
Chapter 17 

The other isotopes 

Earth has a spirit of growth. 
Leonardo do Vinci 

Background 

The various chemical elements have different 
properties and can therefore be readily separated 
from each other by igneous processes. The vari
ous isotopes of a given element are not so easily 
separated. The abundances of the radioactive iso
topes in the crust and mantle, and their decay 
products, are not constant in time. Elemental 
compositions of magmas and residu al mantle are 
complementary; isotopic compositions are iden
tical, but they diverge with time. Therefore, the 
information conveyed by the study of isotopes 
is different in kind than that provided by the 
elements. Each isotopic system contains unique 
information, and the radioactive isotopes allow 
dating of processes in a planet's history. The 
unstable isotopes most useful in geochemistry 
have a wide range of decay constants, or half
lives , and can be used to infer processes occur
ring over the entire age of the Earth (Table 17.1). 
In addition, isotopes can be used as tracers and 
in this regard they complement the major- and 
trace-element chemistry of rocks and magmas. 
Isotopes in magmas and gases, however, cannot 
be used to infer the depth or location of the 
source. 

Studies of isotope ratios have played an impor
tant role in constraining mantle and crustal evo
lution, mixing and the long-time isolation of 

mantle components or reservoirs . Isotope studies 
derive their power from the existence of suitable 
pairs of isotopes of a given element, one a ' pri
mordial' isotope present in the Earth since its for
mation, the other a radiogenic daughter isotope 
produced by radioactive decay at a known rate 
throughout geological time. The isotopic compo
sition of these isotope pairs in different terres
trial reservoirs - for example, the atmosphere, 
the ocean, and the different parts of the crust 
and mantle - are a function of the transport 
and mixing of parent and daughter elements 
between the reservoirs. In some cases the parent 
and daughter have similar geochemical charac
teristics and are difficult to separate in geological 
processes. In other cases the parent and daugh
ter have quite different properties, and isotopic 
ratios contain information that is no longer avail
able from studies of the elements themselves. 
For example Sr-isotope ratios give information 
about the time-integrated Rb/Sr ratio of the rock 
or its source. Since rubidium is a volatile ele
ment and separates from strontium both in pre
accretional and magmatic processes , the isotope 
ratios of strontium in the products of mantle dif
ferentiation, combined with mass-balance calcu
lations, are our best guide to the rubidium con
tent, and volatile content, of the Earth. Lead iso
topes can be similarly used to constrain the U/Pb 
ratio, a refractoryf(volatile, chalcophile) pair. The 
40Ar content of the atmosphere helps constrain 
the 4°K content of the Earth; both Ar and K are 
considered to be volatile elements in cosmochem
istry. In other cases, such as the neodymium
samarium pair, the elements in question are both 
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Table 17.1 / Radioactive nuclides and their 
decay products 

Radioactive Decay Half- life 
Parent Product (bil lion years) 

23a u 206 pb 4.468 
232Th 208 pb 14.0 1 
176 Lu 176 Hf 35.7 
147Sm 143 Nd 106.0 
87 Rb 87Sr 48.8 
ns u 207 pb 0.7038 
40K 40Ar. 4oc a 1.250 
129 1 129Xe 0.0 16 
26AI 26 Mg 8.8 x 1 o-4 

refractory, have similar geochemical characteris
tics and are probably in the Earth in chondritic 
ratios, or at least, in their original ratios . The 
neodymium isotopes can therefore be used to 
infer ages of mantle components or reservoirs 
and to discuss whether these are enriched or 
depleted, in terms of Nd/Sm, relative to chon
dritic or undifferentiated material. The Rb/Sr and 
Nd/Sm ratios are changed when melt is removed 
or added or if sediment, crust or seawater is 
added. With time, the isotope ratios of such com
ponents diverge. 

The isotope ratios of the crust and differ
ent magmas show that mantle differentiation 
is ancient and that remixing and homogeniza
tion is secondary in importance to separation 
and isolation, at least until the magma cham
ber and eruption stages. Magma mixing is an 
efficient way to obtain uniform isotopic ratios, 
such as occur in MORB. Although isotopes cannot 
tell us where the components are, or their bulk 
chemistry, their long-term isolation and lack of 
homogenization plus the temporal and spatial 
proximity of their products suggests that, on 
average, they evolved at different depths or in 
large blobs that differ in lithology. This suggests 
that the different components differ in intrinsic 
density and melting point and therefore in bulk 
chemistry and mineralogy. Melts, and partially 
molten blobs, however, can be buoyant relative 
to the shallow mantle even if the parent blob is 
dense or neutrally buoyant. 

The crust is extremely enriched in many of 
the so-called incompatible elements, particularly 
the large ionic-radius lithophile (LIL) or high-field 
strength (HFS) elements that do not readily fit into 
the lattices of the major mantle minerals, olivine 
(ol) and orthopyroxene (opx). These are also called 
the crustal elements, and they distinguish enriched 
magmas from depleted magmas. The crust is not 
particularly enriched in elements of moderate 
charge having ionic radii between the radii of Ca 
and A1 ions . This suggests that the mantle has 
retained elements that can be accommodated in 
the garnet (gt) and clinopyroxene (cpx) structures. 
In other words, some of the so-called LIL elements 
are actually compatible in gt and cpx. The crust is 
also not excessively enriched in lithium, sodium, 
lead, bismuth and helium. 

Isotopes as fingerprints 

Box models 
Radiogenic isotopes are useful for understanding 
the chemical evolution of planetary bodies. They 
can also be used to fingerprint different sources 
of magma. In addition, they can constrain timing 
of events. Isotopes are less useful in constrain
ing the locations or depths of mantle compo
nents or reservoirs. Just about every radiogenic, 
nucleogenic or cosmogenic isotope has been used 
at one time or another to argue for a deep mantle 
or lower mantle source, or even a core source, for 
ocean island and continental flood basalts and 
carbonatites, but isotopes cannot be used in this 
way. Isotope ratios have also been used to argue 
that some basalts are derived from unfraction
ated or undegassed reservoirs, and that reservoir 
boundaries coincide with seismological bound
aries (implying that major elements and physical 
properties correlate with isotopes). 

Some mantle rocks and magmas have high 
concentrations of incompatible elements and 
have isotope ratios that reflect long-term enrich
ment of an appropriate incompatible-element 
parent. The crust may somehow be involved 
in the evolution of these magmas, either by 
crustal contamination prior to or during erup
tion, by recycling of continent-derived sediments 
or by delamination of the lower continental 



crust. Stable isotopes can be used to test these 
hypotheses. Early models of mantle geochemistry 
assumed that all potential crust-forming mate
rial had not been removed from the mantle or 
that the crust formation process was not 100% 
efficient in removing the incompatible elements 
from the mantle. Recycling was ignored. Later 
models assumed that crustal elements were very 
efficiently removed from the upper mantle- and, 
importantly, only the upper mantle - leaving it 
depleted. Vigorous convection then homogenized 
the source of midocean-ridge basalts , which was 
assumed to extend to the major mantle disconti
nuity near 650 km depth. A parallel geochemical 
hypothesis at the time was that some magmas 
represented melts from a 'primitive' mantle 
reservoir that had survived from the accretion 
of the Earth without any degassing, melting or 
melt extraction. The assumption underlying this 
model was that the part of the mantle that 
provided the present crust did so with 100% 
efficiency, and the rest of the mantle was iso
lated, albeit leaky. In this scenario, 'depleted' 
magmas were derived from a homogenized reser
voir, complementary to the continental crust 
that had experienced a multi-stage history (stage 
one involved an ancient removal of a small melt 
fraction, the crust; stage two involved vigorous 
convection and mixing of the upper mantle; 
stage three involved a recent extensive melt
ing process, which generated MORB). Non-MORB 
magmas (also called 'primitive,' 'less depleted,' 
'hotspot' or 'plume' magmas) were assumed to 
be single-stage melts from a 'primitive' reservoir. 

There is no room in these models for ancient 
enriched mantle components. These early 'box 
models' contained three boxes: the present con
tinental crust, the 'depleted mantle' (which is 
equated to the upper mantle or MORB reser
voir) and 'primitive mantle' (which is equated 
to the lower mantle) with the constraint that 
primitive mantle is the sum of continental crust 
and depleted mantle. With these simple rules 
many games were played with crustal recycling 
rates and mean age of the crust. When contra
dictions appeared they were, and are, tradition
ally explained by hiding material in the lower 
crust, the continental lithosphere or the core, or 
by storing material somewhere in the mantle for 
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long periods of time. The products of mantle dif
ferentiation are viewed as readily and efficiently 
separable but, at the same time, storable for long 
periods of time in a hot, convecting mantle and 
accessible when needed. 

A large body of isotope and trace-element 
analyses of midocean-ridge basalts demonstrates 
that the upper mantle is not homogenous; it con
tains several distinct geochemical domains on 
a variety of length scales. However, the physi
cal properties of these domains, including their 
exact location, size, temperature and dynamics, 
remain largely unconstrained. Seismic data indi
cate that the upper mantle is heterogenous in 
physical properties. Plate tectonic processes cre
ate and remove heterogeneities in the mantle, 
and create thermal anomalies . 

Global tomography and the use of long-lived 
isotopes are very broad brushes with which to 
paint the story of Earth structure, origin and evo
lution. Simple models such as the one- and two
reservoir models, undegassed undifferentiated 
lower-mantle models, and whole-mantle convec
tion models are the results of these broad-brush 
pain tings, as are ideas about delayed and contin
uous formation of the crust and core. Short-lived 
isotopes and high-resolution and quantitative 
seismic techniques paint a completely different 
story. 

Isotopes as chronometers 

Some of the great scientists, carefully ciphering the 
evidences furnished by geology, have arrived at the 
conviction that our world is prodigiously old, and 
they may be right, but Lord Kelvin is not of their 
opinion. 

Mark Twain 

Earliest histo ry of t he Earth 
The current best estimate for the age of the Earth 
Moon meteorite system is 4.51 to 4.55 billion 
years (Dalrymple, 2001). The solar nebula cooled 
to the point at which solid matter could con
dense by ~4.566 billion years, after which the 
Earth grew through accretion of these solid 
particles; the Earth's outer core and the Moon 
were in place by ~4.51 billion years. 
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Clair Patterson of Cal tech determined the age 
of the Earth to be 4.550 billion years (or 4.55 
Gyr) ±70 million years from long-lived Pb iso
topes (Patterson, 1956). This age was based on 
isotopic dating of meteorites and samples of 
modern Earth lead, all of which plot along a 
linear isochron on a plot of 207Pbj204 Pb versus 
2o6 Pb/2o4pb. 

Numerous other isotopic systems are used to 
determine the ages of solar system materials and 
ages of significant events, such as Moon forma
tion. The isotopes include both those with long 
half lives, such as rubidium-87- written 87Rb or 
87 Rb (half life of 48.8 billion years), which decays 
to strontium-87- written 87Sr or 87Sr- and those 
that have half lives that are so short that the 
radioactive isotope no longer exists in measur
able quantities. Meteorites contain evidence for 
decay of short-lived extinct natural radioactivities 
that were present when solids condensed from 
the primitive solar nebula. Three such short
lived radioactivities, 53 Mn, 182Hf and 146 Sm, have 
half-lives of 3.7, 9 and 103 million years, respec
tively. The evidence indicates rapid accretion of 
solid bodies in the solar nebula , and early chem
ical differentiation. A hot origin of the Earth is 
indicated. The energetics of terrestrial accretion 
imply that the Earth was extensively molten in 
its early history; giant impacts would have raised 
temperatures in the Earth to about 5000-10 000 K. 

The rates and timing of the early processes 
of Earth accretion and differentiation are stud
ied using isotopes such as 129I-129Xe, 182 Hf- 182W, 
146Sm-142Nd, 23S/23s0 _207/206pb and 244pu_136Xe 

and simple assumptions about how parent and 
daughter isotopes distribute themselves between 
components or geochemical reservoirs. The Hf-W 
and U-Pb chronometers are thought to yield the 
time of formation of the core, assuming that 
it is a unique event. The parent elements (Hf 
and U) are assumed to be retained in silicates 
during accretion and the daughters (W and Pb) 
to be partitioned into the core. The partition
ing of W and Pb between metals and silicates -
mantle and core - also depends on the oxygen 
fugacity and the sulfur content of the metal 
and the mantle. Under some conditions, W is a 
siderophile element while Pb is a chalcophile par
titioning only slightly into the metal phase. Cur-

rently, the upper mantle is oxidized and the main 
'metallic' phases are Fe-Ni sulfides. 146Sm-142 Nd 
and 182Hf-182W chronometry indicate that core 
formation and mantle differentiation 
took place during accretion, producing a 
chemically differentiated and depleted mantle . 
The decay of 182Hf into 182W occurs in the silicate 
mantle and crust. Tungsten is then partitioned 
into the metal. The hafnium-tungsten pair shows 
that most of Earth formed within ~10 million 
years after the formation of the first solid grains 
in the solar nebula . 

A plausible model for the origin of the Moon 
is that a Mars-sized object collided with the 
Earth at the end of its accretion, generating the 
observed angular momentum and an Fe-depleted 
Moon from the resulting debris disc. This may 
have occurred 40-50 Myr after the beginning of 
the solar system. The Moon-forming impact 
[Google images] contributed the final 10% of 
the Earth's mass, causing complete melting and 
major degassing. Core formation occurred 
before, during and after the giant 
Moon-forming impact, within tens of millions 
of years after the formation of the solar system. 
Some of the terrestrial core was probably from 
the impactor. Giant impacts melt a large fraction 
of the Earth and reset or partially reset isotopic 
clocks. 

Mass balance calculations show that > 70% 
of the mantle was processed in order to form 
the crust and upper mantle. Parts of the upper 
mantle are enriched but most of the mantle 
is either depleted and fertile (the MORB reser
voir) or depleted and infertile or barren. Enriched 
regions (crust) or components (kimberlites, car
bonatites ... ) typically are so enriched that a 
small volume can balance the depleted regions. 
Short-lived radioactivities can, in principle, deter
mine when this fractionation occurred. Some 
was contemporaneous with accretion and some 
may have happened during Moon formation. 

Elementary isotopology 

Pb 
Isotopes are usually expressed as ratios involving 
a parent and a daughter, or a decay product and 



a stable isotope. Absolute abundances are often 
not known or not treated. This introduces a haz
ard into statistical treatments and mixing calcu
lations involving ratios. Ratios cannot be treated 
as pure numbers or absolute concentrations. The 
means and variances of isotopic ratios are mean
ingless unless all the samples have the same con
centrations of the appropriate elements. 

Lead has a unique position among the 
radioactive nuclides. Two isotopes, lead-206 and 
lead-207, are produced from radioactive parent 
isotopes of the same element, uranium-238 and 
uranium-235. The simultaneous use of coupled 
parent-daughter systems allows one to avoid 
some of the assumptions and ambiguities associ
ated with evolution of a single parent-daughter 
system. Lead-208 is the daughter of 232-Th (half
life 14 Gyr); U and Th are geochemically similar 
but are separable by processes that occur near 
the surface of the Earth. 

In discussing the uranium-lead system, it is 
convenient to normalize all isotopic abundances 
to that of lead-204, a stable nonradiogenic lead 
isotope. The total amount oflead-204 in the Earth 
has been constant since the Earth was formed; 
the uranium parents have been decreasing by 
radioactive decay while lead-206 and lead-207 
have been increasing. The U/Pb ratio in various 
parts of the Earth changes by chemical fraction
ation and by radioactive decay. The 238 Uf204 Pb 
ratio, calculated as of the present, can be used 
to remove the decay effect in order to study the 
chemical fi·actionation of various reservoirs. If 
no chemical separation of uranium from lead 
occurs, the ratio for the system remains constant. 
This ratio is called J.L (mu). Some components of 
the mantle have high Pb-isotope ratios and are 
called HIMU. 

Most lead-isotopic results can be interpreted 
as growth in a primitive reservoir for a certain 
period of time and then growth in reservoir with 
a different wvalue fi-om that time to the present. 
By measuring the isotopic ratios of lead and ura
nium in a rock, the time at which the lead 
ratios were the same as inferred for the prim
itive reservoir can be determined, thus giving 
the lead-lead age of the rock. TI1is dates the age 
of the uranium-lead fractionation event, assum
ing a two-stage growth model. In some cases 
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multistage or continuous differentiation models 
are used, and similar models explain other iso
tope systems, e.g. fractionation of Rb/Sr, Sm/Nd, 
He/U etc. 

A melt removed from the primitive reservoir 
at t0 , will crystallize to a rock composed of min
erals with different J.L values. If these minerals 
can be treated as closed systems, then they will 
have distinctive lead ratios that plot as a straight 
line on a 207Pbf204 Pb-206 Pbf204 Pb plot (Figure 17.1). 
TI1is line is an isochron because it is the locus 
of points that experienced fractionation at the 
same time to form minerals with differing U/Pb 
ratios. TI1e residual rock will also plot on this 
line, on the other side of the geochron. The time 
at which the rock was fractionated can be cal
culated from the slope of the isochron. Mixing 
lines between genetically unrelated magmas will 
also be straight lines, in which case the age will 
be spurious unless both magmas formed at the 
same time. 

In the uranium-lead decay system, the curve 
representing the growth of radiogenic lead in 
a closed system has marked curvature. This is 
because uranium-238 has a half-life (4.47 Gyr) 
comparable to the age of the Earth, whereas 
uranium-235 has a much shorter half-life (0.704 
Gyr). In early Earth history lead-207, the daughter 
of uranium-235, is formed at a higher rate than 
lead-206. For a late fractionation event 207Pbf204Pb 
changes slowly with time. 

For isotopic systems with very long half-lives, 
such as samarium-142 (106 Gyr) and rubidium-87 
(48.8 Gyr), the analogous closed-system geochrons 
will be nearly straight lines. Isochrons and mix
ing lines, in general, are not straight lines. They 
are straight in the uranium-lead system because 
238 Uf204 Pb and 235 Uf204 Pb have identical fractiona
tion factors, and mixing lines for ratios are linear 
if the ratios have the same denominator. 

The initial lead-isotopic composition in iron 
meteorites can be obtained since these bodies are 
essentially fi·ee of uranium, one of the parents. 
Galenas are also high in lead and low in uranium 
and therefore nearly preserve the lead-isotopic 
ratios of their parent at the time of their birth. 
Galenas of various ages fall close to a unique 
single-stage growth curve. TI1e small depar
tures can be interpreted as further fi·actionation 
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Lead isotope diagram. Age of Earth is taken as 

4.57 Ga. Straight lines labeled with letters are values for 

oceanic islands. Black dots are the inferred primary isotopic 

ratios if the island data are interpreted as secondary 

isochrons. Growth curves for 11. values of 7.0 an d 8.0 and 

primary isochrons at I Ga intervals are shown. The primary 

mantle reservoir appears to have a J1. of 7.9. Oceanic-island 

basalts appear to have evolved in enriched reservoirs ranging 

in age from I to 2.5 Ga with the second-stage 11. values 

ranging from 9 to 20. A point is shown for a two-stage model 

with 11. = 7. 9 before I .5 Ga and = I 5 subsequently. The black 

bar represents the range of values for depleted reservoirs 

with 11. = 7.0 and a range of depletion ages from I to 2.5 Ga. 

The range for midocean-ridge basalts could be due to growth 

in an enriched reservoir or due to contamination by enriched 

magmas. Isotopic ratios for xenoliths and kimberlites are 

shown along the axes. Xenoliths are primarily from the 

shallow mantle and many are enriched. Kl is kimberlite. 

Diagram is modified from Chase ( 1981 ). 
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events. A few other systems also involve efficient 
separation of parents and daughters and ancient 
isotopic ratios can be frozen-in. These include 
U-He and Re-Os . U and He are fractionated and 
separated both by melting and degassing, so 
ancient high 3 Her He ratios can be frozen into 
gas-filled inclusions in peridotites, for example. 

The 1-t values for basaltic magmas are usually 
quite high, 15-45, compared to primitive man
tle. Their lead-isotopic ratios will therefore grow 
more rapidly with time than the primitive man
tle, and the 206Pbf204 Pb and 207Pbf204 Pb ratios of 
such magmas are high. Some oceanic islands 
have such high lead-isotopic ratios that they must 
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have come from ancient enriched reservoirs or 
contain, as a component, ancient enriched mate
rial. MORBs are thought to come from an ancient 
depleted reservoir but they also have ratios in 
excess of the geochron. This suggests that either 
the mantle (or upper mantle) has lost lead , rela
tive to uranium, or that ocean-ridge basalts have 
been contaminated by material with high iso
topic ratios, prior to eruption. 

In a cooling. crystallizing mantle the J-t 

of the residual melt will increase with time, 
assuming that solid silicates and sulfides retain 
lead more effectively than they retain uranium. 
Pb isotopes show that most of the mantle had 
solidified prior to 3.8 Ga. close to the ages of 
the oldest known rocks. measured by a vari
ety of techniques . Basalts from oceanic islands 
have apparently experienced secondary growth 
in reservoirs with 1-t from about 10 to 20, after 
a long period of growth in a more 'primitive' 
reservoir (J-t ~ 7.9). 

Leads from basaltic suites in many oceanic 
islands form linear areas on 206 Pbf204 Pb vs. 
207 Pbf204 Pb diagrams (Figure 17.1). These could 
represent either mixing lines or secondary 
isochrons. Two-stage histories indicate that the 
leads from each island were derived from a 
common primary reservoir (J-t = 7.9) at different 
times from 2.5 to 1.0 Ga. Alternatively. the mag
mas from each island could represent mixtures 
between enriched, less-enriched or depleted compo
nents. In either case basalts involve a source 
region with ancient U/Pb enrichment, or are 



contaminated by a U/Pb-rich component. One 
mechanism for such enrichment is removal of 
a melt from a primitive reservoir to another part 
of the mantle that subsequently provides melts 
to the oceanic islands or contaminates MORB. 
Another mechanism is subduction of continen
tal sediments. The logical default storage place 
is the shallow mantle, although this possibil
ity is usually ignored in favor of deep-mantle 
storage. 

Delamination of lower continental crust is 
another mechanism for contaminating or pollut
ing the shallow mantle. In the standard model 
of mantle geochemistry the shallow mantle is 
assumed to be homogenous and any non-MORB 
magmas are considered to be from regions of 
the mantle that are polluted by plumes f rom 
the deep mantle. 

To explain the various trends of the individ
ual islands by mixing, the enriched end-members 
must come from parts of the crust or mantle 
that were enriched at different times or that 
have different time-integrated U/Pb ratios . In a 
crystallizing cumulate or magma ocean, the U/Pb 
ratio of the remaining fluid increases with time, 
and regions of the mantle that were enriched 
by this melt would have variable IL depending 
on when and how often they were enriched. If 
the enriched reservoir is global, as indicated by 
the global distribution of enriched magmas, it is 
plausible that different parts of it were enriched, 
or contaminated, at different times. 

Pb-isotopes have painted a completely differ
ent story for mantle evolution and recycling 
than the early models based on Sr and Nd iso
topes and the very incompatible elements. The 
major mantle reservoirs are enriched (high and 
increasing time-integrated U/Pb ratios) and there 
is no place for an accessible primordial unfrac
tionated reservoir or evidence for a depleted 
reservoir, relative to primitive mantle . There are 
multiple stages of enrichment evident in the 
Pb-isotope record. Oxygen and osmium isotopes 
are not LIL elements and they imply recycling 
and a heterogeneous mantle. The importance of 
plate tectonics and recycling are discussed in 
early- but still accessible and rewarding - papers 
on plumbotectonics and the persistent 
myth of con t inental growth. 
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Os 
Os is one of the platinum group elements (PGE) 
or metals . It is also a siderophile and a compati
ble element. It should be mainly in the core but 
there is enough in the mantle to make it a useful 
tracer, particularly of recycled oceanic and conti
nental crust. It is also a useful tracer of cosmic 
dust, particularly in deep-sea sediments. The PGE 
in the crust and mantle may primarily be due 
to a late veneer. Because Os is compatible (jargon 
for silicate-crystal-loving rather than melt-loving) 
and occurs in sulfides, it tells us things that most 
of the other geochemically useful isotopes can
not. Peridotites, ultramafic massifs and ophiolites 
provide the bulk of the data. This means that the 
true isotope heterogeneity of the mantle can be 
sampled, rather than the gross averages provided 
by magmas. Large isotopic heterogeneities in Nd , 
Sr, Pb and Os have been documented in peridotite 
massifs related to spreading ridges on a variety of 
length scales, ranging from centimeters to tens of 
kilometers (Reisberg and Zindler, 1986), indicat
ing a high degree of geochemical heterogeneity 
in the upper mantle, despite the observed homo
geneity of MORB. 

During partial melting, Re is mildly incom
patible. This results in high RefOs in basalts, and 
low RefOs in the refractory, depleted solid residue 
left behind in the mantle. Thus , 1870s/1880s ratios 
in basalts and the residue rapidly diverge after 
melting and separation. Radiogenic and unra
diogenic (depleted mantle residue) end-members 
are constantly produced by partial melting 
events . 

Variations in osmium isotopic compositiOn 
result frmn the alpha decay of 190Pt to 1860s and 
the beta decay of 187Re to 1870s. Suprachondritic 
1870sf1880s ratios in intraplate volcanic rocks 
have been used to support models for generation 
of this type of volcanism from recycled oceanic 
crust. Suprachondritic 186 0sfl 88 0s ratios in intra
plate volcanic rocks have been interpreted as 
indicating incorporation of outer core material 
into plumes. Such signatures may, however, also 
be generated in pyroxenites precipitated from 
MgO-rich melts by the preferential incorporation 
of Pt relative to Os in pyroxenes . High Pt/Os 
and Re/Os ratios, which should lead to gener
ation of suprachondritic 1860sf1880s-1870sf1880s, 
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are properties of pyroxenites (Smith, 2003). The 
isotope signatures do not give any indication 
of depth of origin, and are consistent with 
shallow-source models for intraplate volcanism. 
Pt- Os isotope systematics do not prove 
an ultra-deep origin for intraplate 
volcanism. 

A characteristic of the Re-Os system is the 
large Re/Os ratio acquired by magmas and the 
complementary low RefOs ratio retained by 
the peridotite residues. RefOs ratios correlate 
with rock type, a characteristic not shared by LIL
isotope systems. With sufficient time, differences 
in Re/Os ratio translate into large differences in 
the 1870s/'88 0s ratio. This makes the 1870s/' 880s 
system a tracer of the addition of mafic crust or 
melt to the mantle, and Os isotopes have con
sequently been used to trace the involvement 
of recycled mafic crust in the sources of OIB 
(Shirey and Walker 1998). 

Initial (corrected for age) 1870s/'880s values for 
abyssal peridotites worldwide lie between 0.117 
and 0.167. Modern MORB samples have 1870sf'880s 
ratios clustering between 0.127 and 0.131, with 
some samples as high as 0.15 (Roy-Barman and 
Allegre, 1994). 

OIB have variable and elevated 1870sf1880s 
ra tios between 0.13 and 0.15, somewhat higher 
than primitive mantle values of 0.126 to 0.130 
estimated from meteorites. Osmium and oxygen 
isotope correlate, indicating mixing of peridotitic 
and crustal components. Enriched m antle com
ponents (EM1 , EM2, HIMU) are characterized by 
elevated 1870sf'88 0s. Often, these enriched com
ponents have 8 180 values that are different 
from MORB or abyssal peridotites that have been 
defined as upper mantle values (Eiler eta!. 1997), 
indicating several source for recycled mafic mate
rial in the mantle. 

Histograms of isotope ratios commonly dis
play nearly Gaussian distributions . Such distribu
tions can result from shallow mantle processes 
involving the mixing of different proportions of 
recycled, radiogenic and unradiogenic materials . 
Considering the large volume of mantle that is 
sampled by ocean ridge, ocean island and con
tinental basalts, it is unlikely that pure end
members will be sampled; all basalts are blends 
to some extent. Small seamounts and xenoliths 

are more likely to have compositions close to an 
end-member or a pure component. 

Meibom et a!. (2002) attributed the Gaussian 
1870sf'880s distribution of peridotite samples to 
melt-rock reactions during partial melting events 
in the upper mantle. During adiabatic upwelling 
of an upper-mantle assemblage (e.g. at a mid
ocean ridge) domains with relatively low solidus 
temperature and radiogenic Os isotopic composi
tions will melt first at depth. These melts mix 
with other melts and react with solid mantle 
material at shallower depths. Ancient unradio
genic Os is released from sulfide nuggets encap
sulated in silicate and chromite host phases and 
mix with the more radiogenic Os in the melt. The 
Gaussian distribu tion represents random mixing 
between unradiogenic and radiogenic Os isotopic 
components of variable age. 

Sr and Nd 
Isotopes of Sr and Nd were used to set up 
the two-reservoir model of mantle geo
chemistry, a model that is inconsistent with 
much of petrology and geophysics, including 
Ph-isotopes and most other isotope systems. 
The idea of a two-reservoir mantle, a primor
dial reservoir and slow extraction of the crust 
from it (the persistent myth of conti
nental growth) to form a depleted upper 
m antle were based on these systems. This so
called standard model of mantle geo
chemistry and convection conflicts with 
Pb-isotope data and with geophysical data and 
theoretical models of planetary accretion and dif
ferentiation. It also conflicts with a broader base 
of geochemical data that suggests very early and 
rapid differentiation of the silicate Earth. Unfor
tunately, current hybrid mantle convection 
models of mantle chemistry and dynamics are 
complex but retain the essence of the origi
nal model , including ready access to primitive 
or enriched material in the deepest mantle, 
and a well-stirred homogenous upper mantle. 
Most current models have many paradoxes 
associated with them [see mantleplumes]. 
suggesting that the underlying assumptions are 
wrong. 

The use ofSr and Nd isotopes usually relies on 
natural radioactive decay of two very long-lived 



radionuclides, 87 Rb and 147 Sm, which decay to 
87Sr and 143 Nd with half-lives of 49 and 106 bil
lion years, respectively. These half-lives are signif
icantly longer than the age of the solar system or 
any igneous rocks in it and therefore have little 
control on early differentiation processes. Sm 
actually decays to Nd via two radioactive decay 
schemes: 146 Sm-142Nd, half-life about 106 years 
(My) and 147 Sm-143 Nd, half-life about 109 years 
(Gy). Sr. Sm and Nd are refractory lithophile (pre
fer silicates over metal) elements, whose rela
tive abundances should not be affected by either 
volatile loss or core formation. The long-lived 
147Sm-143Nd system has been widely used to trace 
planetary-scale processes such as the evolution 
of the crust and mantle . Because of the lack of 
samples from Earth's first 500 My of existence, 
the early epic of Earth differentiation is inves
tigated with short-lived chronometers, such as 
t46Sm-142Nd. 

Midocean-ridge basalts have 87Srf86Sr less than 
0 .703, and 'pure' MORB may have values of 0 .702 

or less. Ocean-island, island-arc and continental 
flood basalts are generally much higher than 
0 .703, commonly higher than 0.71, and are more 
obviously mixtures. Attributing the properties of 
MORB to 'normal mantle' and, more recently, 
to the whole upper mantle, leaves crustal con
tamination, recycling or lower mantle sources 
as the only alternatives to explain ocean-island 
and other so-called 'plume' or ' hotspot' basalts. 
The standard model of mantle geochemistry orig
inally ignored recycling and favored continuous 
continental growth from a primordial mantle 
reservoir, leaving behind a depleted homogenous 
upper mantle (called the 'convecting mantle'). 
The upper mantle, however, is inhomogenous in 
composition and isotopes. There is no evidence 
that any magma comes from a primordial or 
undegassed reservoir or from the lower mantle. 

143Ndf144 Nd ratios are expressed in terms of 
deviations , in parts per 104, from the value in a 
reservoir that has had chondri tic ratios of Sm/Nd 
for all time. This deviation is expressed as BNd· A 
chondritic unfractionated reservoir has s Nd = 0 
at all times. Samarium and neodymium are both 
refractory rare-earth elements and should be in 
the Earth in chondritic ratios unless the Earth 
was assembled from some other kind of material. 
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However, Sm and Nd are separated by magmatic 
process and thus record the magmatic or frac
tionation history of the Earth. Samarium has 
a higher crystal-melt partition coefficient than 
neodymium, and thus the Sm/Nd ratio is smaller 
in melts than in the original rock. The 143 Nd/ 
144 Nd ratio , normalized as above, will therefore 
be positive in reservoirs from which a melt has 
been extracted and negative in the melts or 
regions of the mantle that have been infiltrated 
by melts. The SmfNd ratio depends on the extent 
of melting and the nature of the residual phases, 
and e Nd depends on the Sm/Nd ratio and the age 
of the fractionation event. 

In spite of their geochemical differences, 
there is generally good correlation between 
neodymium and strontium isotopes. Positive BNci 

correlates with low 87 Srf86 Sr and vice versa. 
Midocean-ridge basalts have isotopic ratios indi
cating time-integrated depletions of Nd/Sm and 
Rb/Sr. The isotopic ratios are so extreme that the 
depletion must have occurred in the MORB reser
voir more than 1 Ga ago. The original depletion 
may have occurred at the time the continental 
crust or the proto-crust started to form but more 
likely occurred throughout the accretional pro
cess of the Earth. The measured Sm/Nd and RbfSr 
ratios in MORB generally do not support such 
ancient ages, but the depletion may have been 
progressive, MORB may be mixtures of depleted 
and enriched materials , and other melt addition 
and extraction events may have occurred. 

Incompatible-element ratios such as Rb/Sr and 
Nd/Sm are high in small-degree partial melts. 
However, for large fractions of partial melting 
the ratios are similar to the original rock. Since 
elements with partition coefficients much less 
than unity (such as Rb , Sr, Nd and Sm) are 
not retained effectively by residual crystals, it 
is difficult to change their ratio in melts, but 
the residual crystals, although low in these ele
ments, have highly fractionated ratios. Partial 
melts representing large degrees of partial melt
ing from primitive mantle will also have nearly 
primitive ratios, as will regions of the mantle 
invaded by these melts. If the melt cools and crys
tallizes, with refractory crystals being removed 
and isolated, the Sm/Nd ratio changes . Thus, it 
is dangerous to infer that a melt came from a 
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primitive reservoir simply because the isotopic 
ratios appear primitive. Similarly, magmas with 
ENct near 0 can result from mixtures of melts, 
with positive and negative ENct· Early claims of 
evidence for a primitive unfractionated reser
voir based on Nd isotopes overlooked these 
effects. They also ignored the Pb-isotope evidence. 
Figure 17.2 shows isotope correlation for a vari
ety of materials and theoretical mixing curves 
for fractionating melts. 

The lead paradox 
There are a large number of paradoxes involving 
U and its products (He, Pb and heat). Paradoxes 
are not intrinsic to data; they exist in relation to 
a model or a paradigm. 

Both uranium and lead are incompatible ele
ments in silicates but uranium enters the melt 
more readily than lead. The U/Pb ratio should 
therefore be high in melts and low in the solid 
residue, relative to the starting material. One 
would expect, therefore, that the MORB reservoir 
should be depleted in U/Pb as well as Rb/Sr and 
Nd/Sm. A time-average depletion would give Pb
isotope ratios that fall to the left of the primary 
geochron and below the mantle growth curve. 
Figure 17.1 shows, however, that both MORB and 
ocean-island tholeiites appear enriched relative 
to the primary growth curve. This implies that 
MORB has been contaminated by high-uranium 

Table 17.2 I Param eters adopted for uncon-
taminated ocean ridge basal ts {1) and con-
tam inant {2) 

Enriched 
Pure MORB Contaminant 

Parameter ( I) (2) 

Pb 0.08 ppm 2 ppm 
u 0.0085 ppm 0.9 ppm 
U/Pb 0.10 0.45 
238 u f204 Pb 7.0 30.0 
206 Pbf204 Pb 17.2 19.3, 21 
Rb 0. 15 ppm 28 ppm 
Sr 50 ppm 350 ppm 
87Sr/86Sr 0.7020 0.7060 
Sm 2 ppm 7.2 ppm 
Nd 5 ppm 30 ppm 
143Nd/144 Nd 0.5 134 0.5124 

Enrichment Factors* 
Pb 
Sr 
Nd 

24.6 U/Pb 
7.0 
6.0 

Rb/Sr 
Sm/Nd 

4.5 
26.7 

0.60 

{1) Assumed composition of uncontami
nated midocean-ridge basalts . 
(2) Assumed composition of contaminant. 
This is usually near the extreme end of the 
range of oceanic-island basalts. 
*Ratio of concentration in two end
members. 

or high-U/Pb material before being sampled, or 
that lead has been lost from the MORB reservoir. 
Early lead loss to the core, in sulfides, is possible , 
but the isotopic results, if interpreted in terms 
of lead removal, also require lead extraction over 
an extended period. 

Contamination may have affected MORB or 
MORB source rocks. In order to test if contami
nation or magma mixing is a viable explanation 
for the location of the field of MORB on lead
lead isotopic diagrams, we need to estimate the 
lead content of uncontaminated depleted mag
mas and the lead and lead-isotopic ratios of possi
ble contaminants. Table 17.2 lists some plausible 
parameters. 

The results of mixing calculations are shown 
in Figure 17.3. The differences between the lead 
and other systems is striking. A small amount 
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of contamination, less than 0.5%, pushes MORB 
compositions into the enriched field for lead 
but not for neodymium or strontium. In terms 
of single-stage 'evolution,' both observed (con
taminated) MORB and oceanic-island basalt will 
appear to have .future ages on a lead-lead geochron 
diagram. The neodymium and strontium isotopic 
ratios are not affected as much, and contami
nated MORB will appear to come from depleted 
reservoirs. 

Oxygen isotopes 

The 180f160 ratio is a powerful geochemical diag
nostic because of the large difference between 
crustal and mantle rocks. Basalts also exhibit dif
ferences in this ratio. The relative abundances 
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of oxygen isotopes are dominated by low
temperature mass-dependent fractionation pro
cesses, such as water-rock interactions. Rocks 
that react with the atmosphere or hydrosphere 
become richer in oxygen-18. Crustal contamina
tion and flux of crustal material into the mantle 
serve to increase the 180/160 ratio. 

Oxygen is not a trace element; it comprises 
about 50 wt.% of most common rocks . There 
are three stable isotopes of oxygen, mass 16, 17 
and 18, which occur roughly in the proportions 
of 99.76%, 0.038% and 0.20%. Variations in mea
sured 180e6o are expressed as ratios relative to a 
standard; 

8180(0/ 00) 

= 1000 x [{ 18 0 / 60)m- C80/6 0)smow]/C80/6 0)smow 

where smow is Standard Mean Ocean Water. 
Oxygen isotopic variations in rocks are chiefly 

the result of fractionation between water and 
minerals ; the fractionation between minerals is 
small. 8180 values of minerals decreases in the 
order quartz-feldspar-pyroxene-garnet-ilmenite, 
with olivine and spinel showing large vari
ations. Metasomatism increases 8180 and the 
LIL elements. At high-temperature clinopyrox
ene and garnet have lower 818 0 values than 
olivine. 

Oxygen isotope ratios constrain the origins 
of chemical and isotopic heterogeneity in the 
sources of basalts and the role of subducted mate
rial. 818 0 of oceanic basalts correlate with trace 
element abundances and radiogenic isotope trac
ers such as Sr, Nd, Pb and Os isotopes (Eiler 
et al. 1997). The oxygen isotope variations directly 
trace those parts of the mantle that have inter
acted with water at or near the Earth's surface. 
Osmium and oxygen isotopes are useful tracers 
of crustal involvement in the sources of MORB 
and OIB. 

Large variations in 180e6o are produced 
in the oceanic crust and associated sediments 
from interaction with the hydrosphere, either 
becoming 18 0-enriched by alteration and low
temperature exchange ( <300 °C) in layered dike 
sequences, pillow basalts and sediments at the 
top of the subducted crustal section, or moder
ately 18 0-depleted by high-temperature exchange 
with seawater in the gabbroic lower crust. 
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These large variations in 180 in subducted mate
rial translate to measurable 180 variations in 
ocean island basalts that sample subducted crust. 
Oxygen isotopes can be used to quantify crustal 
contributions to mantle sources. Unlike other iso
tope tracers the concentration of oxygen is sim
ilar in all rocks and mass balance calculations 
can be attempted; oxygen isotopes are comple
mentary to the LIL as tracers of crustal recycling. 

Typical upper-mantle olivines have oxygen 
isotope ratios in the range +5.0 to + 5.4 per mil 
and most unaltered MORB has 8180 near +5.7 per 
mil. Mantle peridotites and fresh basaltic rocks 
have oxygen isotope ratios primarily from +5.5%o 
to +5.9%o, which is taken to be the isotopic 
composition of common mantle oxygen or as a 
typical upper mantle value. Alkali basalts and 
mantle-derived eclogite xenoliths depart from 
these values. 8180 values of eclogite garnets range 
from + 1.5%o to +9.3%o. Such oxygen isotope sig
natures were initially interpreted as the products 
of fractional crystallization of mantle magmas, 
although oxygen isotope fractionation effects are 
now known to be small under mantle conditions. 
The isotope and trace-element geochemistry of 
mantle eclogite and pyroxenite xenoliths and the 
anomalous oxygen isotope ratios are now taken 
as evidence that these rocks are derived from 
subducted altered ocean-floor basalts and gab
bros, and possibly from delaminated continen
tal crust. TI1e changes in oxygen-isotope ratios 
and other geochemical characteristics of oceanic 
lithosphere that occur through exchange with 
seawater and hydrothermal fluids near ocean 
ridges have been documented in studies of ocean
floor rocks and abducted ophiolite equivalents. 
Metamorphic dehydration reactions do not cause 
large shifts in oxygen isotope ratios . 

Most ocean-ridge tholeiites have 8 18 0 between 
+5 and +5.7 per mil. Some pillow lavas in ophi
olites have 8180 values of over +12 per mil. 
Potassic lavas have values of + 6.0 to +8.5, conti
nental tholeiites range up to +7.0. Oceanic alkalic 
basalts go as high as +10.7. Kimberlites and car
bonatites have values up to 26. EM2 basalts range 
from +5.4 to +6.1 per mil. 

It is possible that some tholeiites originate 
from garnet-clinopyroxenite or eclogite while 
some involve garnet peridotite; alkalic basalts 
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may have more olivine in their sources. In addi
tion, olivine fractionation at low temperature 
increases the 818 0 of residual melts. 8180 values 
of lower crustal granulites range from +4.8%o 
to + 13.5%o. If these values are unchanged by 
eclogitization then this will be the range expec
ted for delaminated lower-crustal eclogites, a 
potential mantle component. In fact, this range 
encompasses the entire OIB range, from HIMU to 
EM2. 

TI1e maximum variations in rocks known 
to be derived from the mantle are those 
recorded in eclogite, +1.5 to +9.0 per mil. The 
range of oxygen isotope (8 180 ~ +6.5 to +8.5) 
from Sierran pyroxenites show consis
tently higher values than measured in 
spinel+garnet and garnet peridotites 
( < 6.4) from the same locations. Peridotites are 
generally + 5.2 to +7.0. TI1e range in pyroxenes 
are very much smaller, + 5.3 to +6.5 per mil. 
Garnet in peridotite is on the low end of this 
range. 

87Srf86Sr is positively correlated with 8180 
among OIBs and other enriched magmas. Pb, 
Os and He isotopes also show some correla
tions with oxygen isotopes; HIMU lavas and other 
lavas with low 3 HerHe are often depleted in 
18 0, consistent with recycled or assimilated lower 
oceanic crust or lithosphere component. A sam
ple mixing calculation is shown in Figure 17.4. In 
order to match the higher 8 180 values found for 
some oceanic islands with reasonable amounts of 



fractionation and contamination, a 8180 of 
about +17 per mil is implied for the enriched 
or recycled component. 

Contamination of mantle-derived magmas by 
the shallow mantle, lithosphere or crust may 
be caused by bulk assimilation of solid rock, 
by isotopic and trace-element exchange between 
magma and wallrock, or by magma mixing 
between the original melt and melts from the 
wallrock. Isotopic and trace-element exchange 
between magma and solid rock are likely to 
be too inefficient to be important because of the 
very low diffusivities. Diffusion distances, and 
therefore equilibration distances, are only a few 
centimeters per million years. Bulk assimilation 
or isotope exchange during partial melting are 
probably the most efficient means of magma con
tamination. This is not a simple two-component 
mixing process. It involves three end-members, 
the magma, the contaminant and a cumulate 
phase, which crystallizes to provide the heat 
required to partially melt the wallrock or dissolve 
the assimilated materiaL 

Eclogitic garnets have higher 8 18 0 values 
than peridotite garnets. 8180 values in some 
eclogites are equivalent to the extreme 8180 
values found in low-temperature altered oceanic 
basalts. Diamond inclusions tend to have higher 
8180 than eclogite xenoliths, suggesting that 
the latter may have exchanged with 'normal' 
mantle. The anomalous oxygen-isotope ratios of 
some eclogites might be the result of processes 
other than subduction and metamorphism of 
altered ocean-floor basalt, such as melting of 
delaminated lower continental crust. Low 8180 
values, 3%tr4%o, appear to require remelting 
of hydrothermally altered oceanic crust or 
meteoric-hydrothermal alteration after magma 
crystallization. 

Hawaiian basalts have significantly lower 8180 
than typical upper mantle olivines (Eiler et al., 
1996a,b); low values are associated with radio
genic Pb-isotope ratios and with depleted Sr
and Nd-isotope ratios and relatively low 3 Her He 
ratios. The low-18 0 -end member may repre
sent Pacific ocean crust that underlies Hawaii , 
or a recycled upper-mantle lithosphere com
ponent. Hawaiian lavas also contain a high 
(i.e. > 5.2 per mil) 8 18 0 end member, enriched 
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in Sr and Nd isotope ratios and low (for Hawaii) 
3 Hef4 He ratios (the 'Koolau' end-member). This 
component of Hawaiian basalts was originally 
thought to be a pure deep-mantle plume end
member but was later attributed to sediments. 
8180 values similar to MORB and peridotite xeno
liths rules out a large contribution of subducted 
sediment. With high radiogenic osmium, heavy 
oxygen and low 3 Hef4 He (comparable to some 
values found along spreading ridges), the Koolau 
end-member may represent upper oceanic crust 
and/or mixing of EM2 and HIMU. 

Some of the components in ocean-island 
basalts (e.g. EMl, EM2, HIMU, high- and low-3 He/ 
4 He) identified with radiogenic isotopes also 
have distinctive oxygen-isotope ratios. There 
are correlations between oxygen and radiogenic 
isotopes . EM2 basalts are enriched in oxy
gen isotopes relative to MORB, consis
tent with the presence of subducted sediments 
in their sources ; 87Srf86 Sr is positively corre
lated with 818 0 among all OIBs; HIMU lavas 
and lavas with low 3 Hef4 He are often depleted 
in 18 0 relative to normal upper mantle, con
sistent with the presence of recycled lower 
crust. Low 8180 values are associated with radio
genic Pb isotope ratios and with depleted Sr and 
Nd isotope ratios and relatively low 3 Her He 
ratios . 

The various recycled components- sediments, 
lower crust, upper crust, lithosphere- that have 
been identified in OIB by 8180 variations imply 
a heterogenous dynamic upper mantle. The vari
ous heterogeneities introduced by plate tecton
ics and surface processes have different melt
ing points and densities. These components all 
coexist in the shallow mantle . The isotope evi
dence does not imply that these components can 
only be returned to the shallow mantle by deep 
plumes. 

Reservoirs 

The standard model 
At one time it was routinely assumed that 
3 He/4 He and other isotopic ratios in mantle
derived materials represented two distinct popu
lations corresponding to two distinct reservoirs . 
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These were the midocean-ridge basalt (MORB) 
reservoir and an ocean-island basalt (OIB) and 
continental flood basalt (CFB) reservoir. The 
former was postulated to fill up the whole upper 
mantle, and the latter was assumed to be a 
primordial (chondritic) lower mantle. It is now 
generally believed that the noble gases - actu
ally only He and Ne - are th e only reliable geo
chemical indicators of lower mantle involvement 
in surface volcanism. All other indicators h ave 
been traced to the recycling of crust and sedi
ments, or fluids therefrom, or to delamination. 
High 3Hef4 He has traditionally been assumed to 
result from a high abundance of 3 He, and this 
has been used to argue that the lower mantle 
is undegassed in primordial volatiles. Plumes are 
assumed to carry the high 3 He/4 He signal from 
the deep mantle to the surface. However, the 
assumptions underlying this model require that 
the deep mantle has a high absolute abundance 
of He. In this model, the observed low abundance 
of He in OIB is a paradox, one of the helium 
paradoxes. 

The MORB reservoir was originally thought 
to be homogenous because some isotopic ratios 
show less scatter in MORB than in OIB. The com
mon explanation was that MORB were derived 
from a well-stirred, convecting part of the man
tle while OIB were derived from a different, 
deeper reservoir. Alternatively, the homogeneity 
of MORB can be explained as a consequence of 
the sampling process, and the central limit theo
rem. MORB is more likely to result from a pmcess 
rather than from a reservoir; it is an average, not 
a component. 

The standard, two-reservoir model is rein
forced by data selection and data filtering prac
tices. Samples along ridges that are judged to 
be contaminated by plumes - magmas that are 
assumed to be from a different reservoir - are 
often removed from the dataset prior to statis
tical analysis. The definition of plume influence 
is arbitrary. For example, isotopic ratios which 
exceed an arbitrary cutoff may be eliminated 
from the dataset. In this way, the MORB dataset 
is forced to appear more homogenous than it 
really is . Despite this, various ridges still have 
different means and variances in their isotopic 
ratios, and these depend on spreading rate and 

r idge maturity. The variance for many ridge seg
m ents increases as spreading rate decreases and, 
by analogy, the observed high variance of various 
OIB data-sets is con sisten t with slow spreading, 
small sampled volume, or low degrees of melt
ing or degassing. 

Geoch emical variations in a well-sampled sys
tem such as a midocean ridge or an oceanic 
island can be characterized by an average value, 
or mean, and a m easure of dispersion such as 
the standard deviation or variance. When deal
ing with isotopic ratios the appropriate measures 
of central tendency are the median and the geo
metric mean, since these are invariant to inver
sion of the ratio. Likewise, when dealing with 
ratios, the absolute concentrations must be taken 
into account, in addition to the ratios. That is, 
th e ratios must be weighted appropriately before 
being analysed or averaged. 

Recycling of crustal materials and mantle 
heterogeneity 
Chemical and isotopic diversity within the man
tle, and fertility variations, may be related to 
recycling of oceanic crust, lithosphere and sed
iments into the mantle by plate tectonic pro
cesses. Delamination of the eclogitic portion of 
over-thickened continental crust is an important 
process for fertilizing the mantle. The partial 
extraction of melts at ridges and volcanic islands 
contributes, over time, to the isotopic diversity of 
the mantle. 

On the basis of radiogenic Pb, Nd and Sr iso
topes, mainly in ocean-island basalts, five isotopi
cally extreme mantle components or reservoirs 
have been defined: (1) MORB (depleted or normal 
MORB) ; (2) HIMU ('high-J.L' where J1. is 238 UF04 Pb); 
(3) EMl; (4) EM2; and (5) LOMU ('low-Jl.') with low 
time-integrated U/Pb. 'Enriched' refers to time
integrated Rb/Sr, Sm/Nd or (U,Th)/Pb ratios higher 
than primitive mantle (bulk silicate Earth). In 
addition, new isotopic systems have been devel
oped using isotopes of hafnium, osmium, oxy
gen and neon. Th e end-member and reservoir 
description of mantle variability, which includes 
MORB, FOZO, HIMU, EMl and EM2 was based 
on isotopes of Sr, Nd and Pb. Osmium, oxygen 
and helium isotope data have revealed the limi
tations of this five-component classification. For 



reviews of the rhenium-osmium and oxygen iso
tope systems, see Shirey and Walker (1998), Eiler 
(2001). 

A large number of other components have 
been suggested: DUPAL, FOZO, C (Common), 
PHEM, LONU and so on. Most of these have 
been attributed to plumes, or the lower man
tle, or the core-mantle boundary, but with little 
justification. Isotopes cannot constrain the loca
tions, depths, protoliths or lithologies of the 
sources of these isotopic signatures. The compo
nents have been attributed to separate reservoirs, 
such as DMM (depleted MORE mantle), DUM 
(depleted upper mantle), EM (enriched mantle), 
PM (primitive mantle), PREMA (prevalent mantle) 
and so on. These hypothetical reservoirs have 
been equated with mantle subdivisions adopted 
by seismologists, e.g. crust, upper mantle, tran
sition region, lower mantle and D". The compo
nents, however, may be distributed throughout 
the upper mantle. 

In addition to MORE, there are also a vari
ety of depleted magmas including picrites and 
komatiites at hotspot islands (Hawaii, Iceland, 
Gorgona) and at the base of continental flood 
basalts. Many so-called hotspot basalts have very 
low 3 He concentrations and low 3 He/4 He isotope 
ratios. The crust and shallow mantle account for 
most of the incompatible elements in the Earth, 
such as U, Th, K, Ba, Rb, Sr and isotopes that 
are used to finger-print so-called plume influence. 
The origins and locations of these components 
are actively debated. It is conventional, in iso
tope geochemistry treatises, to assume 
that the upper mantle is the source of depleted 
MORE, and only of depleted MORE. Thus, any
thing other than depleted MORE must come from 
the deep mantle. The reasoning is as follows : 
MORE is the most abundant magma type; it 
erupts passively at ridges; the MORE-source must 
therefore be shallow; since MORE is derived from 
the upper mantle, nothing else can be. MORE, 
at one time, was thought to be a common com
ponent in magmas from the mantle; the most 
likely location for such a common component is 
the shallowest mantle. Early mass balance calcu
lations suggested that about 30% of the mantle 
was depleted by melt extraction. If this was due 
to removal of the continental crust, then a vol-
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ume equivalent to the mantle above about 650-
km depth is depleted. 

These arguments are not valid. Based on m.ore 
complete mass-balance calculations in Theory 
of the Earth, I showed that most of the mantle 
must be depleted and much of it must be infertile 
[www.resolver.cal tech.ed ufCal techBOOK:1989 .001]. 

Most of the mantle is not basaltic or fer
tile (there is not enough Ca, AI, Na and so on). 
About 70-90% of the mantle must be depleted 
to explain the concentrations of some elements 
in the continental crust alone and the amount 
of 40 Ar in the atmosphere. Enriched basalts are 
the first to emerge at a new ridge, or upon con
tinental break-up, and enriched MORE (EMORE) 
occurs along spreading ridges . Enriched islands 
and seamounts occur on and near ridges. A 
chemically and isotopically heterogenous shallow 
mantle is indicated. In the early isotope mod
els of mantle geochemistry and crustal growth, 
there was no recycling; crustal growth and upper 
mantle depletion were one-way and continuous 
processes. The upper mantle was assumed to be 
vigorously convecting and chemically homoge
nous. The plume hypothesis emerged naturally 
from these assumptions. 

Plate tectonics continuously subducts sedi
ments, oceanic crust and lithosphere and recy
cles them back into the mantle. The basalts and 
peridotites are generally altered; subduction zone 
processes modify this material. Upper continen
tal crust enters subduction zones at trenches, 
and lower continental crust enters the mantle 
by delamination and subcrustal erosion. Some of 
the melts and gases in the mantle are trapped 
and never m.ake it to the surface. These are some 
of the components that one might expect to 
find in the mantle. They have distinctive trace 
element and isotope signatures. 

The following are some of the isotopically dis
tinctive components that have been defined in 
oceanic and continental magmas and which may 
correspond to some of the above materials man
tle mixing [see HIMU EMl EM2 DMM for examples 
of mixing trends]. 

HIMU may represent old recycled hydrother
mally altered oceanic crust, dehydrated and 
converted to eclogite during subduction. It is 
depleted in Pb and K and enriched in U, Nb and 



226 I THE O THER ISOTO PES 

Ta relative to MORB and has high 206 Pbf204 Pb and 
207 PbF 04 Pb ratios . Type-islands include Tubuaii, 
Mangaia and St. Helena. 

EMl has extremely low 143 Nde44 Nd, moder
ately high 87Srf86 Sr and very low Pb-isotope ratios. 
EMl includes either recycled oceanic crust plus a 
few percent pelagic sediment or metasomatized 
continental lithosphere. Examples are Pitcairn 
and the Walvis Ridge. 

EM2 is an intermediate Pb-isotope compo
nent with enriched Nd- and Sr-isotope signatures. 
Samoa and Taha (Societies) are examples, and 
Kerguelen trends towards EM2. EM2 may be recy
cled oceanic crust containing a few percent of 
continent-derived sediment. 

LOMU is distinguished from EMl by its unusu
ally high 87Srf86Sr and 207 Pb/204 Pb ratios, and very 
low 143 Nde44 Nd and 177 Hf/176Hf ratios. suggesting 
an ancient continental source. EMl, EM2, LOMU 
and HIMU and mixtures of these are referred 
to as EM components; all may include recycled 
m aterials of continental derivation. 

LONU is low 238 U/3 He (v), an ancient compo
nent that retains high 3 He/4 He ratios over time 
compared with high v components such as MORB 
and other melts . This component is most likely 
U- and Th-depleted peridotites or cumulates with 
trapped COrrich inclusions. Gases that escape 
from ascending magmas or crystallizing cumu
lates are partially trapped at shallow depths in 
LIL-poor surroundings, such as the lithosphere 
and olivine-rich cumulates and the 3 He/4He ratio 
is frozen in. Meanwhile, the U and Th in fertile 
and UL-rich mantle causes the 4 He content to 
increase with time in these components. High 
3 Her He components do not need to represent 
undegassed mantle; they can be 3 He-poor. 

The end-members constrain the composi
tional, or at least the isotopic, extremes in mag
m as. Some isotopic data (Sr. Nd, Pb) from ocean 
islands form arrays that trend toward a lim
ited region of isotopic space that has been given 
various names, including C ('common' man
tle component), FOZO ('focus zone') and PHEM 
('primary helium mantle ') . The fact that there 
appears to be a common component suggests 
that melt percolation through a shallow buoyant 
pe ridotite , such as depleted lithosphere, may be 
involved . 

The hel ium carrier 
The carrier of the high R/Ra signature is 
unknown. An ancient gas-rich bubble in the inte
rior of an olivine grain represents one extreme, 
but plausible, carrier. Newly formed bubbles 
derived from ascending MORB magmas, will have 
present-day MORB isotopic signatures. 

Locations with the highest 3HerHe materi
als - Hawaii, Iceland, Galapagos - also have 
the highest variance and are associated with 
basalts with MORB-like ratios. On the basis of 
Pb, Sr and Nd isotopes , and LIL ratios, the high
est 3 He/4 He magmas have depleted MORB-like 
signatures. They also exhibit large variance in 
3 HerHe and have low 3 He abundances. The Os 
isotopes suggest a peridotitic protolith, such as a 
depleted restite or cumulate. This would explain 
why the high 3 Her He component is the C- or 
'common component' and why it is low in 3 He. 
Peridotites can freeze-in ancient He isotopic sig
natures because of their low U/He ratios. 

If the m antle is composed of peridotite with 
blobs of recycled eclogitized oceanic or lower 
continental crust (HIMU), then metasomatism or 
mixing could occur during ascent of diapers or in 
ponded melts . In such a mixture, concentrations 
of noble gases and compatible elements (Ni, Cr, 
Os and heavy rare-earth elements) would come 
almost completely from the peridotitic mantle, 
whereas the highly incompatible elements are 
supplied by melts . Ascending magmas interact 
with the surrounding material - wall-rock reac
tions - exchanging heat, fluids and gases, and 
causing melting and crystallization. Such pro
cesses may explain the complexities of isotopic 
and trace-element arrays . 

Mixing arrays 

The chemical and isotopic properties of many 
mantle magmas can be approximated by binary 
mixing between two end-members [see mantle 
mixing trends HIMU EM-1 EM- 2 DMM]. How
ever, the mantle contains many different com
ponents. Some of the 'end-members' themselves 
appear to be mixtures . Magmas are likely to be 
blends of melts that represent different degrees 
of partial melting and crystal fractionation from 



several lithologies. Mixing arrays are therefore 
likely to be very complex. 

Mixing arrays involving ratio s 
Data arrays in isotope space reflect mixing 
between distinct mantle or melt components, 
with different isotopic and elemental concentra
tions. TI1e curvature of two-component mixing 
curves is related to differences in the elemen
tal abundance ratios of the components and as 
such, mixing curves can, in principle, be used 
to estimate the relative abundances of Sr, Nd, 
Pb, He, and Os in various magmas. Linear mix
ing arrays with little scatter can indicate sim
ilar relative abundances of these elements in 
the mantle components. For isotope arrays of 
Sr, Nd, Pb and Hf, the assumption is usually 
made that all components have similar elemental 
concentrations. 

In order to estimate trace-element concen
trations from isotopic mixing arrays, simple 
assumptions have to be made about the rela
tive abundances of Sr, Nd, Pb and so on in the 
mixing end-members. The same is true for mix
ing arrays involving trace-element ratios. Often 
it is assumed that the elemental abundances are 
the same in all end-members. Such assumptions 
are not valid if the mixing arrays reflect mix
ing of melts from sources with various propor
tions of these components. They are not valid if 
the mixing components are fractionating melts , 
blends of variable partial melts, or are lithologi
cally very different (e.g. peridotite, recycled mafic 
crust, sediment). 

Oxygen isotopes play a key role in identifYing 
components because oxygen is not a minor or 
trace element; the abundance of oxygen varies 
little among various lithologies. Mixing rela
tionships with oxygen isotopes therefore can 
constrain the absolute abundances of various 
elements in the end-members of mixing arrays. 

Midocean-ridge basalts (MORE) are among the 
most depleted (low concentrations of LILs, low 
values of Rb/Sr, Nd/Sm, 87Sr/ 8 6 Sr, 144 Ndf143 Nd, 
206 PbF 04Pb) and the most voluminous magma 
type. TI1ey erupt through thin lithosphere and 
have experienced some crystal fractionation prior 
to eruption. The melting region under ridges 
involves sections of extensive melting and deeper 
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sections, and areas on the wings, having much 
smaller degrees of melting. MORE are blends 
of these various magmas. The blending process 
erases the diversity of the cmnponents that go 
into MORE, but nevertheless different species 
of MORE have been identified (DMORE, NMORB, 
EMORB, TMORE and PMORE). MOREs typically 
contain orders of magnitude more 3 He than 
other basalts. Lead isotopes suggest that MORE 
has experienced contamination prior to erup
tion. MORE itself is a hybrid magma. 

Basalts with high Rb/Sr, LafYb and Nd/Sm gen
erally have high 87Srf86 Sr and low 143 Ndf144Nd . 
These can be explained by binary mixing of 
depleted and enriched magmas or by mixtures of 
a depleted magma and a component represent
ing varying degrees of melting of an enriched 
reservoir ore blob. TI1e variable LIL ratios of such 
an enriched component generates a range of 
mixing hyperbolas or 'scatter' about a binary 
mixing curve, even if there are only two iso
topically distinct end-members. Thus a model 
with only two isotopically distinct reservoirs 
can generate an infinite variety of mixing lines. 
In some regions, however, the inverse relation
ship between LIL and isotopic ratios cannot be 
explained by binary mixing. These regions are all 
in midplate or thick lithosphere environments , 
and sublithospheric crystal fractionation involv
ing garnet and clinopyroxene might be expected 
prior to eruption. 

Magma mixing can happen in many different 
ways. A heterogenous mantle can partially melt. 
A depleted diapir can cause variable degrees of 
melting of enriched components. An undepleted 
or enriched magma can ascend and partially 
melt a depleted layer. A fractionating (cooling 
and crystallizing) depleted magma can interact 
with the shallow mantle. To fix ideas, consider 
a depleted magma from a depleted-mantle reser
voir to be the parent of MORE. If this magma 
is brought to a near-surface environment, it 
may crystallize olivine, plagioclase and orthopy
roxene . If arrested by thick lithosphere it may 
precipitate garnet and clinopyroxene. Melts can 
represent varying degrees of crystal fractiona
tion, or varying degrees of partial melting. These 
are called evolved magmas. A fertile blob may be a 
garnet- and clinopyroxene-rich region, such as a 
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Table 17.3 I Parameters of end-members 

Depleted En riched Enrichme nt 
Mantle Mantle Rat io 

Parameter ( I) (2) (2)/( 1) 

B7 Sr/B6Sr 0.70 1- 0.702 0.722 Sr2/Sr1 13.8 
ENd 24.6 -1 6.4 Nd2/Nd 1 73.8 
206 Pb/ 204 Pb 16.5- 17.0 26.5 Pb2/Pb1 62.5 
3He/4 He (R a) 6.5 150 He2/He1 2.0 
8 180 (permil) 5.4 17 0 2/01 1.0 
La/Ce 0.265 0.50 Ce2/Ce1 165.0 
Sm/Nd 1.50- 0.375 0.09- 0.39 

Partition Coeffi cie nts 
Rb 0.02 Sr 0.04 La 0.01 2 Ce O.o3 
Sm 0.02 Pb 0, 0.002 He 0.50 

garnet-pyroxenite cumulate, delaminated lower 
continental crust or an eclogite slab. 

There are two situations that have particular 
relevance to mantle-derived magmas. Consider a 
'normal' depleted mantle magma. If it can rise 
unimpeded from its source to the surface, such 
as at a rapidly spreading ridge, it yields a rela
tively unfractionated, uncontaminated melt, but 
can nevertheless be a blend of melts. Suppose 
now that the magma rises in a midplate envi
ronment, and its ascent is impeded by thick 
lithosphere. The magma will cool and crystal
lize - evolve - simultaneously partially melting 
or reacting with the surrounding mantle. Thus, 
crystal fractionation and mixing occur together, 
and the composition of the hybrid melt changes 
with time and with the extent of fractionation . 
Fractionation of garnet and clinopyroxene from 
a tholeiitic or picritic magma at sublithospheric 
depths (> 50 km) can generate alkalic magmas 
with enriched and fractionated LIL patterns. 
For purposes of illustration, let us investigate 
the effects of combined eclogite fractionation 
(equal parts of garnet and clinopyroxene) and 
'contamination' on melts from depleted m antle. 
'Contamination' is modeled by mixing an enri
ched component with the fractionating depleted 
magma. This component is viewed as a par
tial melt generated by the latent heat associ
ated with the crystal fractionation. The assumed 
geochemical properties of the end-members, the 
enrichment factors of the elements in question 
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and the partition coefficients, D, assumed in the 
modeling are given in Table 17.3. The figures that 
follow show various ratios for mixes of a fraction
ating depleted melt and an enriched component. 
We assume equilibrium crystal fractionation , as 
appropriate for a turbulent or permeable magma 
body, and constant D. LajCe and Sm/Nd are used 
in the following examples but the discussion 
is general and the results are typical of other 
LIL-pairs. 

La/Ce versus 87Sr/86Sr 
LajCe is high in melts relative to crystalline 
residues containing garnet and clinopyroxene. 
It is low in melt-depleted reservoirs and high 
in enriched reservoirs . Low and high values of 
87 Srj86 Sr are characteristics of time-integra ted 
depleted and enriched magmas , respectively. 
Since high 87 Srj86 Sr implies a time-integrated 
enrichment of Rb/Sr, there is generally a posi
tive correlation of Rb/Sr and LajCe with 87 Srj86 Sr. 
Some magmas, however, exhibit high LajCe and 
low 87Srj86Sr. This cannot be explained by binary 
mixing of two homogenous magmas , but can be 
explained by mixing of magmas from a cooling 
partially molten mantle. 

On a theoretical LajCe vs. 87Srj86 Sr plot 
(Figure 17.5), the mixing lines between the 
crystallizing MORB and enriched mantle compo
nents reverse slope when MORB has experienced 
slightly more than 99% crystal fractionation . 
The relationships for equilibrium partial melting 
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Unfractionated MORB (DM) has La j Ce = 0.265. La/Ce of 

the depleted end-member increases as crystal fractionation 

proceeds. The enriched end-member (EM) has La j Ce = 0.5 , 

in the range of kimberlitic magmas. Hawaiian tholeiites can be 

modeled as mixes ranging from pure MORB plus 2-7% of an 

enriched component to melts representing residuals after 

95% clinopyroxene-plus-garnet crystal fractionation and 5-8% 

enriched component. Alkali basalts involve more crystal 

fractionation , or smaller-degree partial melts, and more 

contamination. In this and subsequent figures solid curves are 

mixing lines between EM and melts representing fractionating 

depleted magmas. Dashed curves are trajectories of constant 

mixing proportions. Note that some basalts are not 

intermediate in La/Ce to the end-members. Similar 

'discrepencies' in other geochemical ratios are often called 

paradoxes. 

and equilibrium, or batch, crystallization are 
the same. Therefore, large degrees of crystalliza
tion of a MORE-like melt or small amounts of 
partial melting of a depleted source are implied 
by an inverse relationship between LafCe (or 
Rb/Sr, LafYb, Nd/Sm, and so on) and 87Srf86Sr 
(or 143Ndf144 Nd) such as observed at many mid
plate environments. The apparently contradic
tory behavior of magmas with evidence for 
current enrichment and long-term depletion 
is often used as evidence for 'recent mantle 
metasomatism.' Figure 17.5 illustrates an alterna
tive explanation. Note that, with the parameters 
chosen, Hawaiian alkalies have up to 10% con
tamination by an enriched component. 
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143 Nd/ 144 Nd (relative to primitive mantle) versus 

Sm/Nd for mixtures of enriched mantle (EM) and residual 

melts resulting from high-pressure crystal fractionation of 

MORB-Iike depleted magma. 

Neodymium isotopes versus 87Sr/86Sr 
Isotopic ratios for ocean-island and continen
tal basalts are compared with mixing curves 
(Figure 17.2). These basalts can be interpreted as 
mixes between a fractionating depleted magma 
and an enriched component. The value for 
primitive mantle is also shown. The primitive 
mantle value of 87Srf86 Sr is unknown and cannot 
be inferred from basalts that are themselves 
mixtures . 

Neodymium isotopes versus Sm/Nd 
The mixing-fractiona tion curves for Nd isotopes 
versus SmfNd are shown in Figure 17.6. High
Sm/Nd basalts from Iceland, Hawaii , Siberia , 
Kerguelen, and Brazil all fall near the curve for 
unfractionated MORE with slight, 1-5%, contam
ination. Alkalies from large oceanic islands with 
thick crust (Hawaii , Iceland and Kerguelen) are 
consistent with large amounts of crystal frac
tionation and moderate (5-10%) amounts of con
tamination. The interpretation is that the more 
voluminous tholeiites are slightly fractionated 
and contaminated, while the alkalies have expe
rienced sublithospheric crystal fractionation and 
contamination or magma mixing prior to erup
tion. MORE itself has about 1% contamination, 
similar to that required to explain lead isotopes. 
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TI1e Hawaiian tholeiites can be modeled with 
variable degrees of deep crystal fractionation 
(0-95%), mixed with 1-5% of an enriched compo
nent. Alkali basalts represent greater extents of 
crystal fractionation and contamination. All of 
this is consistent with magma evolution beneath 
thick crust or lithosphere, the main tectonic dif
ferences between midocean ridges and oceanic 
islands. 

Lead and Sr isotopes 
Rubidium, strontium and the light REEs are 
classic incompatible elements, and the effects 
of partial melting, fractionation and mixing 
can be explored with some confidence. Rela
tions between these elements and their isotopes 
should be fairly coherent. Some enriched mag
mas also have high 3 Hef4 He, 8180 and 206Pbj2°4 Pb. 
These isotopes provide important constraints on 
mantle evolution, but they may be decoupled 
from the LIL variations and are usually assumed 
to be so. 3 Hej4He depends on the uranium and 
thorium content and age of the enriched compo
nent. 206 Pbj2°4 Pb and 3 He/4 He are sensitive to the 
age of various events affecting a reservoir because 
of the short half-life of uranium. The U/Pb ratio 
may be controlled by sulfides and metals as well 
as silicates. 

A minimum of three components is required 
to satisfY the combined strontium and lead iso
topic systems when only simple mixing is con
sidered. A mixing-fractionation curve for Sr and 
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•~••• Sr versus Pb isotopes; trajectories for mixtures of 

a fractionating depleted MORB-Iike magma and an enriched 

component. Mixing hyperbolas are solid lines. Hawaiian 

basalts fall in the region of 50-99% crystal fractionation 

(garnet plus clinopyroxene) and I 0-30% contamination by EM 

(dashed lines). The enriched component may be recycled 

mafic crust or cumulates . 

Pb isotopes (Figure 17.7) shows that the data can 
be explained with only two isotopically distinct 
components. Enriched components can have vari
able isotope ratios since these are sensitive to the 
U/Pb ratio and the age of enrichment events . TI1e 
various contributions to mantle variability (sub
duction, trapped magmas, trapped bubbles) make 
it likely that the OIB 'reservoir' is in the shallow 
mantle and is laterally inhomogenous. In this 
sense the mantle contains multiple 'reservoirs'; 
their dimensions are likely to be of the order of 
tens of kilometers . 


