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[1] Parameterized models of mantle flow and melting are used to examine two problems in ocean-island
and mid-ocean ridge basalt (OIB, MORB) geochemistry: (1) the causes of variations in He, Sr, Nd, and Pb
isotopes with one another and with age of the surrounding seafloor and (2) the origin of geochemical
distinctions between OIB and MORB. We assume the mantle is a mixture of different isotopic components
that have different solidus temperatures and are expressed in magmas to varying degrees depending on
mantle temperature, lithospheric thickness, and shallow mantle flow. Isotopic variations along the
Hawaiian hot spot chain support the possibility that lithospheric thickness controls magma composition
primarily by limiting the melting of the most refractory, depleted mantle (DM) component. For Hawaii and
a collection of other hot spots, calculations of melt extraction trajectories reproduce the strong correlations
often seen among Sr-Nd-Pb isotopes together with the more variable and weaker correlations involving
*He/*He. The latter are predicted to be a direct consequence of only one mantle component with high
*He/*He. We show that both OIB and MORB can arise out of the same heterogeneous mantle layer if three
conditions are met: the high-*He/*He source begins melting deeper than DM, DM is >85% of the mantle,
and the concentration of He in the high-*He/*He source is comparable to that in DM.

Components: 10,783 words, 9 figures, 3 tables, 1 dataset.
Keywords: hot spots; mantle dynamics; mantle geochemistry; MORB; noble gas; partial melting.

Index Terms: 1009 Geochemistry: Geochemical modeling (3610, 8410); 1037 Geochemistry: Magma genesis and partial
melting (3619); 1040 Geochemistry: Radiogenic isotope geochemistry.

Received 3 October 2005; Revised 8 February 2006; Accepted 20 March 2006; Published 10 May 2006.

Ito, G., and J. J. Mahoney (2006), Melting a high *He/*He source in a heterogeneous mantle, Geochem. Geophys. Geosyst., 7,
Q05010, doi:10.1029/2005GC001158.

al., 1968; Green, 1973; Bonatti, 1990; Hirth and
Kohlstedt, 1996; Asimow and Langmuir, 2003] and
(long-lived) incompatible element [Hirschmann et
al., 1999] contents begin melting at different

1. Introduction

[2] Geochemical observations of oceanic basalts
indicate that the mantle is isotopically heteroge-

neous over a full range of length scales [e.g.,
Zindler and Hart, 1986; Saal et al., 1998; Sobolev
et al., 2000; Graham et al., 2001]. The presence of
heterogeneities at scales smaller than upper mantle
melting zones makes it likely that mixing of melts
from different source materials influences the com-
position of the erupted magmas [e.g., Niu et al.,
1996; Saal et al., 1998; Phipps Morgan, 1999;
Reiners, 2002; Salters and Dick, 2002; Ellam and
Stuart, 2004; Kogiso et al., 2004]. Moreover, if
materials with different volatile [e.g., Kushiro et

Copyright 2006 by the American Geophysical Union

depths, then lithospheric thickness (which limits
the extent of decompression melting) and vertical
variations in asthenospheric flow through the melt-
ing zone can directly affect the relative contribu-
tions from different source components. Evidence
for pressure-dependent sampling of a heteroge-
neous mantle, for example, is seen in correlated
major element, trace element, and isotope compo-
sitions in postglacial Icelandic basalts [Stracke et
al., 2003]. Indeed, we have recently shown that
physical factors such as lithospheric thickness and
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depth-dependent mantle flow can lead to large
variations in Sr, Nd, and Pb isotope ratios among
OIB and MORB, independent of source distinc-
tions [lto and Mahoney, 2005a]. Our previous
work, however, did not consider noble gases.

[3] Of the noble gases He is most widely studied,
but the origin of high->’He/*He compositions in
oceanic basalts is ambiguous. Among Sr, Nd, and
Pb isotopes, strong correlations often form distinct
“mantle arrays,” which, if they reflect mixing,
require at least five end-member components
l[e.g., Hart et al., 1992; Hanan and Graham,
1996]. However, correlations between these iso-
tope ratios and *He/*He are variable or weak, and
often do not trend toward a high *He/*He end-
member at consistent Nd-Pb-Sr isotope composi-
tions [e.g., Farley et al., 1993; Poreda et al., 1993;
Kurz and Geist, 1999; Moreira et al., 1999; Bred-
dam et al., 2000; Hilton et al., 2000a, 2000b;
Meibom et al., 2005]. The bulk of the evidence
suggests there is at least one high *He/*He com-
ponent with Sr and Nd isotope compositions near
or inside the MORB range and Pb isotope ratios
outside the MORB range, but less so than those of
many OIB. These characteristics are shared by
several postulated components: e.g., C [Hanan
and Graham, 1996], FOZO [Hart et al., 1992;
Hilton et al., 1999; Stracke et al., 2005], and
HRDM [Stuart et al., 2003; Ellam and Stuart,
2004] (another, PHEM [Farley et al., 1992], has
more extreme Sr and Nd isotope compositions). In
this manuscript, we do not distinguish among these
possible components, as their differences are rela-
tively minor. For simplicity and because we will
emphasize the commonality between both hot spot
and mid-ocean ridge sources [Hanan and Graham,
1996, Stracke et al., 2005], we will refer to this
end-member as “C/FOZO.”

[4] Building upon our previous work, we use our
parameterized models [/to and Mahoney, 2005a,
2005b] to examine how the flow and melting of a
heterogeneous mantle, which includes a single high
*He/*He end-member (C/FOZO), contributes to the
isotopic variability of oceanic basalts. We have two
main purposes. First, we address the topology of
Sr, Nd, Pb, and He isotope arrays as well as
variations of these isotope ratios with age of
abyssal seafloor (i.e., lithospheric thickness) sur-
rounding hot spot volcanoes. Specifically, we ad-
dress the observed weak or variable isotope
correlations involving *He/*He that tend to contrast
with stronger correlations or elongate isotope
arrays in the Sr-Nd-Pb isotopic systems. Second,

we address the long-standing question of whole-
versus layered-mantle convection. We aim to rec-
oncile the geophysical evidence for whole mantle
convection, the inability of whole mantle convec-
tion models to predict deep mantle layers having
all OIB geochemical characteristics, and the well-
established geochemical distinctions between OIB
and MORB. To do so, we define the conditions
needed for key isotopic characteristics of both OIB
and MORB to arise out of a single, well-stirred,
heterogeneous mantle layer.

2. Melting and Geochemical Model

[s] The method of computing magma composition
is detailed by lto and Mahoney [2005a]. The
essential assumptions are that the mantle is com-
posed of five possible source components, which
have isotopic affinities to enriched mantle (EM1
and EM?2), depleted mantle (DM), high p (HIMU)
[Zindler and Hart, 1986], and C/FOZO. The addi-
tion of C/FOZO is new in this study. The above
names are used to associate the source components
in our models with isotopic characteristics of
the end-members discussed by various authors
[Zindler and Hart, 1986; Hart et al., 1992; Hanan
and Graham, 1996], with the proviso that materials
they represent are themselves heterogeneous and
have mean compositions that likely vary among
different hot spots and even within hot spots. The
lithological nature of these components controls
their melting behavior but is a topic of debate,
which we do not address in detail here. In this
study, we will define a set of reference calculations
and establish some first-order predictions. We
make the following simplifying assumptions.
HIMU is oceanic crust that has been processed
through a subduction zone and stored in the mantle
for enough time to evolve to high °°Pb/***Pb and
208pp/2%Ph. It is therefore treated as pyroxenite
[Pertermann and Hirschmann, 2003] (see Appen-
dix A). EM (1 and 2), DM, and C/FOZO are
peridotite. C/FOZO is assumed to begin melting
deeper than DM (Figure 1a) owing primarily to an
elevated volatile content [Dixon et al., 2002].
Dixon et al. [2002] presented evidence from
MORB suggesting that C/FOZO contains more
H,O than EM. This finding and the ability of water
to depress the solidus [e.g., Kushiro et al., 1968;
Green, 1973] imply that C/FOZO could begin
melting deeper than EM. On the other hand, other
volatiles (esp. CO, [Dasgupta and Hirschmann,
2006]) also affect melting temperature and contrib-
ute to uncertainties in the solidus of C/FOZO
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Figure 1. Flow and melting of heterogeneous mantle for a mantle plume (top row) and mid-ocean ridge (bottom
row). Figures la and le show mantle flow vectors with dashed lines schematically outlining the melting zones.
Figures 1b and 1f show mantle adiabats (dotted), temperatures (solid), and solidi of the four source materials: red is
either C/FOZO or EM, green (dashed-dotted) is HIMU (pyroxenite) [Pertermann and Hirschmann, 2003], black
(dashed) is either EM or C/FOZO, and blue (solid) is DM [Hirschmann, 2000]. Figures 1c and 1g show the velocity
of mantle residue exiting the melting zone normalized by the maximum value for each respective case. Figures 1d and
1h show computed fraction of partial melting of the four sources. In this particular calculation, the mass fractions of
the sources are Gpyv|Oumulderozo|dpm = 0.05]0.05]0.05]0.85. Pyroxenite (HIMU) melts 100% in each case. While
we show four materials interacting and melting in this example, only three source materials at a time (EM-C/FOZO-
DM or HIMU-C/FOZO-DM) are considered in the rest of the calculations in the paper. Light blue shading marks the
thickness of the residue layer exiting the melting zone and thus the depth over which melt accumulation is simulated.
For a plume, this depth interval is between the base of the lithosphere (in this case 1 GPa) and the base of the plume
layer. For a mid-ocean ridge this depth interval is between the base of the lithosphere (7 km or 0.23 GPa) and the
intersection of the adiabat with the deepest solidus.

relative to EM. We will thus consider both cases in
which C/FOZO has a lower and higher melting
temperature than EM. Helium is treated as an
incompatible element during partial melting [e.g.,
Kurz et al., 2005; Parman et al., 2005]. The
relative concentrations of Sr, Nd, Pb, and He in
each source and the assumed liquid-mineral parti-
tion coefficients are given in Appendix A.

[¢] To compute magma compositions, we assume
fractional melts accumulate and mix perfectly over
the pressure range of the residual mantle layer
(Figure 1, light blue shading) in proportion to the
rate at which they are produced at each depth. The
production rate for each source at a given depth
(integrated horizontally through the melting zone)
is proportional to the residue’s flow rate out of the
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melting zone (Figures lc and 1g) as well as its
extent of partial melting (Figures 1d and 1h). We
assume hot spots are underlain by mantle plumes
impinging on the lithosphere. Compared to normal
mid-ocean ridges, plumes tend to generate more
melt from the sources that begin melting deepest
(EM, HIMU, C/FOZO) than from DM for two
reasons. First, the presence of thick lithosphere
(intraplate settings) and/or thick crust (near-ridge
plume settings) limits shallow (DM) melting. Sec-
ond, plume buoyancy pushes material most rapidly
through the deepest portion of the melting zone [/to
and Mahoney, 2005a]. Figures la—1d illustrate
how the fastest mantle flow through the melting
zone occurs even below the DM solidus and the
most sluggish residue production occurs near the
base of the lithosphere, where DM is melting. Such
“hot spot conditions” contrast with those beneath
normal mid-ocean ridges. Normal mid-ocean ridge
melting tends to melt DM more substantially
because the lithosphere is thin and flow is more
uniform with depth (Figures le and 1g).

3. Data

[7] We have compiled He, Sr, Nd, and Pb isotope
data for various hot spots and the major mid-ocean
ridges. The hot spots include the Azores, Ascen-
sion, Canary, Cook-Austral, Easter-Salas y Gomez
(and the Easter Microplate rifts), Galapagos,
Hawaii, Iceland (and the Reykjanes Ridge), Juan
Fernandez, Pitcairn, Society, Samoa, and Réunion.
The data were compiled from the GEOROC data-
base (http://www.earthchem.org/), Breddam et al.
[2000], Eiler et al. [1998], Graham [2002, personal
communication, 2005], Hanan and Schilling
[1997], Huang et al. [2005], Keller et al. [2004],
Mukhopadhyay et al. [2003], Regelous et al.
[2003], Thirlwall et al. [2004], and Workman et
al. [12004] (see auxiliary material Tables S1 and
S2)." The age of the oceanic plate at the time of
volcanism was calculated for each hot spot on the
basis of geomagnetic ages of the seafloor and
estimated volcano or measured sample ages [see
Ito and Mahoney, 2005a, 2005b].

[s] Data for the Mid-Atlantic Ridge, East-Pacific
Rise, and Central, Southwest and Southeast Indian
Ridges were obtained primarily from the PETDB
database (http://www.earthchem.org/). Additional
He isotope data for the Southeast Indian Ridge were
obtained from Mahoney et al. [2002]. As done by /to

'Auxiliary material is available at ftp:/ftp.agu.org/apend/gc/
2005gc001158.

and Mahoney [2005a, 2005b], we used only data for
“normal” mid-ocean ridge segments. Again, in an
effort to define ““normal” on geophysical rather than
geochemical grounds, we restricted the data to
sampling depths of 2000—4000 m, a range meant
to eliminate anomalously hot or cool ridge segments.
To be even more conservative for our purpose in
section 6, we also filtered out those samples recog-
nized as “plume-influenced” on the basis of corre-
lated geochemical and geophysical observations
[Schilling, 1991; Mahoney et al., 1992; Fontignie
and Schilling, 1996; Kingsley and Schilling, 1998;
Graham et al., 1999] (see Ito and Mahoney [2005b]
for additional justification).

4. Hawaiian-Emperor Chain

4.1. Description of Model and General

Behavior of Predictions

[s] We first explore geochemical variations along
the Hawaiian hot spot chain, as the *He/*He data
set for the islands is substantial, correlations of
*He/*He with Sr, Nd, and Pb isotope ratios have
been documented [e.g., Kurz et al., 1982, 1995;
Eiler et al., 1998; Mukhopadhyay et al., 2003], and
a comparatively large data set now exists for sites
throughout the chain [Keller et al., 2000, 2004;
Regelous et al., 2003]. Correlations among He, Sr,
Nd, and Pb isotope ratios are consistent with mixing
among four isotopically distinct sources [e.g., Kurz
etal.,1995; Eiler et al., 1998; Mukhopadhyay et al.,
2003; Frey et al., 2005]. In the following calcula-
tions, EM is similar to the Koolau (Figures 2a) or
Mauna Kea components (Figure 2c), C/FOZO is
similar to the Loihi component, and DM is analo-
gous to the depleted component.

[10] Figures 2a—2c show compositions observed
along the chain compared to predictions of three sets
of example model calculations, which consider two
mantle potential temperatures, 7 = 1400°C and
1500°C, and three source components. Each set of
calculations has a fixed mass fraction of DM in the
starting mixture (dpy); EM and C/FOZO make up
the remaining portion but in different relative pro-
portions. The isotopic compositions of the three
source components remain the same in the three
scenarios; they were chosen to maximize overlap
between predicted and observed compositions when
plotted versus each other and as a function of age of
the adjacent abyssal seafloor atthe time of volcanism.

[11] The model curves are “melt extraction trajec-
tories” [Phipps Morgan, 1999]; they represent
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Figure 2a.

Isotope data for the Hawaiian islands (red dots) and Hawaiian-Emperor seamounts (red dots outlined in

black), and the range of *He/*He (as R/R,4, the measured ratio R relative to the atmospheric ratio of R, = 1.39 x
10_6), 206Pb/zo“Pb, and ¥’St/°Sr measured for Koko, Suiko, and Detroit seamounts (orange ellipses) [Keller et al.,
2004]. The bottom two rows show compositions as a function of the square root of the age of the seafloor and model
thickness of the lithosphere at the time of volcanism. Calculations assume mean mantle potential temperatures of
1400°C (light blue) and 1500°C (yellow); note that predictions nearly completely overlie each other in the top two
rows. Starting mantle mixtures include EM (triangles), C/FOZO (open circles), and DM (squares). DM fraction is

Gpm = 0.7; solid and dashed curves are for a relatively large (Oc/rozo = 0.24) and small (Ge/pozo = 0.03) fraction of
C/FOZO, respectively; EM makes up the remainder. Here EM is isotopically similar to the Mauna Loa component.

compositions of melts accumulated from the base
of, to different depths within, the melting zone.
When C/FOZO is the least refractory component
(Figures 2a and 2b), isotope ratios of the deepest

melts are most like C/FOZO. With decreasing
depth of melt accumulation, compositions become
more like EM, and then curve away from EM
toward DM once the DM solidus is reached. When
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Figure 2b. Same as Figure 2a but simulating a mantle mixture containing more DM (¢ py = 0.9). Solid curves and
dashed curves denote C/FOZO mass fractions of Oc/rozo = 0.08 and 0.005, respectively.

EM is least refractory (Figure 2c), predicted magma
compositions start near EM, trend toward C/FOZO,
and then toward DM. The young Hawaiian islands
sit on the oldest abyssal seafloor, the thickest
lithosphere, and are where models predict compo-
sitions to be dominated by EM and C/FOZO.
Progressing along the chain to younger seafloor,
the thinner lithosphere is predicted to have
allowed for more melting of DM and increasingly

DM-like melt compositions. The three sets of
calculations illustrate how very different lava
compositions can come from a mantle with vari-
able amounts of EM and C/FOZO but a fixed
amount of DM.

4.2. Individual Model Cases

[12] The first set of calculations (Figure 2a)
assumes a mass fraction DM of ¢py = 0.7, that
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Figure 2¢. Blue and yellow are as in Figure 2b but with C/FOZO having a solidus intermediate to those of EM and
DM. The purple color shades the range of compositions predicted for EM, isotopically similar to the Mauna
Kea component. In all cases, solid and dashed curves denote dc/rozo = 0.095 and Oc/rozo = 0.02, respectively, and

bem = 0.9, with EM making up the remainder.

C/FOZO has the lowest solidus, and that EM is
isotopically similar to the “Koolau” component.
The predictions of this case bracket a reasonable
range of the data. One challenge is to explain the
relatively high *He/*He over most of the length of
the Emperor chain (as represented by Detroit,
Suiko, and Koko seamounts) combined with the
steady decrease in ¥’Sr/*°Sr with decreasing sea-

floor age at the time of volcanism [Keller et al.,
2004]. The high *He/*He ratios are qualitatively
predicted by the calculations in Figure 2a that
involve an appreciable amount of C/FOZO in the
starting mixture (i.e., solid curves, dc/rozo, PEMm =
0.24, 0.06). The main weakness of this case,
however, is its failure to predict the lower Sr and
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Pb, and higher Nd isotope ratios along the Emperor
seamounts.

[13] The second group of calculations assume a
starting mixture with more DM and less of the
other components (dbpp = 0.9, Figure 2b). Predic-
tions of these calculations encompass an apprecia-
bly wider range of the observations. The higher He,
Sr, Pb and lower Nd isotope ratios (versus seafloor
age) are reasonably well predicted from the calcu-
lations with 7 = 1400°C, whereas many of the
lower He, Sr, and Pb and higher Nd isotope ratios
are predicted with the higher potential temperature.

[14] The third set of calculations is just like the
second except that EM, rather than C/FOZO, has
the lowest solidus (Figure 2¢). As this and the
second cases both encompass the data nearly
equally well, we cannot distinguish whether C/
FOZO or EM begins melting deepest, only that
both begin melting deeper than DM. For complete-
ness, we also simulate melting of a 3-source
mixture involving an EM that is similar to the
“Mauna Kea” component (purple). Including this
EM component fills in much of the remaining
compositional space of the data not spanned by
the previous mixture; in 6particular, much of the
low-"He/*He and high-**°Pb/***Pb compositional
corner.

[15] Although the comparisons between predic-
tions and observations are limited by the relatively
sparse isotopic data (particularly He) for the sea-
mounts and oldest islands, the available data show
compositions that extend outside of the range of
the islands and thus provide compelling evidence
that progressive melt extraction from a heteroge-
neous plume is a dominant process [Regelous et
al., 2003; Keller et al., 2004]. Our model calcu-
lations demonstrate that the whole chain could be
fed entirely by a heterogeneous plume, with an
average source composition that need not vary in
time. To account for the high *He/*He of Suiko and
Koko guyots, however, our models favor a lower
plume temperature in the past. Such variability in
temperature is consistent with gravity and bathy-
metric evidence for smaller magma production
rates along the Emperor seamounts than in the
Hawaiian islands [Van Ark and Lin, 2004; Vidal
and Bonneville, 2004].

5. Other Oceanic Hot Spots

[16] We now examine the implications of melting a
heterogeneous mantle for the isotope compositions

of all of the hot spots for which we have compiled
*He/*He data. As is widely recognized [e.g., Hart
et al., 1992; Hanan and Graham, 1996], the OIB
compositions (taken all together) involving only Sr
and Pb isotopes fill a central area around C/FOZO
and branch outward toward a few distinct end-
members (Figure 3). Individual branches define
elongate “mantle arrays” and denote relatively
strong correlations The gross topologies of two
example groups of hot spots (Galadpagos, Easter-
Easter Microplate, and Azores in Figures 3a—3d,
and Samoa, Society, and Iceland-Reykjanes Ridge
in Figures 3e—3h) follow elongate trends between
DM and compositions in the areas of C/FOZO
and EM (between EM-2 and HIMU). The
example melt extraction trajectories predict these
trends to occur with either C/FOZO or EM having
the lower solidus but both having lower solidi
than DM.

[17] In contrast, the same hot spot groups that
define the elongate arrays in 2°*Pb/***Pb-2°Pb/2**
Pb-*"Sr/*°Sr space, tend to fill broad, roughly
triangle-shaped areas in composition space involv-
ing *He/*He. Our calculations predict that triangle-
shaped areas can arise from variations in source
proportions of EM and C/FOZO but, like the
Hawaii models, a fixed proportion of DM. What
is key is the presence of one component (C/FOZO)
having high *He/*He but intermediate Sr, Nd, and
Pb isotope composition [e.g., Kurz, 1991; Graham
et al., 1993; Hilton et al., 1999; Graham, 2002;
Stuart et al., 2003]. Variable amounts of C/FOZO
lead to large dispersions in *He/*He but cause
minimal dispersion about mixing trends in Sr,
Nd, and Pb isotope space between the other com-
ponents (e.g., EM and DM).

[18] With C/FOZO controlling *He/*He variability,
it is relatively straightforward to understand why
correlations involving He isotopes can be so var-
iable. For example, mixing arrays can be nearly
vertical (e.g., Hawaii, Reykjanes [Hilton et al.,
2000b], Galapagos [Kurz and Geist, 1999]), nearly
horizontal (e.g., Easter Microplate [Poreda et al.,
1993], Canary [Hilton et al., 2000a]), and/or have
both positive and negative slopes. Our model
calculations predict many of the above character-
istics. Mixtures with a large amount of C/FOZO
relative to EM yield very steep melt extraction
trajectories involving *He/*He, whereas small
amounts of C/FOZO relative to EM yield shallow
*He/*He trajectories. The slopes of the melt extrac-
tion trajectories can also change signs depending
on whether DM has or has not begun to melt.
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Figure 3.

(a—d) Galapagos (light blue), Easter island and seamount chain (yellow squares), Easter Microplate

(yellow diamonds), and Azores (beige) compositions extend toward an area of EM (between EM 2 and HIMU).
Curves show range of compositions predicted by four example calculations with mixtures of DM (large square), C/
FOZO (large circle), and EM (large triangle). Source fraction DM is dpy = 0.9, percentages of C/FOZO are shown in
legend, and EM makes up the remainder. Mean mantle potential temperature is 1450°C. HIMU is not involved in any
of the calculations shown in Figure 3. The order of melting is C/FOZO-EM-DM in Figures 3a—3d. (e—h) Same as
Figures 3a—3d but emphasizing a second group of hot spots comprising Samoa, Society, and Iceland-Reykjanes
Ridge. The calculations involve slightly different compositions for the EM and C/FOZO materials, and the order of
melting is EM-C/FOZO-DM. Other data include Canary (green), Hawaiian islands and Hawaiian-Emperors (red),
Iceland (white squares) and the Reykjanes Ridge (white triangles), Samoa (violet), Society islands (black), Cook-

Austral islands (dark blue), and Pitcairn (orange).

Furthermore, if DM is melting and C/FOZO is not
too abundant, the shallow sloping trajectories proj-
ect toward high->He/*He at Nd, Pb, and Sr isotopic
compositions that are well away from those of C/
FOZO. This predicted behavior highlights a possi-
ble reason for the difficulty in defining the Sr, Nd,
and Pb isotopic characteristics of the high->He/*He
component.

[19] Figure 4 illustrates variations with seafloor age
at the time of volcanism. /to and Mahoney [2005a]

showed that OIB Sr, Nd, and Pb isotope composi-
tions are most variable and most distinct from those
of DM at seafloor ages >~16 m.y. This is not true
for He isotopes. Instead, high *He/*He ratios are
found at the near-axis Galapagos hot spot and the
on-axis Iceland hot spot (Iceland data are plotted at
a lithospheric thickness of 40 km to account for
Iceland’s thick crust [e.g., Darbyshire et al., 2000;
Allen et al., 2002]). Nonetheless, models predict
that nearly the full range of all the shown isotope
ratios can be produced from mantle sources with a
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Figure 3. (continued)

reasonable range of mean temperatures for plumes
in the upper mantle, variable amounts of EM, C/
FOZO, and HIMU, and a single proportion of DM
(90%). The source mixtures with a large C/FOZO
content, relative to EM, produce melts with the
highest *He/*He (light blue); large amounts of
HIMU lead to the highest-*°°Pb/?°*Pb and
298pb/2%Pb melts (purple); and high amounts of
EM vyield the highest ®’Sr/*°Sr and lowest
"3Nd/"*Nd (orange).

[20] Figures 3 and 4 illustrate broad consistencies
between predictions of melt-extraction trajectories
and observations. They emphasize the importance
of physical factors such as progressive melt extrac-
tion, lithosphere thickness, and mantle temperature
on the degree to which DM is expressed in mag-
mas relative to the other source components. The
simplest (although perhaps unrealistic) scenario for

the OIB mantle source that the calculations allow is
for a few end-member components of relatively
restricted isotopic composition (C/FOZO, HIMU,
and the different versions of EM) to be stirred in
different relative proportions in a matrix of DM,
with melt extraction causing most of the isotopic
variability in OIB.

6. OIB and MORB Sources:
Layered Versus Nonlayered Mantle

Composition

6.1. The Problem

[21] In previous studies, the *He/*He ratio of
oceanic magmas has been critical for inferring the
nature and locations of the MORB versus OIB
source regions. The exact range of, and the median
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