude as the timescales of the main magmatic
processes.

These timescales may be constrained in several ways. Measurements on single
samples gives a rough indication of the transfer time of a magma from the time of the last
fractionation until the eruption. For example, if most of the “*°Ra excesses are produced
during mantle melting, the absence of disequilibrium between ***Ra and ***Th constrain
the transfer time from mantle to surface of all presently erupted silicate magmas to be in
the range 30 a to 8 ka. Comparison between disequilibria in basic and more differentiated
lavas from the same volcanic complex can give important information on the timescale of
differentiation. Comparison of (**°Th/***Th) ratios suggest that differentiation from basalt
to an intermediate magma in deep magma chambers might take several 10* a. In other
cases, 2'"Pb-*°Ra disequilibria suggest a very short differentiation time in small and/or
shallow magma chambers (~10 a in Surtsey and Heimaey, Iceland).

Whole rock U-Th isochrons can also provide an age for the differentiation process,
but they are rare because of the difficulty of fractionating the U/Th ratio through
crystallization of major minerals. In the two reported examples (Laacher See phonolites,
and Vico ultrapotassic volcanics), whole-rock isochrons show that differentiation
occurred shortly before eruption. A similar conclusion was reached in the case of the
Longonot volcano (Kenya), whose trachytes define the only reported (**°Ra)/Ba-
(***Th)/Ba whole-rock isochron.

Further constraints can be obtained by systematic studies of the evolution of U-series
disequilibria through time in a given volcano. The number of works considering the
evolution of (*°Th/**U) or (*°Th/***Th) ratios is very small, but it appears that, in the
studied basaltic volcanoes from oceanic islands (Marion, Mauna Kea, Piton de la
Fournaise), these ratios remain nearly constant with time. This suggests that the residence
time of the magmas in these continuously replenished magma chambers is short
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compared to the *°Th half-life and might be better approached by **°Ra-*‘Th
disequilibria. Such a study on Etna indicates a residence time < 1500 a. Other studies on
basaltic eruptions (Lanzarote, Canary Islands; Karthala, Comores; Ardoukoba, Asal Rift)
show negligible transfer times of the magma, except for Ardoukoba where the magma
might have been stored at depth for about 2 ka.

The interpretation of U-Th and Ra-Th mineral isochrons can often be very
complicated. In some cases, U-Th isochrons indicate crystallization ages in agreement
with eruption ages, and thus a short residence of the minerals in the magma chamber,
whilst, in other cases, they give crystallization ages much older than the known eruption
ages (several 10* to 10° a older). In some instances, these ages can be explained by
incorporation of old cumulate minerals or xenocrysts. Old ages are also found for zircons
extracted from silicic rocks, which can now be subjected to in situ SIMS analysis.
Accessory minerals apparently can be stored for long periods (> 10° a) in silicic magma
chambers, and it has been suggested that some major mineral isochrons do in fact date the
crystallization of accessory minerals in inclusions within the major phases. Whether
major minerals that often define good isochrons with the groundmass could also be stored
for such long periods in the magma chamber is still not clear, although several studies
suggest that a crystal-rich layer of magma might be maintained at a nearly constant
temperature near the walls of the magma chamber by the heat flux generated by the main
part of this chamber.

When measured in very young volcanic rocks, “°Ra->°Th disequilibria suggest
crystallization ages of a few 10% to 10’ a older than eruption, even for rocks displaying
much older U-Th isochron ages. This suggests that the mineral rims continued to grow
shortly before eruption or that Ra was subjected to chemical exchange or mobilization
whereas Th isotopes were not reequilibrated.

The fact that most of the rocks that show crystallization ages older than eruption
ages come from andesitic volcanoes or silicic volcanoes suggest that the higher viscosity
of these silica—rich magmas might play a role in preventing old crystals to settle in the
magma chamber. The long repose time between eruptions in large silicic volcanoes could
also explain the preservation of “old” magma in the reservoir. But it is difficult to explain
the persistence of old magma batches in central volcanoes with frequent eruptions (i.e.,
when the inferred age of the old magma is much larger than the average repose time
between eruptions).

Further advances in the interpretation of mineral data could come from in situ
analyses (unfortunately only possible presently on U-Th rich accessory minerals like
zircon), or from detailed studies of particularly large phenocrysts, whose successive
growth zones could be sampled (e.g., through microdrillings) and analyzed. **°Ra
measurements in such crystals could allow a direct determination of their growth rates. A
systematic study of successive, well-dated eruptions of a given volcano, combining U-
series measurements in both whole rocks and minerals, should also help with the
interpretation of mineral data.

From the available studies, it seems that permanently active basaltic or andesitic
volcanoes might have magma residence times in their open-system reservoirs of a few
10% to 10° a. Longer storage times are possible for other volcanoes from subduction zones
(10* to 10° a) and certainly also for large silicic magma chambers (10 to 10° a). But it is
probably too early to draw a general conclusion on the magma storage time,
differentiation time or residence time (in open-system magma chambers), and large
differences might exist between volcanoes. As rightly emphasized by Hawkesworth et al.
(2000), the time that a magma can spend in its reservoir before it consolidates depends on
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the size and depth (i.e., the thermal contrast with the surrounding rocks) of this reservoir.
A large and deep magma chamber will have a longer life span than a small and shallow
one. Two (or more) magma chambers at different depths are often advocated to explain
the whole compositional variation of erupted lavas. In the deep reservoir, the basic
magma could undergo limited differentiation leading to an intermediate composition, and
further differentiation in (a) small and shallower magma chamber(s) could produce
highly differentiated magmas. The timescales of these two differentiation processes are
certainly different. In the very schematic representation of open-system steady state
magma chambers of Figure 5, the ratio of residence times in the two reservoirs is simply
the ratio of their volumes. As it may be expected from this analogy, the half-lives of the
U-series nuclides define their domain of application: the longest-lived (*°Th, **'Pa,
2°Ra), as discussed above, are appropriate to study partial melting in the mantle or deep
crustal reservoirs, the shortest-lived give information on processes occurring in shallow
magma chambers.

Indeed, the timescales of shallow magmatic processes like degassing can be
constrained by using very short-lived isotopes, like *'°Pb, *'°Po, and *'°Bi. Measurements
of *'’Pb-"Ra disequilibria in lavas of active volcanoes, like Stromboli and Merapi,
suggest that the residence time of the magma in the shallow plumbing system, where
most of the degassing takes place, may vary from a few days or tens of days in a
vigorously renewed magma chamber (Stromboli) to a few years in a less active magma
chamber (Merapi). Similar results are obtained from the measurements of 210pp210B;-
21%pg disequilibria in volcanic gases and aerosols.

Dating the eruption age of young volcanic rocks (up to about 400 ka) can be
successfully achieved from U-Th mineral isochrons, with the possible pitfalls due to
incorporation of old cumulate minerals or other processes detailed in section 3.5, which
could give crystallization ages much older than eruption ages. Detailed petrological-
geochemical analyses and proper consideration of the volcanological context could help
to select the most appropriate samples. Working on microlites extracted from phenocryst-
poor volcanic rocks might also be a fruitful approach to obtain eruption ages. The best
examples of successful datings come from permanently active basaltic volcanoes (e.g.,
Hawaii, Fournaise, Etna) or single basaltic fissural eruptions, or from simple volcanoes
having produced small amounts of differentiated lavas, likely to originate from
differentiation in a small and shallow magma chamber.

Dating of whole rocks from the measurements of their *°Th-**U or *'Pa-*°U
disequilibria has been successful in the case of MORB, and can also be applied to
volcanoes for which the evolution of these diseqzuilibria through time has been studied in
detail (e.g., Piton de la Fournaise). Similarly °Ra->**Th disequilibria may be useful
dating tools in the age range 0 to 8 ka, for MORB or continental volcanoes where a
detailed knowledge of their variations in well dated samples is available.
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1. INTRODUCTION

Mid-ocean ridges account for more than 75% of the annual magmatic output of
planet earth and are a critical piece of the plate tectonic model. Understanding the mantle
melting process beneath ridges is essential for discerning basic physical and chemical
processes of the earth. For instance, ridges play an intrinsic role in the geochemical flux
balance for many elements on the earth and provide a tectonic framework for
investigating the physical process of solid mantle flow. Ridges are also the simplest
tectonic regime to study the mantle melting process because interactions with the
lithosphere are thought to be minimal. Yet major questions remain about the rates and
timescales of melt transport and solid mantle flow. Because uranium series (U-series)
nuclides are sensitive to processes occurring at timescales similar to their half-lives (e.g.,
Allégre and Condomines 1976; McKenzie 1985), U-series disequilibria can provide
constraint on the velocities of ascending melts and upwelling solid mantle as well as
constraint on the depth of melting beneath mid-ocean ridges.

This chapter begins with a brief introduction to the most important decay series
nuclides for studying melting processes. Next, I discuss analytical issues involved with
measuring U-series disequilibria in mid-ocean ridge basalts (MORB), including sample
preparation and instrumental techniques. I summarize the observations of U-series
disequilibria in MORB to date and applications of U-series data to geochronology of
MORB. Geochemical data bearing on the issue of secondary contamination are used to
argue that the majority of U-series disequilibria observed in MORB reflect the melting
process and do not reflect alteration processes. Given the observation of disequilibria,
geochemical models for MORB genesis are described and assessed for their ability to
realistically explain the disequilibria observations. Finally, I discuss the interpretations of
the combined U-series models and observations and relate these to constraints on MORB
genesis from other geochemical and petrological tracers.

1.1. A primer on U-series disequilibria

Chapter 1 (Bourdon et al. 2003) provides an introduction to the workings of decay
chains including the concept of secular equilibrium. The short-lived nuclides most
commonly used for studying magma genesis are 20T (tip = 75.4 kyrs) and 226Ra (tin
=1600 yrs) in the ***U decay chain and **'Pa (t;, =32.8 kyrs) in the **°U decay chain. The
relatively long half-lives make these nuclides particularly suited to investigating
processes that occur over timescales similar to their decay. For instance, these nuclides
will be sensitive to the process of solid upwelling at cm/yr rates or melt ascending at m/yr
rates over kilometer scale distances. Although this discussion will focus on studies using
these longer-lived nuclides, shorter-lived nuclides have also been used extensively in
igneous petrology (e.g., 2!°Pb, *!°Po, **’Rn, and ***Ra with half-lives < 25 yrs). Melting
processes may create disequilibria between these shorter-lived nuclides and their parents.

1529-6466/00/0052-0005$05.00
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However, the short half-lives of these nuclides make them more useful for constraining
the timescales of processes occurring closer to the eruption, such as degassing or crystal
fractionation at crustal depths (Condomines et al. 2003).

U-series disequilibria are powerful for studying mantle melting because secular
equilibrium between all members of the chain should exist for any parcel of solid mantle
upwelling from depth. Prior to formation of any fluid phase (early formed melt or volatile
rich fluid), upwelling material will have been solid for times that are much longer than
the half-life of any short-lived nuclide (all but ***U, >*>U and **?Th). Secular equilibrium
should therefore exist for the entire chain because few processes could fractionate a
parent-daughter prior to melting and none could fractionate nuclides over length scales
outside of those affected by melting.

Because of this, U-series methods have significant advantages over standard
geochemical techniques. It has become increasingly clear over the past 15 years that the
mantle source for MORB is heterogeneous on a relatively small spatial scale (Allégre and
Turcotte 1986). In contrast to incompatible trace element ratios that vary widely with
mantle source composition, ratios of U-series nuclides are set by secular equilibrium
providing the ability to examine process despite the occurrence of source heterogeneity.
However, parent-daughter fractionation during melting depends on source mineralogy
meaning that lithologic heterogeneity can greatly affect the amount of U-series
disequilibria generated during melting.

2. OBSERVED U-SERIES DISEQUILIBRIA IN MORB
2.1. Analysis of U-series nuclides

Measurement of U-series disequilibria in MORB presents a considerable analytical
challenge. Typical concentrations of normal MORB (NMORB) are variable but are
generally in the 50-150 ppb U range and 100-400 ppb Th range. Some depleted MORB
have concentrations as low as 8-20 ppb U and Th. The concentrations of ?*°Th, *'Pa, and
226Ra in secular equilibrium with these U contents are exceedingly low. For instance, the
atomic ratio of 2*°U to ?*°Ra in secular equilibrium is ~2.5 x 10° with a quick rule of
thumb being that 50 ng of U corresponds to ~20 fg of *°Ra and ~15 fg of **'Pa. Thus,
dissolution of a gram of MORB still requires measurement of fg quantities of these
nuclides by any mass spectrometric techniques.

The exclusive sample material for U-series analysis of MORB is the glassy rind of
erupted basalt for two reasons: 1) glass represents the composition of the original magma
(before significant crystallization occurs); and 2) glass alters less readily than crystalline
basalt (because it is less porous) and alteration can be more easily recognized. Because of
the low concentrations of U and Th in MORB, relatively large amounts of glass (0.3 to 5
grams) can be required for analysis; unfortunately, such quantities are not always
available for these precious samples. The glass is usually hand picked and leached prior
to dissolution. Preparation techniques for mass spectrometric studies have included
leaching with weak inorganic acids (HCI), oxalic acid, hydrogen peroxide, and citrate
buffered dithionate. These leaching techniques are aimed at removing common alteration
products found on the seafloor such as ferro-manganese oxides and palagonite. Reinitz
and Turekian (1989) examined techniques for eliminating surface contamination on
MORB glasses prior to U-series analysis and compared two methods of sample
preparation: 1) simple inorganic acid leaching and 2) a citrate-dithionate treatment. Both
methods were shown to remove significant amounts of surface contamination and were
considered effective within the precision of this alpha counting study.

Analysis techniques for U, Th, Ra and Pa have evolved a great deal over the past 15
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years. A more detailed discussion is given in Goldstein and Stirling (2003). Early U-
series studies of MORB used alpha spectrometry to measure activities directly. Typically,
upwards of 10g of glass were handpicked and cleaned for analysis, spiked with a yield
tracer and purified by ion chromatography. The low activities of MORB samples often
required counting for weeks to months and resulted in counting statistics based precision
of 5-10% (20). Recently, more sensitive mass spectrometric techniques including thermal
ionization mass spectrometry (TIMS), secondary ion mass spectrometry (SIMS) and
inductively coupled plasma mass spectrometry (ICP-MS) have been developed for U-
series analysis. In these types of analysis, concentrations of nuclides are measured by
isotope dilution and then converted to activities by multiplying by the decay constant of
that nuclide.

Mass spectrometric techniques for analysis of *°Th-**U disequilibria were first
developed to date corals for paleoclimate research (Edwards et al. 1987). Soon thereafter,
workers at Los Alamos National Laboratory (LANL) developed methods for silicate
analysis by TIMS (Goldstein et al. 1989). Typical TIMS analysis of MORB requires 0.5
to 1 gram of material in order have an analyzable load of 100 ng of Th. TIMS analyses of
U and Th last ~2-3 hrs and produce a precision of 0.5-2% (2c). SIMS techniques for
measuring Th isotopes have also been developed (England et al. 1992; Layne and Sims
2000). Analysis of Ra and Pa isotopes by TIMS was developed in the early 1990's
significantly increasing the sensitivity over decay counting analysis (Volpe et al. 1993;
Cohen and Onions 1993; Pickett et al. 1994; Chabaux et al. 1994).

Thermal ionization is an inefficient way of producing Th ions, and smaller samples
can be analyzed using SIMS, and more recently, ICP techniques. Multi-collector ICP-MS
is poised to make further improvements by reducing sample size, increasing precision
and increasing sample throughput (Luo et al. 1997). Currently, sensitivities >6 x 10® cps
for a 10 ppb solution aspirating at ~90 ul/min allow samples of less than 5 ng Th to be
analyzed with precisions in the per mil range. Thus, this technique could further
revolutionize the study of U-series disequilibria in MORB by reducing sample size and
analysis time as it is already doing for carbonate dating. Decreasing sample size
requirements should increase the number of MORB samples available for analysis. The
requirement of gram-sized samples eliminates many important samples from current U-
series analysis simply because of the lack of material, limiting the questions that can be
addressed by U-series methods.

2.2. Observed U-series disequilibria in MORB relative to other tectonic settings

Since the earliest measurements of U-series disequilibria in young volcanic rocks
(e.g., Oversby and Gast 1968), disequilibrium between parent and daughter nuclides has
been observed in samples from every tectonic setting on the planet from mid-ocean
ridges to intra-plate/ocean island settings to convergent margins. The disequilibria
produced in each setting are systematically distinct (Fig. 1).

Of the three parent-daughter pairs most relevant to mantle melting, (**°Th)/(**U)
data are by far the most numerous. Figure 1A shows an equiline or U-Th isochron
diagram, which plots (3**U)/(**Th) (which is U/Th, an incompatible element ratio,
converted to an activity ratio (activity denoted by parentheses)) versus the Th isotope
ratio, also converted to an activity ratio. The amount of deviation from the equiline
indicates the amount of »*°Th-***U disequilibria (lines of equal % excess are shown).
Ridges have higher U/Th than intra-plate basalts (Fig. 1A), indicating that U was more
compatible than Th during upper mantle depletion and extraction of the crust (Sun and
McDonough 1989). MORB and ocean island basalts (OI 2) have a similar range in
(*°Th)/(**®U) with almost all samples in both settmgs having *°Th excess (general range
0-40% > Th excess). In contrast, convergent margins have a wider range in U/Th with
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several arcs having much hi%her U/Th. Some convergent margin samples, especially
those with high U/Th, have *®U excess (sometimes >50% ***U excess). Both of these
features are interpreted to reflect the transfer of U but not Th from the slab to the mantle
wedge by fluids (Turner et al. 2003).

In contrast to the modest (*°Th)/(***U) observed in MORB, (**°Ra)/(*°Th) and
(*'"Pa)/(*°U) can exceed 3.5 at ridges. Although many fewer (***Ra)/(**°Th) and
(®'Pa)/(**°U) data exist, systematic differences between tectonic settings are still
apparent. Age uncertainties on (**°Ra)/(**°Th) may greatly affect the fields shown in
Figure 1B resulting in samples with significant age since eruption decaying back toward
(***Ra)/(*°Th) = 1. Nevertheless, (**°*Ra)/(**°Th) in several MORB (whether age
constrained or not) range from 2 up to 4 whereas the highest measured (***Ra)/(**°Th) in
age constrained OIB is ~2 (Bourdon and Sims 2003). Convergent margins have **°Ra
excesses as large or larger than MORB (Turner et al. 2001); however these excesses are
exclusively found in samples with **U excess and are interpreted to reflect fluid transfer
from the slab to the mantle wedge (Turner et al. 2003).

MORB systematically have higher *'Pa excesses than either convergent margins or
intra-plate settings. Whereas a few convergent margin settings have *'Pa deficits, most
have (**'Pa)/(***U) of 1.0-1.8 (Turner et al. 2003). (*'Pa)/(***U) in intra-plate settings
generally positively correlates with (**°Th)/(**U) and varies from small (1.1) to
maximum values of ~2. In contrast, when age constrained by the presence of **°Ra
excess, MORB melts have (**'Pa)/(*°U) ranging between 2 and 3.6. Thus, there is almost
complete separation between the fields of (**'Pa)/(***U) for MORB and the fields of
(**'Pa)/(**°U) for intra-plate and convergent margin settings.

2.3. Observed U-series disequilibria at specific ridge locations

Table 1 lists MORB studies to date and Figures 2 and 3 present data from different
areas of ridge. The first study of U-series disequilibria in MORB was the pioneering
work of Condomines et al. (1981) (Fig. 2A). These workers analyzed samples having a
relatively wide range in composition (Mg# 72 to 57) from the FAMOUS region of the
Mid-Atlantic Ridge (MAR 37°N) by combined alpha spectrometry (for U and Th isotopic
ratios) and mass spectrometry (isotope dilution measurements for U and Th

Figure 1 (on facing page). Fields of U-series disequilibria data within the major tectonic settings. (A)
An equiline or isochron diagram showing the fields for MORB, OIB and convergent margins.
(**8U)/(**?Th) is essentially the U/Th ratio converted into activities by multiplying the ratio by the decay
constants of 2**U and ***Th while (***Th)/(***Th) is the Th isotope ratio converted to activities. The one
to one line, referred to as the equiline, denotes equal activities of 2*°Th and 2**U. Sample lying to the left
of the equiline have excess ***Th while those lying to the right have ***U excess. All OIB and almost all
MORB have *Th excess while convergent margins often have **U excess (shown more clearly in B).
The presence of 2°Th excess in MORB and OIB is generally attributed to melting in the presence of
garnet or aluminous clinopyroxene (Blundy and Wood 2003). MORB and OIB have a restricted range
in U/Th compared to convergent margins which can have much higher U/Th. Both the higher U/Th and
281 excess in convergent margins are attributed to the role of U addition by fluids from the subducting
slab (Turner et al. 2003). (B) (***Ra)/(*°Th) vs. (***U)/(**°Th). The lack of age constraint on many
samples, particularly MORB, leads to some uncertainty on the vertical dimension of the fields; MORB
and OIB fields extend down to (***Ra)/(***Th) = 1 due to unknown ages since eruption (note that a few
OIB samples have small ?**Ra deficits). MORB are limited to only small ***U excess but can have
relatively large **°Ra excesses. OIB have the smallest **°Ra excesses, possibly due to long transit times
through the lithosphere. Convergent margin samples have the highest **°Ra excesses but these occur
only in samples with large U excess. (C) (**'Pa)/(*°U) vs. (**°Th)/(**U). OIB and convergent
margins have systematically lower *'Pa excess than MORB. The larger **'Pa excesses in MORB may
reflect a longer melting column beneath ridges relative to OIB where a lithospheric lid limits the
melting column length.
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Table 1. Summary of published U-Th-Ra-Pa data for mid-ocean ridge basalts.

(230 Th) (226 Ra) (231 Pa)

Area of Ridge Reference(s)
(238U) (230Th) (235U)

Juan de Fuca TIMS TIMS TIMS Goldstein et al. 1989, 1991; Lundstrom
et al. 1995; Volpe and Goldstein 1993

Gorda Ridge TIMS TIMS TIMS Goldstein et al. 1989, 1991; Volpe and
Goldstein 1993; Rubin et al. 1998

8-10°N EPR TIMS TIMS TIMS Goldstein et al. 1993, 1994; Lundstrom

(including Siquieros Transform) et al. 1999; Rubin et al. 1994; Zou et al.
2002; Sims et al. 2002

20-27°S EPR o o} - Rubin and Macdougall 1988

36-37°N MAR a - Condomines et al. 1981

37-40°N MAR TIMS - - Bourdon et al. 1996a

11-13°N EPR a o} - Rubin and Macdougall 1988; Reinitz
and Turekian 1989; Ben Othman and
Allegre 1990

21°N EPR a - - Newmann et al. 1983

29°N MAR, AAD, Tamayo TIMS - - Bourdon et al. 1996b

33°S MAR TIMS TIMS TIMS  Lundstrom et al. 1998

Reykjanes TIMS TIMS - Peate et al. 2000

22-23°N MAR TIMS TIMS TIMS  Sturm et al. 2000

concentrations). Based on variations in U-series data as well as ®’Sr/*Sr, these authors
suggested that roughly half of their samples reflected contamination of U or Th or Sr (or
all 3) by a seawater or sediment-derived component. Specifically, they observed a large
range in both U-Th concentrations and the amount of **°Th-***U disequilibrium. One
sample also had (***U)/(*®U) elevated by 10% above secular equilibrium, consistent with
a seawater derived contaminant. Although the measured Th/U varied greatly within the
study (from 1.7 to 3.1), the authors attributed most of this variation to contamination and
instead inferred a relatively constant Th/U of ~3 for the region based on the uniformity of
Th/U within samples categorized as “Olivine basalts.” As it turns out, such variability in
Th/U appears to be normal for MORB (particularly for the MAR) so it is not clear to
what extent these data do reflect contamination.

Other early alpha spectrometry studies examined U-series disequilibria in East
Pacific Rise (EPR) samples. Newman et al. (1983) measured samples from the RISE
study area (21°N EPR) finding significant variations in Th/U and (230Th3)/(238U) (Fig. 2B).
Rubin and Macdougall (1988) measured (*°Th)/(**®U) and (***Ra)/(*°Th) for samples
from both the northern (~10-12°N) and southern (~20-25°) EPR (Fig. 2C,D). This study
was first to document large *°Ra-***Th disequilibria in young MORB and interpreted the
22°Ra excesses to reflect kinetic effects such as diffusion controlled partitioning rather
than equilibrium melting. Reinitz and Turekian (1989) found little *°Th-**U
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disequilibria but large **°Ra-***Th disequilibria in 6 samples from the 10-11°N area of the
EPR just north of the Clipperton Transform (Fig. 2D). Ben Othman and Allégre (1990)
also studied ***U-*Th disequilibria in MORB from the northern EPR between the
Clipperton and Orozco Transforms (10-12°N EPR) (Fig. 2D). These authors analyzed
samples known to be derived from a heterogeneous source based on their ®’Sr/*Sr
signatures and found a strong relationship between (**°Th)/(***Th) and Th (and U)
concentrations of their samples. This study was the first to suggest that small-scale mafic
heterogeneities in the mantle source control much of the U-series systematics of MORB.

For the most part, the alpha spectrometry data has held up well with time despite the
difficulties with hand picking and analyzing large quantities of low concentration
samples. However, a few al?ha spectrometry data appear to be biased toward higher
values (*°Th)/(***Th) and (*®U)/(***Th) than those determined by mass spectrometry.
Rubin and Macdougall (1988) and Rubin and Macdougall (1992) report samples with
(*°Th)/(***Th) > 1.5 (up to 2.5) that are significantly higher than mass spectrometry data
from the same geographical locations. Given the lack of observation of high
(*°Th)/(***Th) by mass spectrometry, these data and the interpretations resulting from
them should be treated with caution.

The first mass spectrometric work on MORB analyzed both on-axis and off-axis
dredge samples from the Juan de Fuca and Gorda Ridges for **°Th-**U (Goldstein et al.
1989; 1992) (Fig. 2E,F). Volpe and Goldstein (1993) analyzed **°Ra in a sub-set of these
samples by TIMS, confirming the conclusions from alpha spectrometry that high **°Ra
excesses were present in fresh MORB. Importantly, most on-axis basalts had **’Ra
excesses while off-axis basalts were in secular equilibrium for *’Ra-***Th, consistent with
the disequilibria being solely produced by the melting process. Because **°Ra excesses
decay over an 8000 yr timescale, any *°Ra-*"Th disequilibria will constrain (*°Th)/(***U)
(and **'Pa excess) to essentially no decay since eruption. A clear observation from the
samples bearin% 22°Ra excess was the linear relationship between the Th/U of a sample and
the amount of ***Th-?**U disequilibria. The Juan de Fuca and Gorda Ridges defined two
separate but parallel trends with the Juan de Fuca trend offset to higher (**°Th)/(**Th).

U-series work continues in the NE Pacific. Goldstein et al. (1993) reported combined
29Th-28U and #*'Pa-**°U for 7 samples from the Juan de Fuca and Gorda Ridges and
used these data to develop a technique for dating off-axis basalts (see Section 2.4). The
concordance of the two dating methods argued that the melting process along both of
these ridges was relatively uniform and predictable through time. Mass spectrometric
analyses of 2°Th, **Ra and **'Pa excesses in age constrained samples (known to have
erupted in the 1980s) from the New Mounds area of the Juan de Fuca ridge further
reinforced the concept of uniformity in the magma generation process (Lundstrom et al.
1995) (Fig. 2E). Combined with the LANL data (Goldstein et al. 1992; Goldstein et al.
1993; Volpe and Goldstein 1993), all samples from the Juan de Fuca ridge form good
linear correlations for three parent-daughter pairs as a function of Th/U, strongly
implying they resulted from binary mixing of melts. Lundstrom et al. (1995) interpreted
this systematic behavior to reflect mixing of melts derived from heterogeneous sources
which melted at different depths. Several recent eruptions documented by seismology and
repeat bathymetric surveys have occurred on the Juan de Fuca and Gorda ridges in the
last 10 years. Rubin et al. (1998) analyzed several of these by *'°Po-*'°Pb disequilibria
determining two-month eruption windows centered on early 1996.

The area between the Siquieros and Clipperton Transforms on the East Pacific Rise
at 8-10°N (often referred to as “9°N”) has been a focus of intense study over the past 10
years. The first U-series work in this area involved combined **°Th and #*'Pa analyses of
samples collected by submersible, rock coring and dredging along the southern portion of
9°N (Goldstein et al. 1993) (Fig. 3). Volpe and Goldstein (1993) analyzed three of these
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Figure 3. (A) Equiline diagram for 8-10°N EPR, a well studied ridge in terms of U-series disequilibria
and other geochemical tracers. The presence of **°Ra excess in all but the two open square samples
constrains ages since eruption to be <8 kyr. Thus negligible decay of *'Pa and ?*’Th excess has
occurred since eruption. One of the open square samples has been dated by combined **'Pa and *Th
excesses; the black arrow points to the age corrected position of this sample (see Section 2.4;
Lundstrom et al. 1999). The data for both axial ridge samples and samples from the Siquieros
Transform form a well defined trend that is interpreted by to reflect mixing of melts derived from
different depths in the melting column. Whether these melts reflect derivation from a heterogeneous
source or reflect progressive depletion of an originally homogeneous source is currently debated. Th
concentrations vary by a factor of ~50 between the high Th/U and low Th/U end members. The open
symbol samples have no age constraint (***Ra excess) and are enriched MORB derived from a source
with significantly higher ¥’Sr/*®Sr. All other samples have identical *’St/**Sr. (B) (***Ra)/(**°Th) vs.
(**®U)/(***Th) for the same samples are positively correlated. Since several of these samples have known
eruption dates, the correlation does not reflect the effect of post-eruption aging but rather reflects
differences in the disequilibria in the erupted magma. Notably, this trend also corresponds to a
progressive decrease in Mg# (Sims et al. 2002) indicating a probable relationship between the extent of
crustal level differentiation (Mg#) and the mantle melting process as indicated by (***U)/(*"Th). Note
that all samples from 8-10°N EPR having ***Ra excess have (**'Pa)/(**°U) > 2.5.
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samples for (jzéRa)/(mTh) which ranged from 1.3-2.2. The presence of **°Ra excess
constrained (**'Pa)/(***U) to 2.3-2.76 and (*°Th)/(***U) to ~1.1-1.23 at the time of
eruption. The 9°N area is known as a robust, magma rich portion of ridge with observed
MORB having a high degree of chemical homo%eneity. Consistent with this, Th and U
concentrations, Th/U (2.4-2.55) and (*°Th)/(***Th) (1.34-1.39) for all but 3 of the
Goldstein et al. (1993) samples show limited variation compared with most MORB
suites. Whether the chemical homogeneity of the basalts from this area reflects the mantle
source or reflects the efficiency of mixing due to the continuous presence of a magma
lens in the crust (Sinton and Detrick 1992) is currently actively debated.

In order to examine the U-series disequilibria in basalts having greater chemical
diversity than those from the 9°N ridge axis, Lundstrom et al. (1999) analyzed samples
from the Siquieros Transform and Lamont Seamounts (located at ~9°50° N) (Fig. 3).
Samples ranged from enriched MORB (EMORB) having distinctly higher *'Sr/*Sr and
Th concentrations (1.2 ppm) to primitive, high MgO basalts having highly depleted
incompatible elements contents (Th ~25 ppb). Sims et al. (2002) analyzed the high MgO
basalts for *’Sr/**Sr finding that they were identical in composition to samples from the
9°N ridge axis. Notably, the disequilibria data for all samples (from EMORB to NMORB
from the 9°N axis to the depleted MORB) lay along common trends as a function of their
Th/U similar to the behavior on the Juan de Fuca Ridge (Fig. 3). Based on concentrations
progressively increasing with Th/U, Lundstrom et al. (1999) inferred that typical
NMORB on the ridge axis reflected mixing of melts generated from distinct enriched and
depleted mantle sources with a 20:1 volumetric ratio of depleted MORB mixed with
EMORB accounting for observed NMORB. The most depleted basalts had
(***Ra)/(**°Th) greater than 4 resulting in an inverse correlation between (***Ra)/(**°Th)
and (**°Th)/(***U) or Th/U. Unfortunately, none of the Siqueiros samples had any age
constraint such that definitively attributing this inverse correlation to melting was
impossible.

The discovery of volcanic eruptions in 1991 and 1992 generated great interest in U-
series studies at 9-10°N because these eruptions produced samples with known eruption
ages. These age constrained axial samples indicate the inverse correlation between
(***Ra)/(**°Th) and (**°Th)/(**U) exists upon eruption and results from melting and
differentiation processes (Sims et al. 2002) (Fig. 3). Age constraint for these samples
comes from both submersible observation (Haymon et al. 1993) and *'°Po-*'’Pb
disec%uilibria (Rubin et al. 1994). Notably, the inverse relationship between **°Th excess
and “*°Ra excess exists not only for the entire 8-10°N area but also solely for samples
from the 9°N ridge axis (Sims et al. 2002). *°Ra excesses decrease with Mg# which is
interpreted to reflect either open system magma chamber residence times or transport
times of hundreds of years. There is also a good inverse correlation between Mg# and
20Th excess that is quite surprising because neither magma chamber residence times nor
fractional crystallization should affect the amount of (**°Th)/(**®U). Sims et al. (2002)
interpret this observation to reflect distinct initial Mg# and fractionation histories for
melts derived from different depths in the melting column.

A recent study of basalts at 9°30’N examined U-series disequilibria in samples
ranging from on-axis locations to 33 km off-axis in both directions (Zou et al. 2002). The
data from this study do not conform to the trends of the data observed from the earlier 8-
10°N EPR studies (Fig. 3). Although there is no age constraint on these samples,
significant Z°Th->**U disequilibria exist in samples located far off-axis implying that
eruptions of new magmas occur up to ~30 km off axis. This is significantly farther off-
axis than inferred previously (Goldstein et al. 1994). One puzzling observation of these
data is that the most chemically enriched samples (broadly characterized as EMORB)
have 2**U excess; enriched MORB previously analyzed have exclusively had *°Th
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excess. Although this behavior has yet to be observed anywhere else in the global ridge
system, it could relate to the off-axis nature of this volcanism.

Bourdon et al. (1996a) reported the first mass spectrometric analyses of MORB from
the Mid-Atlantic Ridge investigating the role of hotspot interactions on the generation of
U-series disequilibria (Fig. 2A). This study examined MORB along the progressively
shallowing ridge leading up to the Azores platform at 38-40°N MAR (FAZAR area),
finding that the amount of **°Th excess was inversely related to the axial depth. These
authors also suggested that a reduction in the rate of solid upwelling could be observed
near the ends of spreading segments relative to the middle of spreading segments (a
transform fault effect). The FAZAR data alone, along with a global compilation of
existing (**°Th)/(***U) data, produce correlations between the amount of **Th excess and
the axial depth of a ridge (Bourdon et al. 1996a; Bourdon et al. 1996b). This correlation
was interpreted to reflect greater amounts of melting in the garnet stability field occurring
beneath more shallow ridges (see Section 4). In addition, Bourdon et al. (1996b)
presented data for a few samples from the Tamayo Fracture zone (22-23°N EPR), the
Australian-Antarctic Discordance and the northern MAR. Of particular interest is a
depleted basalt from 29-30°N MAR that had a small but analytically reproducible excess
of 28U, the first such measurement by mass spectrometry, which was attributed to
melting within the spinel peridotite stability field (Fig. 2A).

Lundstrom et al. (1998a) examined (**°Th)/(***U), (**'Pa)/(***U) and (***Ra)/(***Th)
disequilibria in samples from 33°S MAR (Fig. 2G). This area consists of several
geochemically distinct segments, one of which has the largest magnitude mantle Bouguer
gravity anomaly observed on any ridge and a corresponding spike in enriched
geochemical characteristics (Michael et al. 1994). The gravity anomaly was interpreted to
reflect increased solid upwelling rates beneath the enriched segment. Although this study
examined dredge samples from the slow spreading MAR, the presence of (**°Ra)/(***Th)
disequilibria constrained (**°Th)/(***U) and (**'Pa)/(***U) to essentially their eruptive
values for 7 out of 15 samples. *'Pa excesses in the gravity anomaly segment were
significantly lower than those from the adjacent segments or any other zero-age MORB
thus far measured (Table 2).

Other recent studies from the MAR include an examination of the chronology of
samples from the MARK area (~23°N MAR) and analyses from the ridges leading up to
Iceland. Like the southern MAR, samples from 23°N MAR had (**'Pa)/(***U) > 3.0 but
had low (3°Th)/(***U) (1.03 to 1.05) (Sturm et al. 2000). Peate et al. (2001) examined the
(*Th)/(*"U) systematics along the Reykjanes ridge south of Iceland with age constraints
provided by *°Ra excess (7 out of 12 samples had **°Ra excess) (Fig. 2H). No
relationship between **Th excess and axial depth was observed for these samples that
ranged from bathymetric depths of 300 to 1825 m. Age constrained samples formed a
trend on an equiline diagram which had a near horizontal slope. Finally, a study of
(*°Th)/(*"U) from the Kolbeinsey ridge north of Iceland (Sims et al. 2001) found
disequilibria ranging from moderate *°Th excesses to small but significant ***U excesses
in the most depleted samples with the data also defining a near-horizontal slope on an
equiline diagram.

Overall, U-series disequilibria in MORB show several systematic behaviors that
provide insight into the melting process occurring beneath ridges. Shown by Figures 2
and 3, (P°Th)/(**U) repeatedly correlates with Th/U for sample suites from both the
Pacific and Atlantic ridges. Age constrained samples from 9°N EPR and the Juan de Fuca
Ridge indicate an inverse correlation between **°Ra excess and **°Th excess. To make
this observation more robust, however, more **°Ra analyses of age-constrained samples,
particularly those representing the high Th/U end of the trends, are needed. Lastly,
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Table 2. Observed disequilibria and models for 33°S MAR (Lundstrom et al. 1998)

Depth gt/cpx Wi ("' Th) ("' Pa) F
(km) mode (cm/yr) Prax (*U) (*U) (%)
observed at segment 2, 33°S MAR: 1.13-1.20 2.85-2.91
70 0.12/0.08 1.5 0.15% 1.07 247 18
80 0.14/0.09 1.5 0.15% 1.19 2.76 22
observed at segment 4, 33°S MAR
(gravity anomaly segment): 1.16-1.19  1.77-2.08
80 0.14/0.09 5 0.15% 1.13 1.88 22
110 0.20/0.12 8 0.15% 1.17 1.94 34
80 0.14/0.09 2 0.35% 1.14 1.91 22
DM 0.20/0.12 1.5 0.15% 1.21 1.95
DM 0.12/0.08 1.5 0.15% 1.17 1.65
observed at segment 5, 33°S MAR: 1.06-1.25 3.16-3.57
70 0.12/0.08 1.5 0.05% 1.10 3.19 18
80 0.14/0.09 1.5 0.05% 1.24 3.63 22

Model results reflect calculations of ingrowth melting using either the Spiegelman and Elliott (1993)
equilibrium transport model (models with numerical values for the depth of melt initiation) or the
Richardson and McKenzie (1994) dynamic melting model (DM). Melting terminates in all models at 25
km depth. Wy is the assumed initial solid upwelling rate and ¢, is the maximum porosity at the top of the
melting column. Calculations use the garnet and clinopyroxene modes given along with the following
partition coefficients: #'Dy = 0.015; 'Dyy, = 0.0015; Dy, = 0.01; ®'Dyy, = 0.015; P* o &'D,, = 0.00067.
The productivity in all models is assumed to be 0.4%/km. F is the degree of melting and is equal to (depth
—25)*0.4%.

MORB samples having **Ra excess and thus age constraint always have (**'Pa)/(*°U) >
2 and sometimes exceeding 3.5.

Several studies have emphasized that the trends in disequilibria are consistent with
mixing of melts (Ben Othman et al. 1990; Lundstrom et al. 1995; Bourdon et al. 1996b;
Lundstrom et al. 1999; Sims et al. 2002). One strong argument for mixing comes from
plotting the disequilibria such that both axes have a common denominator. The linearity
of the data, in particular for 9°N EPR (Fig. 3) and the Juan de Fuca, is striking and fully
consistent with mixing of melts. This is in agreement with many previous studies of
MORB which have emphasized that mixing of melts is a ubiquitous process occurring
beneath ridges (Dungan and Rhodes 1978).

Based on the observations at 9°N EPR, the end member melts forming the mix have
been postulated to reflect derivation from different depths in the melting column.
Because it contains “°Th excess, has higher incompatible element contents and
sometimes has slight enrichment of middle rare earth elements (REE) over heavy REE,
the high Th/U end member is interpreted to reflect melting at greater depths in the
melting column (in the presence of either garnet or aluminous clinopyroxene)
(Lundstrom et al. 1999; Sims et al. 2002). The low Th/U end member has low **°Th
excess (or may even have ***U excess in some cases), lower incompatible element
concentrations and higher **Ra excesses. This has led to the interpretation that the low
Th/U end member reflects melting of a depleted source at shallow depths: either this
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source begins to melt at more shallow depths because of its refractory nature (previous
source depletion) or it simply reflects source depletion that occurred during progressive
upwelling and melting of the solid. Evidence for shallow melting forming this end
member includes the short transport times required by the large **Ra excesses and the
lack of any *°Th excess as expected for melts derived from depths greater than ~60 km.

The observation of >**U-***Th equilibrium or ***U excess in some depleted samples
further reinforces the hypothesis that the low Th/U end member results from melting at
shallow depths in the presence of diopsidic clinopyroxene. For instance, the Siquieros
depleted MORB have >**U-*Th equilibrium despite their youth based on the presence of
226Ra excess (Lundstrom et al. 1999); these samples also have primitive major element
compositions (Mg# =0.71) that closely resemble multiply saturated melts of spinel
lherzolite at 1 GPa pressure. 2°*U excesses have also been observed in several depleted,
primitive basalts from the Garrett Transform (Tepley et al. 2001) and one basalt from the
MAR (Condomines et al. 1981), all of which also resemble experimental melts of
peridotite at 1 GPa. The major element composition for the >**U excess bearing sample of
Bourdon et al. (1996b) is not known; however, it comes from an area of the MAR known
to have erupted primitive high Al,O; MORB nearly identical in composition to the
Siquieros basalts (Schilling et al. 1983). The **U excess samples from Kolbeinsey also
are highly depleted in incompatible trace elements (Sims et al. 2001). Thus, MORB
which lack any signature of melting in the garnet stability field (lack of **°Th excess)
consistently have primitive major element compositions resembling primary melts of
spinel lherzolite at 1 GPa (Lundstrom et al. 2000).

The origin of observed variations in Th/U in MORB is currently debated. Some
advocate that the range in Th/U primarily reflects variations in source composition
(original compositional heterogeneity before melting; Lundstrom et al. 1999). Others
argue that all Th/U variation is attributable to changes in Th/U during the melting process
itself (depletion of Th relative to U in the source during progressive melting; Sims et al.
2002). Since the disequilibria correlate with Th/U, these two interpretations
fundamentally differ in whether or not the disequilibria reflect a signature of source
heterogeneity on the melting process. The observations regarding this debate are
somewhat ambiguous. On the one hand, EMORB with distinct *’Sr/*Sr lie along the
same mixing trend as all other basalts at 9°N EPR, consistent with these basalts mixing
with the depleted, primitive basalts from Siqueiros to form typical NMORB (Lundstrom
et al. 1999). Wide variations in Th concentration occur over small spatial scales within
the Siquieros Transform (50 fold difference occurs within samples only 35 km apart),
possibly indicating a marble cake mantle source. On the other hand, both the NMORB
and depleted MORB from 9°N have identical long-lived isotope signatures (for Sr, Nd,
Pb and Hf isotopes) arguing that these samples reflect melting of a source that is
homogeneous over the length scale of melting (Sims et al. 2002). Progressive source
depletion during melting should result in the residual solid having lower Th/U at more
shallow depths so melting could explain the variations. The question remains whether the
variations in Th/U observed dominantly reflect the signature of source or depletion from
melting.

Further discoveries about U-series disequilibria in MORB are certain to come. Large
portions of ridge now characterized for major and trace elements and radiogenic isotopes
are yet to have even cursory studies of U-series disequilibria. For instance, only two data
from the entire Indian Ocean spreading system have been published to date (Bourdon et
al. 1996b). Two challenges with unknown outcomes will impact the future of U-series
disequilibria in MORB: 1) improvements in technique will increase analytical sensitivity
(allowing for smaller samples) and throughput; and 2) development of new age dating
techniques could provide needed age constraint on samples making a greater proportion
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of the disequilibria measurements in MORB meaningful for constraining the timescales
of melting and differentiation.

2.4. Applications: dating of MORB using U-series disequilibria

Because garent-daughter diseciuilibrium is ubiquitously generated by mantle melting,
the decay of 30Th, 2'Pa, 2*Ra, 2'°Po, and 2'°Pb back to equilibrium with their parents
can be used for dating or at least constraining the age of basalts since eruption.
Unfortunately, accurate age dating requires knowledge of the amount of initial
disequilibria at the time of eruption, which is not straightforwardly known. At the very
least, the presence of any parent-daughter disequilibria can provide important age limits
on samples by constraining a sample’s maximum age to less than 5-6 times the half-life
of the daughter nuclide.

The first attempts to develop a dating method followed the approach of constructing
an isochron diagram normalizing a radioactive nuclide to a stable element analog. Reinitz
and Turekian (1989) used K as a stable analog for *’Ra on northern EPR samples to
calculate ages for two samples which had lower (***Ra)/(**°Th) than expected based on
their K/U ratio. Similarly, Rubin and Macdougall (1990) combined (**°Ra)/(***Th)
measured by alpha spectrometry with Ba/Th (Ba measured by ICPMS) using Ba as an
analog for Ra. For this dating method (or the K analog method) to be valid, two
assumptions must be met: 1) there must be a constant initial (***Ra)/(*°Th) and (Ba or
K)/Th in the mantle source; and 2) Ra and Ba (or K) must behave identically during the
melting process.

There is little support for either of these assumptions. It is unlikely that the Ba/Th
ratio in the source would remain constant given the variability in incompatible element
ratios observed in the mantle. If Ba/Th reflects mixing between melts having distinct
Ba/Th (as appears to be the case with Th/U), then the calculated date will be meaningless.
Second, Ba is unlikely to be an analog for the behavior of **Ra in the melting column.
Dg, is not identical to Dr, meaning that batch melting or fractional crystallization will
fractionate Ba and Ra (Cooper et al. 2001; Blundy and Wood 2003). Even if these
partition coefficients were identical, the support of ***Ra by *°Th during dynamic
processes means that its concentration cannot be estimated by any stable element analog
such as Ba (see the Section 3 discussion of ingrowth melting processes). If such a process
does account for the observed disequilibria, Ba/Th will not provide information about
changes in (**°Ra)/(* Th).

A method for dating basalts over longer timescales uses measured >*°Th and #*'Pa
excesses in off-axis basalts and calculates an age assuming that the disequilibria in
basalts erupted at the ridge axis now are equal to the initial disequilibria in these systems
in the past (Goldstein et al. 1992). Initially, these workers dated off-axis basalts from the
Juan de Fuca and Gorda ridges using solely the decay of **°Th excess. Although the
progressive decrease in **°Th excess with distance off-axis was qualitatively consistent
with the hypothesis, the ages obtained had no quantitative validation other than general
agreement with asymmetric spreading rates based on paleomagnetism. Subsequently,
Goldstein et al. (1993) used both **'Pa and **°Th excesses to calculate ages for off-axis
samples from the Juan de Fuca and Gorda ridges as well as 9°N EPR. The observed
concordance of the two systems for samples ranging from 0 to 130 kyrs in age provides
validation to both dating methods because the **'Pa and **Th systems are independent of
one another in terms of the rates of decay. Although the use of present day **'Pa and
2Th excesses to indicate the initial disequilibria in the past is clearly an assumption, the
fact that both systems give ages within error of each other suggests that the method works
for these areas of ridge. There are, however, important melting dynamics that are
overlooked by this assumption and the method should be used with caution at ridges
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where melting and mixing processes are less uniform. With this chronometer in hand,
Goldstein et al. (1994) showed that some samples from the 9°N EPR up to 4 km off the
axis were recently erupted indicating the width of the neovolcanic zone at the EPR
extends outside the axial summit trough.

Other studies have used the techniques of Goldstein et al. (1993) and Rubin and
Macdougall (1990) to date MORB samples. Lundstrom et al. (1998a) applied the
combined **'Pa-***Th excess dating method to basalts from the southern MAR. For two
segments of ridge, the technique produced concordant ages between the two systems for
3 samples; however, large errors on the ages prohibited clear validation of the dating
technique. Lundstrom et al. (1999) used measured *'Pa and **°Th excesses in an
EMORB from the 9°N axis as the initial disec}luilibria for an EMORB from the Siquieros
Transform resulting in concordant »*'Pa and *°Th ages. Sturm et al. (2000) used both the
21p3-29Th method and the (**°Ra)/(**°Th)-Ba/Th method to date 4 samples from the
MARK area of the MAR. The ages for all 3 chronometers were within error although the
propagated errors on these relatively young ages (~10 kyr) did not provide a robust
validation of the age dating techniques.

One other highly useful chronometer is measurement of *'°Po-*'Pb disequilibria.
2190 has a half-life of 138.4 days making the chronometer active for ~2 yrs. 2'°Po-*'"Pb
fractionation is based on Po but not Pb partitioning into volatiles during degassing (Gill et
al. 1985). By repeat analysis of 2!°Po, Rubin et al. (1994) constrained the time of eruption
of several samples from 9°N EPR to windows of ~100 days. These dates are consistent
with eruption windows based on submersible observation. Thus, this technique can
provide critical age constraints for other U-series parent-daughter pairs but requires that
samples be collected and analyzed as soon as possible after eruption.

2.5. Assessing secondary contamination in creating U-series disequilibria

A great deal of work has gone into assessing the role of secondary processes in
creating the observed U-series disequilibria in MORB. Contamination of U-series
nuclides in the ridge environment is highly possible given the low U and Th
concentrations in MORB and the relatively higher concentrations of ocean sediments and
seawater. A key issue is that Mn oxide coatings that commonly form on the seafloor
preferentially sequester daughter nuclides such as **°Th from U rich seawater. Thus
sample preparation must be rigorous. In addition, the ridge environment contains
hydrothermally derived materials, often with high Ba concentrations forming the mineral
barite and high Ra activities (Von Damm et al. 1985) that are known to interact with and
contaminate newly formed crust in certain localities. Because of this, the large **°Ra
excesses in MORB have often been speculated to reflect secondary contamination. For
instance, consideration of the experimental constraints on mantle permeability and the
inability to explain the low melt porosities needed by U-series models of melt flow led
Faul (2001) to argue that **°Ra excess resulted from an unspecified contamination
process.

Bourdon et al. (2000) performed the most systematic evaluation of the role of
contamination thus far. These workers examined the effectiveness of two methods, (1)
handpicking and acid leaching together and (2) acid leaching alone, in removing surface
contamination by measuring '°Be in several MORB samples having **'Pa and **°Th
excesses. Since '’Be is only created at the earth’s surface through cosmogenic processes,
it is not present above detection limits in the MORB source or in pristine MORB but is
gresent in oceanic sediments and Mn oxides ('’Be is scavenged from seawater similar to

3%Th). The results showed that the samples that were acid leached alone had small but
elevated '°Be. However, there was no detectable '’Be in the handpicked, acid leached
glasses. Bourdon et al. (2000) calculated the maximum weight fraction of contaminant in
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the handpicked glass to be <10 to 107>, meaning that less than 15% and 1% of the
observed 2*'Pa and **°Th excesses in the samples, respectively, could be explained by
incorporation of sedimentary material. Thus, this study eliminates incorporation of
sediments as the sole cause for the creation of **'Pa-***U and **°Th-***U disequilibria.

In addition to '’Be, a number of other geochemical tracers such as (3**U)/(**U), B,
Cl and Ba consistently argue that the U-series disequilibria in MORB do not reflect
secondary contamination. One imgortant check that all U-series studies of MORB
routinely perform is analysis of (***U)/(**®U). Since (***U)/(***U) of seawater is well
established as 1.15 (Thurber 1962; Henderson and Anderson 2003), incorporation of
seawater or seawater derived components will result in positive deviations from secular
equilibrium, a condition found for pristine young volcanic rocks.

Boron concentrations and isotopes are also useful geochemical tracers of
contamination in MORB. Boron concentrations are low (<2 ppm) in unaltered ocean
floor basalt but high in altered basalts (>8 ppm B) (Spivack and Edmond 1987; Ryan and
Langmuir 1993). Goldstein et al. (1989) measured B concentrations in their samples and
found them to be less than 1.6 ppm, inconsistent with contamination. More recently, B
isotopes have been used to assess contamination since large differences in 5''B are
known to exist between seawater, sediments, and unaltered MORB. Sims et al. (2002)
reported that 8''B for their 9°N EPR samples were inconsistent with incorporation of any
seawater or seawater-derived material.

Because the concentration difference between MORB and hydrothermal chimney
materials for both Ba and Ra is greater than 10°, incorporation of small amounts of barite
from hydrothermal systems could create the high (***Ra)/(*°Th) observed in MORB.
However, if *°Ra excess results from this process, then Ba concentrations (and Ba/Th)
should be equally raised by such contamination. However, Ba/Th in highly depleted
glasses from the Siquieros Transform that have (**Ra)/(**°Th) greater than 3 are typical
for MORB and do not have anomalously high Ba contents (Lundstrom et al. 1999).

Measurement of Cl concentrations provides another technique for assessing
contamination (Michael and Cornell 1998). Hydrothermally altered crust contains high Cl
concentrations and incorporation of such material into a magma will raise its CI/K.
Michael and Cornell (1998) have shown that contamination results in CI/K elevated from
a baseline value for a given area of ridge. Sims et al. (2002) reported CI/K for a number
of young MORB from the Siquieros/9°N EPR area having large **°Ra excesses. No
correlation was found between CI/K and **°Ra excesses nor did any of the samples with
?26Ra excess have anomalously high CI/K.

A final argument against contamination creating the observed U-series disequilibria
is the systematic behavior of the excesses for a given area of ridge (e.g., the behavior at
9°N EPR and the Juan de Fuca/Gorda ridges). The coherent behavior correlates with
changes in incompatible trace element concentrations and therefore is unlikely to reflect a
contamination process that would be expected to be more random in nature. Thus,
although contamination must always be addressed on an individual sample basis, there is
overwhelming evidence that the Z°Th->**U, #'Pa-**U and **°Ra-**°Th disequilibria in
some if not most MORB do not reflect contamination but rather reflect creation by the
melting process.

3. MODELS OF U-SERIES DISEQUILIBRIA
GENERATION DURING MELTING

Although U-series disequilibria have been observed in MORB for over 20 years,
consensus about how the disequilibria are generated by the melting process does not yet
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exist. The inability to explain the disequilibria by simple melting models has fostered
new ideas about how mantle melting occurs. Here, I summarize the different models to
date and argue that most of the disequilibria in MORB reflect generation by the process
whereby differences in element residence times create the disequilibria (“ingrowth
models”—see Section 3.3). Ultimately, the verdict of whether ingrowth melting models
satisfactorily explain both U-series and other geochemical observations in MORB
remains a test for the future where larger amounts of U-series data are combined with full
geochemical characterization.

Melting models for creating disequilibria can be broadly distinguished into two types
based on whether time plays a role in the model. In one category are more traditional
melting models like batch or fractional melting where all fractionation between elements
is due solely to chemical partitioning of elements between melt and residual solid. I refer
to these types of models as time-independent models because time does not play a role in
creating the disequilibria. In such models, U-series nuclides are treated identically to
other incompatible elements. In the second type of model, referred to here as ingrowth
models (also known as residence time models), the unique trait of short-lived
radioactivity and support of a nuclide’s concentration by a parent nuclide leads to
generation of disequilibria by differences in element residence times. These models are
based on both time and mass conservation during dynamic processes. Both types of
models critically depend on the specifics of element partitioning.

3.1. Constraints on element partitioning

Over the past 10 years a great deal of effort has gone into constraining the values of
the partition coefficients for U and Th between mantle minerals and basalt. Chapter 3
(Blundy and Wood 2003) reviews this work in more detail; however, a basic review
relevant to observations in MORB and modeling is given here.

Uranium and thorium are large, highly charged cations that are not readily
incorporated into mantle minerals. While Th has a constant valence of +4, U can vary
depending on oxygen fugacity between the +4, +5 and +6 valence states (Calas 1979).
Maximum partition coefficients for U and Th into clinopyroxene and garnet are ~107>
making bulk partition coefficient in peridotite assemblages of the order 10~ (Blundy and
Wood 2003). Because of increased garnet and pyroxene modes, pyroxenite sources will
have higher bulk partition coefficients and therefore could generate significant
disequilibria during melting (Hirschmann and Stolper 1996).

The relative sense of U and Th partitioning (Dy/Dy) shifts from greater than one at
greater mantle depths to less than one at shallow depths. Measurements of garnet-melt
partitioning consistently show Dy > Dy, (Beattie 1993b; LaTourrette et al. 1993; Hauri et
al. 1994; Salters and Longhi 1999). Duy/Dy, for clinopyroxene-melt varies with
composition. Aluminous clinopyroxene like those on the spinel lherzolite solidus at 1.5
GPa have Dy > Dy, and therefore can produce »*°Th excesses by melting spinel Iherzolite
(Wood et al. 1999; Landwehr et al. 2001). However, Ca-rich, Al-poor clinopyroxenes
consistently show Dy/Dt, < 1 indicating that melting at shallow depths cannot produce
29Th excess but could produce **U excess (LaTourrette and Burnett 1992; Beattie 1993a;
Lundstrom et al. 1994; Hauri et al. 1994). Since most MORB have 230Th excess, at least
some portion of the magma was likely derived from depths greater than ~60 km. However,
if the interpretation that NMORB reflects a 20:1 mix of low Th/U melt with high Th/U
melt is correct (based on the Siquieros-9°N data; Lundstrom et al. 1999), then only 5% of
the volume of melt beneath a ridge actually reflects derivation from this depth.

Although no measurements of Dg, or Dp, have yet been made, both of these
elements are likely to be highly incompatible. For instance, Dg, for clinopyroxene-melt is
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~2x 107 (Beattie 1993a; Lundstrom et al. 1994) and Dg, should be less than Dg,. This is
because Ra*" is slightly larger than Ba** (Shannon 1976) and therefore its substitution for
Ca will create a greater lattice strain than Ba (Blundy and Wood 2003). The absolute
values of Dgr, and Dp, actually make little difference to melting model calculations as
long as Ra and Pa are more than 10 times more incompatible than their parents
(Lundstrom et al. 2000). This is because the retention of the more compatible element
controls the amount of disequilibria produced. Therefore, understanding the absolute
values of Dy or Dry, is much more important for constraining models of 21pa and **°Ra
excess generation than knowledge of either Dg, or Dp,.

3.2. Time-independent melting models

Disequilibria between members of the U-series decay chain indicate that the melting
process chemically fractionates U from Th, Th from Ra, and U from Pa. The low values
of Dy and Dy, require extremely small degrees of melting in time-independent melting
models to produce the magnitude of the observed fractionations. For instance, Figure 4
uses a batch melting calculation with relatively high values for Dy and Dry,. This model
will maximize fractionation produced by any time-independent model (fractional melting
or models using more realistic partition coefficients will produce less fractionation).
Nevertheless, to match the observed Ra-Th and Pa-U fractionations at 9°N EPR requires
F <0.2% (Fig. 4). This is because the important parameter ratio in any time-independent
model is D/F (where F is the degree of melting) which must be near or greater than one
for one of the partition coefficients in order to generate any disequilibria. Thus the small
values for Dy and Dry, require F to be a few per mil or less in time independent models.
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Figure 4. Fractionation of Th-U, Pa-U and Ra-Th relative to source as a function of degree of melting
for batch melting. The bulk partition coefficients used for U (0.0042) and Th (0.0021) are near upper
limits for garnet or spinel lherzolite based on experimental measurements. Dy, (4 x 107°) and Dp,
(4 x 10*) are more than an order of magnitude less compatible than U and Th and the amount of
fractionation is much less dependent on these values. The extent of fractionation is maximized both by
using batch rather than fractional melting and by using high values for Dy and Dry,. Nevertheless,
explaining the observed 10-40% excess of **Th observed in MORB requires F < 0.02 while ***Ra or
21pa excesses of 100-250% require F < 0.2%. Maximum fractionations (at F = 0) using these partition
coefficients correspond to Th/U =2, Pa/U = 10, Ra/Th = 53.
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Four observations suggest the disequilibria in MORB do not simply reflect time-
independent melting. First, the degree of melting inferred from the U-series data do not
match with those predicted based on the major element characteristics of MORB
(estimated to be 5-30% melting). Second, if U and Th behave like the relatively less
incompatible light rare earth elements (Johnson et al. 1990), the solid residue after
MORB extraction (abyssal peridotites) is unlikely to retain enough U or Th to be a
complementary residue to the disequilibria in MORB. Third, time-independent models of
disequilibria are inconsistent with the observed relationship between different parent-
daughter pairs. For instance, time-independent models predict simultaneous enrichment
in Ra over Th and Th over U while age constrained MORB from 9°N EPR show an
inverse correlation between these two systems. Fourth, because Dy/Dry, changes from >1
deep in the mantle to <I at shallow depths, most MORB might be expected to be 2**U
enriched relative to **°Th which they are not. Finally, global observations show that
(*°Th)/(**®U) correlates with axial depth (Bourdon et al. 1996b) which is not easily
explained by time-independent models.

Mixing of a small degree volatile-rich melt from the initiation of melting with a high
degree tholeiitic melt could provide an alternative explanation for the disequilibria.
However, many clear inconsistencies exist with the observed data. For instance, if small
degree melts from the beginning of melting create the disequilibria, then the U-series
excesses should always correlate with enrichments in other incompatible elements.
However, ?°Ra excesses are highest in basalts that are highly depleted in incompatible
elements (Lundstrom et al. 1999). Furthermore, if small degree melts create the >*°Th and
21Pa excesses in MORB, then melts of the residue after this melting must never occur;
only a few MORB have ***U excess over 2*°Th and no **°U excess over **'Pa has ever
been observed. A caveat to this argument is that if re-melting of the residue does occur
after some time has elapsed, then this argument would no longer hold as the daughter
21pa would grow into the 2*°U rich residue. As explained in Section 3.3, this is
essentially a variant of ingrowth melting; in other words, the generation of disequilibria
by continuous melting of a solid will reflect the timescale of melting versus that of
support by decay of the nuclide’s parent (McKenzie 2000).

Time-independent melting models create U-series disequilibria by preferentially
retaining one nuclide over another in the mantle residue after melting. Thus, assuming
that Pa is infinitely incompatible, (**'Pa)/(***U)=2.5 in MORB (a conservative low
average for age constrained MORB) requires that 60% of the U originally in the source is
retained in the mantle after melting. If true, such a model would have important
implications for the extraction and fractionation of elements between the crust and mantle
through time. Elliott (1997) evaluated and discussed the relative importance of time-
independent models versus ingrowth models and concluded that while ocean island
basalts could reflect a combination of both types of melting, the observations for MORB
support the disequilibria being generated solely by ingrowth melting. For the reasons
listed above, time-independent melting does not appear to represent an adequate
explanation for the observed U-series disequilibria.

3.3. Ingrowth melting models

Because of the difficulty in explaining the observed U-series excesses by time-
independent models, interpretations of how disequilibria are created have evolved into
models based on residence times. In these models, a melt phase coexists with the solid
mantle but moves relative to it due to a driving force, most typically buoyancy. The
physical situation under ridges can be referred to as two-phase flow because both the
solid and the liquid flow. McKenzie (1984) and Scott and Stevenson (1984, 1986)
derived the equations describing flow in a viscously deforming porous media. McKenzie
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(1985) was the first to show the effects of two-phase flow on U-series disequilibria
although incorporation of the melt transport equations into ingrowth models did not occur
until the work of Spiegelman and Elliott (1993).

The physical process of melt ascent during two-phase flow models is typically based
on the separation of melt and solid described by Darcy’s Law modified for a buoyancy
driving force. The melt velocity depends on the permeability and pressure gradients but
the actual microscopic distribution of the melt (on grain boundaries or in veins) is left
unspecified. The creation of disequilibria only requires movement of the fluid relative to
the solid.

It is important to clearly define some of the terminology related to ingrowth models,
particularly since some misuse of terms occurs due to confusion with the terms of time-
independent models. Melt porosity (¢) is the fraction of the total volume of rock being
filled by melt. In two-phase flow models, melt moves relative to the solid and so porosity
at any location in the column reflects the melt production beneath that location and the
permeability of the partially molten matrix. Porosity is distinct from the degree of
melting, F, which is the total amount of melt produced from an initial amount of
unmelted solid. Thus, a parcel of solid in a melting column can undergo a total degree of
melting realistic to the major element constraints on MORB (F = 0.05-0.3) while the
porosity at a given depth reflects the physical ability of the melt to move relative to the
solid and can be much smaller than F. Note that the term “melt fraction” is ambiguous
and should be avoided as it is sometimes used to mean porosity and sometimes used to
mean degree of melting (in time-independent melting models). The term threshold
porosity is used in “dynamic melting” models to signify a porosity below which a
partially molten matrix is not permeable but above which melt can escape. In an open
system where melt can move relative to the solid, a melting column can have low melt
porosity if the partially molten matrix is highly permeable; low melt porosity, however,
does not require the degree of melting to be small.

When melt moves relative to solid and chemically exchanges with the solid,
elements will move at different effective velocities. Consider a situation where a fluid
moves interstitially through a solid and elements exchange between the melt and solid
(for simplicity we will ignore the issue of melting in this example). The effective velocity
(Wesr) of an element in one dimension can be approximately expressed as

(w-W)

“(1+D/9) M

Weip =

where D is the partition coefficient of the element, and W and w are the solid and fluid
velocities, respectively (Eqn. 12 of Spiegelman and Elliott 1993). The effective velocity
of any element therefore can be no faster than the fluid and no slower than the solid. A
perfectly incompatible element will travel at the melt velocity while a strongly
compatible element will travel at the solid velocity. As D/¢ increases, the effective
velocity of an element decreases. Thus, two elements having different partition
coefficients will have different effective velocities and therefore different transit times
over a given transport distance. It should be clear from Equation (1) that the ratio of D to
¢ is particularly critical for changing elemental residence times.

Differences in residence time can lead to increased support of a daughter nuclide if
the parent residence time in the melting column exceeds that of the daughter (see
Bourdon et al. 2003). We can quantify this effect using the **'Pa-*°U system as an
example (Fig. 5). First, assume a melt velocity of 1 m/yr, a solid upwelling rate of 1
cm/yr (inconsequential to this calculation), Dy = 0.002, Dp, = 1 x 107*, a melt porosity of
0.002 and a 30 km length of melting column. Using these values within Equation (1),
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Figure 5. A semi-quantitative illustration of how differences in residence time can produce *'Pa-*>U
disequilibria. “A” stands for activity while “C” stands for concentration. Due to differences in
partitioning, U has an effective velocity that is half that of Pa and has a residence time of 60,000 years
in the 30 km long melt column (32,000 year residence time for Pa). The two nuclides enter the bottom
of the column in secular equilibrium with 0.1 Bq/g activity corresponding to the concentrations of *°U
and *'Pa given. Over its 32,000 year residence in the column, a little more than half of the original
21Pa decays. However the decay of **°U during its 60,000 year residence in the column resulting in
70% more *'Pa than existed initially at the base of the column. Note that this calculation does not
account for the decay of some of the ?*'Pa produced in the melting column and so the estimated
(**'Pa)/(**U) of ~1.7 will be higher than a fully quantitative numerical calculation. Nonetheless, it
readily shows how differences in partitioning affect residence time and thus disequilibria.

25U will move towards the surface at an effective velocity of 0.5 m/yr resulting in a
60,000 yr residence time over the 30 km path. Pa will move only slightly slower than the
melt, taking ~32,000 years (1 half-life) to go through the column. Thus, half of the
original »*'Pa entering at the bottom arrives at the top of the column. The longer
residence time of U in the column results in production of more **'Pa by decay of >*°U
than is lost by the decay of **'Pa. Assuming secular equilibrium exists initially at the
column bottom with all nuclides having activities of 0.1 Bg/g, then the longer residence
time of U dynamically supports the Pa in the column at a higher activity level than
secular equilibrium. During a 60 kyr residence time, much less than 1% of the *°U will
decay producing 1.9 x 10" atoms/g of **'Pa in the column. Added to the half of the
original #*'Pa which had not yet decayed, the total **'Pa concentration at the top of the
column would be 1.7x higher than started at the bottom (such that (**'Pa)/(***U)=1.7);



196 Lundstrom

this calculation is not exact as some of the *'Pa produced within the column will also
decay lessening the (**'Pa)/(**U) slightly. Nevertheless, this simple example using
parameters typical of those used in mantle melting models shows how easily **'Pa excess
can be generated when elements have different effective velocities during magma ascent.

In the above example, *'Pa-**°U disequilibrium reflects different residence times
created solely by solid-fluid partitioning during fluid movement (a chromatographic
effect). Addition of melting to the calculation will produce even greater differences in
residence time and therefore greater potential for creating disequilibria. When melting
first occurs, the more incompatible nuclide partitions into the fast moving melt while the
less incompatible nuclide remains in the slowly ascending solid. This can lead to the
generation of large residence time differences and large amounts of disequilibria. Thus, a
large residence time difference between two nuclides is created during the initial stages
of melting and it is solely this process that creates disequilibria in dynamic melting
models (Section 3.4).

A final distinction between the time independent models and the ingrowth models is
that ingrowth models do not require that any phase be residual to hold back one nuclide
in the mantle preferentially to its daughter or parent in order to generate disequilibria.
Thus, trace phases present at the initiation of melting could influence the generation of
disequilibria yet not leave any other si%nature on the melt because they subsequently melt
out. This principle also applies to 2*°Th excesses generated by melting in the garnet
peridotite stability field but preserved at the surface despite continuous melt-solid
equilibration within the spinel peridotite stability field (Spiegelman and Elliott 1993).

3.4. A review of U-series melting models

Since the first development of ingrowth models (McKenzie 1985), several variations
on how residence time differences can create disequilibria during melting have been
proposed. These range from models based on diffusion controlled partitioning to those
involving melting columns having two scales of melt porosity. The different models boil
down to one factor controlling the magnitude of the disequilibria generated: time. The
time of a nuclide in the melting column will reflect several parameters including the
partition coefficients, the solid and melt velocities, the productivity (the amount of
melting per reduction in pressure), the length of the melting column and the solid
diffusion coefficients.

The relationship between the various types of models is depicted in Figure 6. Ingrowth
models can be broadly divided into two types: 1) models where melt is assumed to be in
equilibrium with the entirety of all mineral grains during melting (equilibrium partitioning
models); and 2) models where solid-state diffusion within minerals controls the transfer of
the element from the solid to the melt (diffusion control models). For equilibrium
partitioning models (#1), there are two further variations: a) models where melt transport
during ascent occurs in chemical isolation with the surrounding solid (dynamic melting or
disequilibrium transport models) and b) models where melt continuously re-equilibrates
with the solid during transport (equilibrium transport models). Ingrowth models can also be
separated based on whether melt transport is explicitly included in the calculation. Models
in which the transit times of different elements reflect the physics of two-phase flow are
similar in number (Spiegelman and Elliott 1993; Iwamori 1994; Lundstrom 2000; Jull et al.
2002) to models where transport is simply treated as instantaneous (McKenzie 1985;
Williams and Gill 1989; Qin 1993; Richardson and McKenzie 1994). Neglecting transport
allows an analytical approximation for calculating the disequilibria generated (see below).
An analytical approximation for solving transport based melting models is given in
Bourdon et al. (2003) while the full equations for melting with transport times accounted
for is given in the Appendix.
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Figure 6. The tree of models showing the relationships and differences between various U-series
melting models.

McKenzie (1985) proposed “dynamic melting” for the process of creating
disequilibria. In this model, melt is extracted from the solid after it reaches the threshold
porosity. If the threshold porosity is similar in magnitude to the partition coefficient of
one nuclide of a parent-daughter pair, the two nuclides will be fractionated as melt is
extracted, resulting in a residence time difference between the two nuclides at the top of
the melting column. If the threshold porosity is too large, then essentially no fractionation
occurs before melt removal and no disequilibria is generated. Williams and Gill (1989)
used a similar dynamic melting model to examine the combined ***Ra-***Th and **°Th-
28U systems and emphasized that the (**°Th)/(***Th) of a melt does not necessarily
reflect the (***U)/(***Th) of the source. Richardson and McKenzie (1994) extended the
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dynamic model to two dimensions by pooling melts over a 2D region where upwelling
rates varied based on a solid mantle flow model. These authors gave a useful analytic
approximation to dynamic melting:

LD, +¢,)+T

arent / daughter) =
(P N = Dy o) T

2)

where I is the melting rate in units of inverse time, ¢, is the threshold porosity, and
subscripts p and d refer to parent and daughter, respectively. All of these models assume
chemically isolated transport and instantaneous melt ascent to the surface. For ***Ra
excesses to be explained by dynamic melting models, the disequilibria must be created at
the base of the melting column and melt ascent rates must be on the order of 50 m/yr or
greater for a melt to ascend from the garnet stability field within one half-life of **°Ra.
Because incompatible elements are removed from the solid and never further interact
with the solid, dynamic melting models are similar to near-fractional melting in that the
solid residue becomes severely depleted with progressive melting.

Spiegelman and Elliott (1993) were the first to develop models that specifically
accounted for the physics of melt transport. Although this work emphasized a model in
which melt continuously re-equilibrated with the solid as it ascended (equilibrium
transport), it also presented a model with disequilibrium transport (a model similar to
dynamic melting except that it accounted for ascent times). Spiegelman and Elliott (1993)
showed that given equal parameters, equilibrium transport models created greater parent-
daughter disequilibria than disequilibrium transport models. This result is fully
understandable in terms of residence time differences; in essence, the continuous
interaction of equilibrium transport models results in residence time differences being
generated throughout the melting column. In contrast, residence time differences are only
generated at the initiation of melting in dynamic or disequilibrium transport melting
models. Lundstrom et al. (1994) applied the equilibrium transport model to the 9°N EPR
data and suggested that the differences in disequilibria between N-MORB and E-MORB
might be explained solely as differences in the length of the melting column. Bourdon et
al. (1996b) used a similar model to explain the observed **°Th excess-axial depth
relationship by varying the depth of melting initiation. Spiegelman (2000) has developed
a web site (www.ldeo.columbia.edu/~mspieg/UserCalc/) that allows users to vary input
parameters and examine the controls on parent-daughter disequilibria using an
equilibrium transport model.

Both dynamic melting and equilibrium transport melting require that the porosity
when two nuclides are fractionated from one another is similar to the size of the larger of
the partition coefficients for the two nuclides. Given the low values of the experimental
determinations of Dy and Dy, the porosities required to explain the observational data in
these models are generally less than 0.5% and often times closer to 0.1%. Such low
porosity estimates have been criticized based on physical grounds given the low
estimated mantle permeability derived from the extent of melt connection observed in
experiments (Faul 2001).

One possibility for increasing the minimum porosity needed to generate disequilibria
involves control of element extraction by solid-state diffusion (diffusion control models).
If solid diffusion slows the rate that an incompatible element is transported to the melt-
mineral interface, then the element will behave as if it has a higher partition coefficient
than its equilibrium partition coefficient. This in turn would allow higher melt porosities
to achieve the same amount of disequilibria as in pure equilibrium models. Iwamori
(1992, 1993) presented a model of this process applicable to all elements that suggested
that diffusion control would be important for all elements having diffusivities less than
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10" m?%s in the solid. Qin (1992, 1993) developed a similar model to explain the
creation of U-series disequilibria and calculated optimum melting rates for melting
beneath ridges based on the observed disequilibria in MORB.

More recent work has suggested diffusion control models are unlikely to explain the
disequilibria observations. Iwamori (1994) concluded that local chemical disequilibrium
probably had an insignificant effect on the activity ratios given realistic melting
conditions except that it might limit the amount of *°Ra excess generated. Note that all of
these diffusion-based models were premised on estimated U and Th diffusion coefficients
since no experimental determination existed. Van Orman et al. (1998) recently addressed
this deficiency by presenting U and Th diffusion coefficients in diopside. As expected for
large, high charges ions, both elements had low diffusion coefficients (on order of
10! m%s at 1200°C) with U diffusing slightly faster than Th. Thus although the slow
diffusion rates might keep U and Th in the solid longer if diffusion controlled their
effective partitioning, such a model cannot explain the observed **°Th excess in MORB if
melting occurs within the spinel lherzolite stability field (Van Orman et al. 1998).

Of the three types of ingrowth models discussed (dynamic melting, equilibrium
transport and diffusion controlled partitioning), equilibrium transport models have been
most successful at explaining the observable U-series data including the large excesses of
?26Ra and **'Pa and the relationship between axial depth and **°Th excess (Bourdon et al.
1996a). However, continuous chemical equilibration between ascending melt and the
surrounding solid is not consistent with other geochemical observations that mandate that
MORB cannot maintain equilibrium with mantle at shallowest depths. For instance, the
observation that MORB is undersaturated in orthopyroxene at low pressure (O'Hara
1968) as well as the strong depletion in trace elements in abyssal peridotites (Johnson et
al. 1990) argues that some of the melt beneath ridges is channelized during ascent at
shallow depths. Spiegelman and Kenyon (1992) examined how melt channelization
affects equilibration and concluded that a vein network with veins 10 cm apart would
cause extensive chemical disequilibrium between solid and melt. Thus, creating a
physical scenario for chemical disequilibrium during ascent is not difficult.

This has lead to the development of hybrid “two porosity” models that combine
elements of equilibrium transport with chemically isolated transport in channels. These
models have sprung forth from the hypothesis of Kelemen et al. (1995) that discordant
dunites within exposed ophiolite mantle are former melt channels formed during the
solid’s adiabatic rise beneath a ridge axis. Based on this, Kelemen et al. (1997) proposed
that the MORB melting column might consist of melt ascending by porous flow
distributed at two scales of porosity: a network of high porosity melt channels which pass
through and drain the ambient low porosity mantle that supplies melt. Indeed,
Spiegelman and Elliott (1993) discussed the idea that two scales of melt porosity could be
important to U-series melting models.

Iwamori (1994) was the first to develop such a model describing the rate of
extraction of melt from a peridotite melt source into channels by a suction parameter,
“S.” By varying the suction term, the melting model could vary between a pure
equilibrium transport model and a pure dynamic melting model. However, because this
model assumed instantaneous transport within the channels, the dynamic melting end
member always produced larger disequilibria than the equilibrium transport end member.
Lundstrom (2000) developed a similar model having channels that served to drain the
melting peridotite region. Instead of assuming instantaneous transport, melt porosities
and velocities in the channel were calculated based on the flux balance from a cylindrical
melting region surrounding the channel. This two porosity model showed that large
(***Ra)/(**°Th) and (**'Pa)/(***U) disequilibria could be generated when S =0.5 (half of
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the melt going to channels and half flowing porously in the lherzolite) and that depletions
of trace elements in the solid similar to those observed in abyssal peridotites could also
be produced. Because the sense of U-Th partitioning can change dramatically depending
on depth (see Section 3.1), this study did not attempt to model the (*°Th)/(**U)
generated but rather focused on explaining the large *'Pa and **Ra excesses observed in
melts interpreted to reflect shallow melting. Jull et al. (2002) recently reported a two
porosity model that generated large **Ra excesses at shallow depths by ~60% of the total
melt flux within a melting column flowing through low porosity peridotite at shallow
depths. Such a model could explain the inverse relationship between *°Th excess and
226Ra excess observed at 9°N EPR as well as correlations between La/Yb, Th/U and U-
series disequilibria.

A number of issues remain for future modeling work. One clear deficiency in
ingrowth models to date is treating melting beneath ridges as a steady state process for U-
series nuclides. Steady state assumes that the solid mantle entering the melting zone is
homogeneous in composition for all elements including U and Th. However, it is clear
that mantle heterogeneity strongly affects the distribution of U and Th in the mantle. For
instance, Th concentrations, which vary by a factor of 100 between the most enriched and
depleted basalts from EPR seamounts, correlate with changes in ¥'Sr/**Sr implying they
reflect source variations (Niu and Batiza 1997; Niu et al. 2002). More complex non-
steady state models that follow a concentration pulse derived from melting a blob of
enriched mantle remains a goal for future work. In addition, two-dimensional models of
stable trace elements show that dramatic changes in trace element patterns occur relative
to expectations of batch or fractional melting result when melt and solid flow
independently of one another (Spiegelman 1996). Such models have yet to be explored
for U-series elements. Physical models for the development of channels (Spiegelman et
al. 2001) are now being exploited to examine the trace element variability due to the
presence of channels. Similar models for U-series disequilibria could provide a
completely new view of interpreting the excesses observed in MORB.

4. RELATING MODELS TO OBSERVATIONS

Because of the large number of parameters that affect the generation of disequilibria
in ingrowth melting models, it is not possible to invert the observable data for “best fits”
to melting beneath ridges. Instead, varying parameters within forward models and
relating the results to observations are typically used to gain insight into melting
processes beneath ridges. Such forward models are best constrained by the simultaneous
use of three 1parent-daughter pairs. For instance, a major control on the production of both
29Th and 2*'Pa excesses in ingrowth models is Dy and a successful model should be able
to match all of the observed disequilibria. Likewise, D, plays a critical role in
determining the amount of both »*°Th excess and **°Ra excess.

The disequilibria systematics at 33°S MAR provide one example of how the
disequilibria, combined with modeling, provide insight into the dynamics of melting
(Lundstrom et al. 1998). Of note at 33°S MAR was the observation of significantly lower
31pa excess in samples from the segment having the large mantle Bouguer gravity
anomaly. Because the gravity low was interpreted to reflect increased solid upwelling
velocity beneath this segment (Michael et al. 1993), models of upwelling rate variation
were explored and it was found that increasing the upwelling velocity by a factor of 2
could explain the difference in **'Pa excess between the anomalous segment and
surrounding segments. However, the data were equally well explained by variations in
other parameters such as increased melt porosity or melting by a dynamic melting
process rather than an equilibrium transport process (Table 2).
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Comparison of different models also plays a role in distinguishing the style of the
melting process beneath ridges. For instance, the inverse relationship between
(***Ra)/(**°Th) and (**°Th)/(***U) for 9°N EPR samples with clear age constraint (Sims et
al. 2002) indicates that disequilibria in these two parent-daughter pairs must be generated
at different locations in the melting column. Time-independent melting models or
dynamic melting models generally will predict positive correlation between these two
parent-daughter pairs. Equilibrium transport models on the other hand have the ability to
generate *>°Ra excess shallow in the melting column by a chromatographic process. Jull
et al. (2002) have reproduced the observed inverse relationship using a two porosity
model where the 2*°Th excesses are created deep in the melting column while **°Ra
excesses reflect melt-rock interactions at relatively shallow depths.

Two global observations of U-series disequilibria, combined with ingrowth models,
have further constrained the ridge melting process. Bourdon et al. (1996b) found that the
amount of *°Th excess in a ridge basalt correlated with the axial depth of the sample
(Fig. 7). These authors attributed this global correlation to higher mantle temperatures
causing melting to initiate at greater depth beneath more shallow ridges and
quantitatively explained the relationship by varying the depth of melt initiation within the
garnet stability field using an equilibrium transport model. Bourdon et al. (1996b)
assessed the role of mantle heterogeneity in creating the observed trend and argued it was
hard to clearly distinguish source (mineralogical) heterogeneity from temperature
variations; both were possibly associated with shallower ridges.

Lundstrom et al. (1998b) observed a different systematic behavior in the global
MORB data. By examining the trends of **°Th-**U data from different areas of ridge on
an equiline diagram, these authors found that the value of the slope of the data varied
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Figure 7. »°Th excess as a function of bathymetric depth following Bourdon et al. (1996b) with
addition of data published since 1996. The negative correlation is consistent with shallower ridges
having higher mantle temperatures and therefore intersecting the mantle solidus at greater depths.
Bourdon et al. (1996b) quantitatively modeled the increase in °Th excess with depth of melting using
an equilibrium transport melting column in which the melting column length increased.
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with the half-spreading rate of a ridge. Lundstrom et al. (1998b) interpreted the trends on
an equiline diagram to reflect mixing of end member melts derived from enriched and
depleted sources with each end member producing disequilibria by an equilibrium
transport process. The variation in slope was then modeled by assuming that the enriched
and depleted sources had distinct mineralogy and that the solid mantle upwelled at a rate
equal to the half-spreading rate. The good correspondence between the observable data
and the models suggests a near one to one relationship between the half spreading rate
and the solid upwelling rate, consistent with passive corner flow describing solid mantle
flow beneath ridges. Since this study, the few observational data added to the global
database (2 studies) appear to further substantiate this observation (Fig. 8). With age
constraint from **°Ra excess, the Reykjanes ridge forms a near horizontal array, falling in
its predicted position on the slope spreading rate trend (Peate et al. 2001) (Fig. 2H). The
data from Kolbeinsey ridge also appear consistent with this model having a wide range in
Th/U at near constant (*°°Th)/(***Th). However, long-lived isotopes do not indicate that
source heterogeneity exists to explain the variation in Th/U (Sims et al. 2001).

Although these two observations and models give different interpretations about the
important factors governing the creation of (**°Th)/(***U) disequilibria beneath ridges, it
is important to note that the two models are not in contradiction of one another. Indeed,
examination of the NE Pacific ridges are consistent with both models: both ridges have
similar slopes consistent with the spreading rate hypothesis while the Juan de Fuca has
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Figure 8. Slope of regressed **U-**Th disequilibria trends from equiline diagrams versus the half-
spreading rates of different ridges. See Lundstrom et al. (1998b) for details of sample selection and
regression procedure. Note that the FAZAR data (Bourdon et al. 1996b) form a good mixing trend with
samples from Azores indicating that this area of ridge is strongly influenced by hot spot melting. New
data added since Lundstrom et al. (1998b) include those from the Reykjanes Ridge (Peate et al. 2001)
and Kolbeinsey Ridge (Sims et al. 2001). These ridges from the slow spreading northern MAR appear
to be consistent with the hypothesis that the slope of the **U-*Th trend correlates with the half
spreading rate. The observed relationship can be reproduced by an equilibrium transport model where
the solid upwelling rate is linearly related to the half spreading rate (see Lundstrom et al. 1998b).
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higher average disequilibria, consistent with its more shallow average axial depth. Both
of the global (**°Th)/(***U) models (Bourdon et al. 1996b; Lundstrom et al. 1998b)
provide clear testable hypotheses that remain incompletely assessed at present. The
development of ICP-MS techniques should help in increasing the number of data
available to test these global models. Because constraining the variability in
(*°Th)/(**®U) at single areas of ridge is critical to both models, effort should be placed in
obtaining complete data sets from single areas of ridge. These should include samples
spanning as wide a compositional range as possible and include age constraint on
samples (e.g., measurement of **°Ra excess).

5. INTEGRATING U-SERIES DISEQUILIBRIA MODELS WITH
CONSTRAINTS FROM OTHER GEOCHEMICAL TRACERS

5.1. Comparison of melting at ridges to other tectonic settings

Comparison of the disequilibria in MORB with that of other tectonic settings, in
combination with models, allows distinction of the important aspects of the melting process
at each setting. By combining *°Th-***U disequilibria with Sm-Nd modeling, Sims et al.
(1995) pointed out important differences between melting beneath mid-ocean ridges and
Hawaii. Whereas the range in both (23 0Th)/ (23 8U) and oismng (Where oismng 1S the calculated
Sm-Nd fractionation from a 1.7 Ga mantle isochron model of Nd isotopes; see Sims et al.
1995) in Hawaiian basalts could be explained by similar degrees of batch melting of a
homogeneous solid, these two geochemical probes produced very different degree of
melting estimates within MORB. Indeed, although the inferred Sm-Nd fractionation for
Hawaii is larger than MORB as expected, the amount of *°Th-***U fractionation for
Hawaii and MORB is the same. This observation is consistent with the interpretation that
(**°Th)/(**U) in MORB dominantly reflects an ingrowth melting process. In addition, this
study showed that (**°Th)/(**U) and osmng for MORB samples from the Juan de Fuca
ridge were linearly correlated, reinforcing the interpretation that mixing of diverse magmas
is critically important to interpreting mid-ocean ridge melting processes.

MORB have significantly higher *'Pa excesses than either OIB or convergent
margins (Fig. 1). Although the generation of **'Pa-***U disequilibria at convergent
margins is not well understood, the greater »*'Pa excess in MORB relative to OIB is
consistent with the basic understanding of melting in these two environments. For
instance, the cold lithospheric lid beneath ocean islands plays a clear role in limiting the
minimum depth of melting and keeping melting within the garnet peridotite stability
field. In contrast MORB can reflect melting to more shallow depths within the spinel
peridotite stability field and the longer melting column beneath ridges allows greater
amounts of ingrowth of **'Pa (Lundstrom et al. submitted). Similarly, Bourdon et al.
(1998) suggested that larger clinopyroxene/garnet ratios in the MORB source relative to
OIB sources resulted in higher **'Pa excess in MORB. The observation that large **'Pa
excesses are found in both the end member melts observed at 9°N EPR indicates that all
MOR magmas probably reflect some amount of equilibrium transport melting over
distances of tens of kilometers (Lundstrom et al. 2000).

5.2. The relationship between Th isotopes and long-lived isotope systems

Because the (3*°Th)/(***Th) of any material after 350,000 years will depend on the
material’s Th/U, the behavior of Th isotopes in the mantle is intrinsically different from
that of Sr, Nd and Pb isotopes. In principle, Th isotopes could provide information about
discrete recent depletion and enrichment events. Unfortunately, this interpretation is not
straightforward if Th isotopes are significantly modified from the original mantle source
value by ingrowth during the melting process.
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The mantle array of (¥*°Th)/(***Th) versus ®’Sr/*Sr has been used repeatedly for
examining Th geochemistry relative to Sr with particular emphasis on identifying recent
changes in mantle sources by deviations from a linear array (Condomines et al. 1981;
Ben Othman and Allegre 1990; Rubin and Macdougall 1992). Bourdon and Sims (2003)
present an up-to-date (**°Th)/(***Th)-*’Sr/*®Sr array based on mass spectrometric data
alone. The data form a well-defined trend that includes a distinct curvature toward higher
(*°Th)/(**Th) for MORB samples at low, near constant *’Sr/*Sr. It is this deviation of
some MORB above the mantle arrag/ that has been interpreted to reflect repeated melting
of a source to form high (**°Th)/(***Th) MORB (Rubin and Macdougall 1992). Bourdon
and Sims (2003) argue that this curvature indicates the importance of ingrowth in MORB
relative to OIB.

However, it is not clear that this plot can clearly separate the issue of source history
(long-term depletion of the mantle) from recent melting processes (ingrowth) for the
following reasons. First, it is impossible to know the relative importance of ingrowth
effects versus fractionation of Th-U for any MORB or OIB sample. Ingrowth melting can
significantly change (*°Th)/(***Th) but distinguishing the effect of ingrowth in MORB
relative to OIB is not straightforward. O’Nions and McKenzie (1993) argued that the
measured Th/U of a basalt is likely a better indicator of the Th/U in the mantle source
than (*°Th)/(***Th) given the low values of D, and Dy. Second, based on the
observation that variations in Sr, U and Th concentrations are clearly tied to source
variations (e.g., Niu et al. 2002; Niu and Batiza 1997), mixing of melts from
heterogeneous sources must play a role in the observed Th-Sr array. Given the relative
compatibilities of Sr and Th in the mantle, the curvature observed in the Th-Sr array is as
likely to reflect the mixing systematics as it is to distinguish recent melting events.

Indeed, a plot of Th/U versus *’Sr/*®Sr for oceanic mantle basalts produces a strongly
hyperbolic array (Fig. 9). Since Th/U cannot reflect ingrowth effects, the curvature must
result from the mixing process. The shape of the hyperbola is well matched by a model of
binary mixing of melts which have U, Th and Sr concentrations equal to the most
depleted and most enriched basalts found in Pacific seamounts (Lundstrom et al. 2000).
Note that all three types of basalts shown (Atlantic MORB, Pacific MORB, Pacific
seamount basalts) produce similar curvature with *’Sr/**Sr only increasing once Th/U >
2.5. If mixing is the explanation for the hyperbolic shape, then Th/U will be a more
sensitive indicator of addition of small amounts of enriched component than ¥’Sr/%Sr. If
s, the lack of variation in ¥’Sr/*Sr within a set of ridge samples cannot be construed to
mean a homogeneous source, particularly if variations in Th/U exist.

Because it simultaneously examines Th/U in the mantle source and any
(*°Th)/(**®U) disequilibria generated by ingrowth processes during melting, the
(*°Th)/(***Th) versus ¥’Sr/**Sr diagram confuses two distinct aspects of Th geochemistry
and therefore should be avoided. Instead, assessment of Th isotopes relative to Sr, Nd, or
Pb isotopes should be broken into two distinct plots: 1) Th/U versus *’St/*®Sr to assess
the role of mixing in affecting Th-Sr systematics and 2) (**°Th)/(***U) versus *'St/**Sr to
assess the role of mantle heterogeneity in influencing the generation of **°Th excess.

5.3. Reconciling U-series interpretations with other geochemical observations

Over the past 15 years, great strides have been made in understanding the processes
of melting and melt extraction beneath ridges. Critical constraints on ridge melting have
come from a variety of geochemical and geophysical observations, numerical modeling
and laboratory experiments. The U-series constraints discussed here are a small piece of
the overall puzzle. Although there remain discrepancies between different techniques,
there appears to be convergence of ideas toward a more unified model of MORB genesis.
For instance, regardless of the interpretation about whether ingrowth or time-independent
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Figure 9. Th/U versus *’Sr/**Sr for oceanic mantle basalts. The data form a distinct hyperbola
consistent with binary mixing of melts. Models of binary mixing using observed enriched and depleted
basalts from seamounts off the EPR successfully reproduce the curvature of the array (see Lundstrom et
al. 2000). Because of the strong curvature of mixing, lack of variation in 8’Sr/*¢Sr in MORB does not
necessarily indicate a homogeneous source whereas variation in Th/U can. Note that Pacific seamounts
(Niu et al. 2002) span beyond the range of Pacific MORB extending to both more enriched and more
depleted compositions. This is consistent with melts being less homogenized beneath seamount settings
relative to ridge-axis settings where passage through crustal magma lens efficiently mixes magmas.
Data from Rubin and Macdougall (1988), Macdougall and Lugmair (1986), Newman et al. (1983), Ben
Othman and Allégre (1990), Goldstein et al. (1989, 1991), Eaby et al. (1984), Davis and Clague (1987),
Condomines et al. (1981), Dupre et al. (1981), Hemond et al. (1988), Sigmarsson et al. (1992a,b),
Newman et al. (1984), Williams and Gill (1992), Widom et al. (1997), Hilton et al. (1990), Lundstrom
et al. (1995, 1998b, 1999), Lundstrom (unpublished), Perfit (pers comm., 1997), Fornari et al. (1988),
Sims et al. (1995), Bourdon et al. (1996), Dosso et al. (1999), Claude-Ivanaj et al. (2001), Niu et al.
(2002) and Hanan (unpublished).

melting best explains the U-series data, all U-series models agree that melt must be
extractable at quite small melt porosity. This interpretation is consistent with the results
of the MELT experiment which used seismic and magnetotelluric techniques to image the
melt zone beneath the southern EPR. The general results of this experiment showed that
melt porosity beneath the entire ridge was less than 1-2% indicating efficient extraction
of melt (Toomey et al. 1998). The 1-2% estimate actually results from a conversion
between the observed seismic wave velocity reductions and the assumed effects of partial
melt on seismic wave propagation velocity. Since this relationship is not well known at
present, the <1-2% porosity should be considered a maximum value and is therefore
consistent with the porosity needed by the U-series models.

Geochemical interpretations of MORB genesis have also converged over the past 15
years from a starting point that seemed remarkably different. For instance, recent U-series
observations have been modeled using an equilibrium transport melting process
(Lundstrom et al. 1995; Bourdon et al. 1996b) which is equivalent to batch melting for
non-decay series elements. This interpretation contradicts the conclusions of other
geochemical studies that infer that melting beneath ridges is a near-fractional process.
The major observations supporting near-fractional melting include melt inclusion studies
(Sobolev and Shimizu 1993), Lu-Hf systematics (Salters and Hart 1989), studies of trace
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elements in abyssal peridotites (Johnson et al. 1990), and the global systematics of Fe in
MORB (Klein and Langmuir 1987).

The convergence has been catalyzed by important gains in understanding of the
physical process of melt transport based on observations in ophiolites. Kelemen and co-
workers (Kelemen et al. 1995, 1997) have shown that mantle dunites (discordant dunites)
represent pathways of channelized melt ascent in the upwelling mantle beneath ridges.
Dunites within the Oman ophiolite have rare earth element patterns consistent with
integrated MORB melts whereas surrounding harzburgites have highly fractionated rare
earth element patterns similar to abyssal peridotites (Kelemen et al. 1995). Dunites are
suggested to reflect channeling caused by porously flowing magma that dissolves
pyroxene and precipitates olivine during ascent (Kelemen et al. 1997; Spiegelman et al.
2001). Based on these works, the idea of porous flow melt organizing into channels has
lead to more sophisticated “two porosity” models of U-series disequilibria generation
(Iwamori 1994; Lundstrom 2000; Jull et al. 2003). These models combine the elements of
equilibrium transport argued for by the large excesses of ?°Ra and *'Pa with the channel
system needed to produce the highly fractionated trace element patterns of abyssal
peridotites.

The critical relationship between the U-series data and dunite channel models is the
observation of two end member melts having distinct disequilibria generated by the
melting process (e.g., Fig. 3). The melting column in the dunite channel model of
Kelemen et al. (1997) consists of two solid materials, a lherzolite/harzburgite mantle
source which produces melt during upwelling and a dunite channel network for
efficiently draining this melt by chemically isolated magma ascent. The dunite channel
model would thus predict two end member melts with signatures of distinct depth and
this is what is indeed observed from the U-series data. Regardless of the interpretation
about whether the U-series end member melts reflect derivation from heterogeneous or
homogeneous sources, as long as the high Th/U melt ascends through dunite channels,
there are no contradictions between the U-series data and the Lu/Hf, abyssal peridotite or
melt inclusion data (Lundstrom et al. 2000). The melt from depth moving up through the
dunite channel network contains the *°Th excess and the “garnet signature” of the Lu/Hf
system. The low Th/U end member, on the other hand, has a signature of shallow porous
flow melting based on its U-series characteristics (large **Ra excess, sometimes >**U
excess) and is interpreted to reflect melt that enters the dunite conduit only at shallow
depth (or perhaps never at all). The transfer of melt from the harzburgite into the dunite
channel at shallow depths will produce the near-fractional melting signature of the
abyssal peridotites and can also produce the observed melt inclusion population. Finally,
the global trends of FeO, which also require preservation of signatures of melting at
depth, are consistent with models that combine batch and fractional melting, similar to
the two porosity U-series models (Asimow 1999).

There is clearly a great more to be learned about ridge melting processes and it may
well turn out that the two porosity model will be eliminated as a possible model for
MORB genesis by future data. The important point is that the development of two
porosity models has provided a framework for testing future data. For instance, by
examining the systematics of Cr and La/Yb of MORB and ultra-depleted melt inclusions,
Jull et al. (2002) have shown that MORB glasses with high magnesium number are
consistent with mixing of melts produced at distinct depths in the melting column rather
than progressive depletion by incremental polybaric melting. Many further tests of the
two porosity model are possible and certain to come with addition of new data.
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6. CONCLUDING REMARKS

U-series disequilibria have become a powerful technique for examining the melting
process beneath mid-ocean ridges. All available evidence points to the disequilibria
reflecting a primary signature of the mantle melting process. The generation of %*°Th->**U
disequilibria is sensitive to mineralogy allowing U-series disequilibria to provide
information about the depth of melting and indicating that at least some portion of
MORB magma reflects melting near the garnet-spinel transition. The disequilibria appear
to be best explained as resulting from an “ingrowth” melting process in the melting
column reflecting the process of two-phase flow at low melt porosity. As such,
information about the time scales of melting, solid upwelling and melt ascent may be
retrieved from U-series data.

However, U-series work on mid-ocean ridges remains an expanding field of research
and new discoveries and understanding is certain to come. A large portion of the mid-
ocean ridge system has yet to be explored for U-series studies. With rapid analytical
advances, the stage is set for many new discoveries as well as robust testing of
hypotheses thus far developed. Comprehensive data sets in which U-series data are
combined with a full set of other geochemical tracers will critically advance the field.
Refinements in constraints on partition coefficients, diffusion coefficients and melt-
mineral reactions will provide better control on forward models of U-series disequilibria
generation. Finally, the integration of geochemical and geophysical data and models will
allow comparison of estimates of solid mantle upwelling and melt porosity beneath mid-
ocean ridges and testing of numerical models of solid and melt flow.
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