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Abstract

We have recently examined the importance of upper mantle flow and melting of a heterogeneous mantle on the incompatible

trace element and isotope composition of ocean island basalts (OIBs) and mid-ocean ridge basalts (MORBs) [G. Ito, J.

Mahoney, Flow and melting of a heterogeneous mantle 1: method and importance to the geochemistry of ocean island and mid-

ocean ridge basalts, Earth Planet. Sci. Lett. 230 (2005) 29–46]. We found that the combination of thicker lithosphere and

enhanced mantle upwelling deep in the melting zone beneath hotspots can lead to many geochemical characteristics that

distinguish OIBs from MORBs. These results occurred in the absence of any geochemical distinction between mantle plumes,

which we assumed to feed OIB volcanism, and the upper mantle, which we assumed to feed MORB volcanism. Our findings

renew the possibility for OIB and MORB geochemical systematics to arise out of a well-stirred heterogeneous mantle without

large-scale layering. In this study, we test this possibility by solving for the mantle source compositions that, when melted in a

hot plume beneath lithosphere of appropriate thickness, can explain key geochemical correlations at specific hotspots. Both the

age of the seafloor at the time of volcanism and correlations between Sr, Nd, and Pb isotopes are considered in model fits to the

OIB data. We then compute the magma composition that would arise out of these same mantle sources when melted at normal

temperatures beneath a mid-ocean ridge. On one hand, some predicted MORB compositions lie outside the range of

compositions represented by our collection of bnormalQMORB data. This result is consistent with the conventional wisdom that

mantle plumes sample a deep mantle layer that is compositionally distinct from the upper mantle. On the other hand, many

solutions are indistinguishable from the observed MORB compositions and thus do not require a chemically layered mantle.

Focusing on these solutions, the implied range of (nonlayered) mean mantle compositions can satisfy the global Th and U

budget if the upper-bound estimates for the content of these elements in the continents are used. Our mean mantle produces only

a small percentage (b~30%) of the mantle heat budget and therefore requires a large heat flux from the core. Such a condition

can allow for reasonably low secular cooling rates if a thick dehydrated lithosphere has existed over the mantle’s history and has

retarded global heat loss, as a recent study [J. Korenaga, Energetics of mantle convection and the fate of fossil heat, Geophys.

Res. Lett. 30 (8), (2003) 1437, (doi:10.1029/2003GL016982)] suggests. Future tests for a nonlayered mantle should include

integrated geodynamic and geochemical studies of correlations between noble gases and other isotopes, magma compositions at
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ultraslow spreading centers, and geographic variations in magma composition at hotspots, including those interacting with mid-

ocean ridges.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Trace element and radiogenic isotopic composi-

tions of oceanic basalts indicate that geochemical

heterogeneity in the mantle is long-lived (N109 yr) and

exists over a wide range of length scales. At the

largest scale, the mantle may be chemically stratified,

as suggested by many workers to explain geochemical

distinctions between ocean island basalts (OIBs) and

mid-ocean ridge basalts (MORBs). Most commonly,

an upper layer, characterized by long-term relative

depletion in incompatible elements and having a

relatively uniform composition, is postulated to feed

mid-ocean ridge volcanism. A lower, more heteroge-

neous layer, containing variably depleted, primordial,

and/or enriched material, is often thought to be

delivered to the surface principally by mantle plumes

(e.g., [3–8]). Mantle plumes are thought to incorporate

deeply subducted material (e.g., [9–13]), lower

mantle, and some upper mantle as they rise from

thermal boundary layers (e.g., [14–16]) to the surface

(e.g., [17–20]). At the same time, it is widely

recognized that the mantle is also heterogeneous on

scales smaller than typical volumes of melting zones

in the upper mantle [21–29]. How significant this

small-scale heterogeneity is compared to the large-

scale heterogeneity associated with mantle layering is

a general topic this study addresses.

A long-standing dilemma with the layered mantle

hypothesis is presented by arguments for whole-

mantle convection. Seismic studies show evidence

for significant mass transfer between the upper and

lower mantle via slab penetration (e.g., [30–33]), and

geodynamic modeling [34,35] calls on whole mantle

convection to explain global geophysical observa-

tions. Some geodynamic studies predict whole mantle

convection to efficiently stir the mantle, finding it

difficult to preserve large-scale chemical layers over

G.y. times scales (e.g., [22,36–40]), whereas others

conclude that compositionally dense material can
collect in the lower mantle and preserve mantle

layering [41–45]. Such compositional layering, how-

ever, is predicted to have seismic structure in the

midmantle that is not observed [44], implies an

unrealistically high heat flux from the lower layer to

the surface to be transported in mantle plumes (i.e., if

the lower layer contains a large fraction of the

mantle’s heat-producing elements [46]), and does

not readily explain the preservation of primitive

material if the lower-layer material is primarily

subducted oceanic crust, which would have degassed

when it first formed at the surface.

Other solutions to this problem have been proposed

[36,46], and one that we address here emphasizes the

preservation of heterogeneities in small bodies

[22,47–50]. Statistical methods [49,50] have shown

that widespread heterogeneity can explain many

aspects of the geochemical diversity among OIB and

MORB, but the above studies do not explicitly

address the distinctions between mean MORB and

mean OIB compositions. In our recent manuscript [1],

we examined the geochemical consequences of flow

and melting of a heterogeneous mantle. Results

showed that if different mantle components begin

melting at different depths, a large diversity of trace

element and isotope compositions can arise, depend-

ing on the thickness of the lithosphere as well as

vertical variations in mantle upwelling and decom-

pression in the melting zone. In fact, models predicted

compositional ranges that spanned a large portion of

both the OIB and MORB data fields without any

inherent difference between the respective mantle

sources. This result opens the possibility that many of

the geochemical systematics of oceanic basalts arise

out of a nonlayered, well-stirred heterogeneous

mantle.

We examine this possibility in further detail. We

begin with a short description of the data we have

compiled, followed by a review of the essential aspects

of our model. We then illustrate how a nonlayered
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heterogeneous mantle can generate many incompatible

trace element and isotope systematics of the global OIB

and MORB data set. Using a simple grid search

scheme, we examine the range of mantle sources that

can explain specific Sr, Nd, and Pb isotope systematics

of several individual hotspot island chains. These

model sources are then melted under conditions

expected at mid-ocean ridges to quantify how well

the predicted MORB compositions overlap the

observed MORB field. Some solutions require compo-

sitional distinctions between OIB and MORB sources

and some do not. For those solutions that do not, we

discuss the implications for a nonlayered mantle.
2. Data

The geochemical data to which we compare

model predictions are taken from various oceanic

hotspot island groups and mid-ocean ridges (see

figure in Appendix A). The hotspot island data are

principally from the GEOROC database (http://

georoc.mpch-mainz.gwdg.de). Mid-ocean ridge data

include data from the Mid-Atlantic Ridge (MAR),

East Pacific Rise (EPR), the Carlsberg Ridge, and the

Southwest, Southeast, and Central Indian Ridges,

primarily from the PETDB database (http://petdb.

ldeo.columbia.edu/petdb/). For the MORB data, we

wish to include only those sections of mid-ocean

ridges experiencing bnormalQ melting conditions.

Defining bnormalQ is seldom straightforward; in fact

this manuscript will question what should be consid-

ered a normal mantle composition. Here, we empha-

size sections of mid-ocean ridges that are physically

normal, considering only those MORBs sampled in

the depth range of 2500–3500 m. This range is meant

to eliminate potential regions with unusually high or

low rates of crustal production, possibly related to

anomalous mantle flow or temperatures. Hotspot–

ridge interactions are obvious examples of where

mantle flow and/or temperature are likely to be

atypical. Thus, we also eliminate sections considered

to be hotspot- influenced [51–55]. It is true that

hotspot or plume influence is recognized on the basis

of MORB geochemistry, a criterion we wish to avoid;

but atypical physical conditions are also indicated at

these sites by anomalously shallow ridge depths or

structural linkages with off-axis volcanism.
3. Melting model

Our method of modeling the incompatible trace

element and isotope composition of primary magmas

derived from a heterogeneous source is detailed in [1],

but the main assumptions are as follows (Fig. 1). Most

of the mantle is composed of depleted mantle

peridotite (DM—bdepletedQ refers to the concentration
of incompatible trace elements relative to estimated

primitive mantle). Enriched mantle peridotite (EM)

and pyroxenite (PX) are present in veins or blobs, with

characteristic dimensions small enough to maintain

thermal equilibrium during melting but large enough

to maintain the chemical distinctions between the

lithologies [56,57]. In addition to differences in trace

element and isotope composition, the three lithologies

have different melting functions, with the onset of

melting occurring for EM, PX, and DM, respectively,

at progressively lower pressure. Trace element con-

centrations of the melt from each lithology are

computed by integrating fractional melts derived from

rock in which solid phases change with pressure and

melt fraction. Magma compositions are the weighted

average of compositions from each lithology.

A key factor that influences the weighting from

each lithology is the speed U at which mantle exits the

melting zone as a function of depth z. At mid-ocean

ridges, seafloor spreading drives an asthenospheric

corner flow, with material exiting the melting zone at

rate U(z), which is approximately uniform and equal

to the half-spreading rate. In a given increment of

time, mid-ocean ridge melting generates a residual

mantle column (RMC) of uniform width (Fig. 1). We

assume that OIBs are generated by mantle plumes,

where bplumeQ refers to a narrow buoyant upwelling

(Fig. 1) but implies nothing about the depth of origin

or chemistry of the upwelling material. In contrast to

mid-ocean ridge flow, mantle plume flow is driven by

deep-seated buoyancy; consequently, U(z) is maxi-

mum at the base of the melting zone and decreases to

zero at the base of the lithosphere. In a given

increment of time, melting of an axisymmetric plume

will generate a residual mantle cylinder (also RMC)

that widens as a function of depth.

Compared to mid-ocean ridge flow, plume flow

tends to more strongly weight melts derived from the

deeper parts of the melting zone—melts that tend to

be most concentrated in incompatible elements and

http://www.georoc.mpch-mainz.gwdg.de
http://www.petdb.ldeo.columbia.edu/petdb/


Fig. 1. Cartoons of mantle flow (streamlines) and melting of a heterogeneous mantle. Small blobs of enriched mantle (EM-ovals) and pyroxenite

(prisms) are imbedded in a matrix of depleted mantle (DM). Shading of each material increases with increasing extent of partial melting.

Incompatible trace elements enter the melt most abundantly near the solidi (dashed lines) of the respective lithologies. (a) Mantle flow beneath

mid-ocean ridges driven passively by plate spreading generates a bresidual mantle columnQ (RMC) nearly uniform in width. (b) Mantle plume

flow beneath rigid plate generates a bresidual mantle cylinderQ (RMC) that widens with depth. Relative to mid-ocean ridges, mantle plumes tend

to sample proportionally more EM and PX if they rise beneath thicker lithosphere and because of the more rapid plume flow (i.e., wider RMC)

near the base of the melting zone.
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derived more substantially from the EM and PX

sources. This is one reason our model predicts plume

melting to sample EM and PX materials proportion-

ally more than mid-ocean ridge melting. Another

factor is lithospheric thickness. Ocean islands can

erupt on old seafloor where the lithosphere can be

thicker than at mid-ocean ridges. Thicker lithosphere

tends to limit the overall extent of partial melting as

well as the amount of DM melting. While plume flow

and thick lithosphere tend to reduce the relative

amount of DM contributing to the melt, the one

factor that tends to enhance the DM contribution is

elevated temperature. Elevated temperatures of mantle

plumes increase the extent of partial melting of all

lithologies, including DM.
4. Global systematics

4.1. Variations with seafloor age

As lithospheric thickness is likely to limit the

amount to which the mantle decompresses and melts,

Ito and Mahoney [1] examined La/Sm and Sr, Nd, and

Pb isotope ratios observed in OIBs vs. the age of the

surrounding oceanic crust at the time of volcanism. Our

models did reasonably well at predicting the general

observations that OIBs erupting on older seafloor
(N~16 m.y.) display large geochemical variability,

extending from compositions well within to well

outside the MORB range, whereas OIBs erupting on

younger seafloor show more limited overall variability,

overlapping more substantially with the MORB

compositions. The tendency for near-ridge hotspots

to display compositions overlapping with those of

many MORBs has been well documented (e.g.,

[19,58,59]). Some authors have proposed that the thin

lithosphere near mid-ocean ridges enhances the ability

of a predominantly DM-like ambient asthenosphere to

dilute the predominantly EM- or PX-like material of an

interacting mantle plume (e.g., [58,59]). We offer an

alternative explanation: the more MORB-like compo-

sitions of the near-ridge hotspots arise out of a

heterogeneous mantle that contains all components,

but DM is more heavily expressed where melting is

most extensive beneath thin near-ridge lithosphere.

This notion has recently been proposed to explain the

temporal change in composition of the Emperor

seamounts [60] and compositions in Iceland [61]. We

attribute the larger compositional variability of intra-

plate hotspots to a greater sensitivity of relatively low-

degree partial melts to differences in mantle temper-

ature and source composition. In addition, greater

variability at intraplate hotspots can be expected as a

direct consequences of a low overall volume of mantle

melting at such hotspots compared to mid-ocean ridges
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[49]. Potential causes for geochemical variations along

hotspot-influenced ridges are discussed in Section 6.4.

4.2. Incompatible trace element patterns

The differences in mantle flow and melting

conditions between hotspots and mid-ocean ridges

can also account for characteristic differences in many

trace elements between OIBs and MORBs, as

illustrated in Fig. 2. Models that simulate mid-ocean

ridge conditions of uniform U(z), normal mantle

temperatures (1350 8C), and thin lithosphere (7 km in

thickness) predict relatively flat incompatible-element

patterns that lie within the range for MORB. The

mean pattern for MORB is itself relatively flat as we

include bE-(enriched) typeQ MORB together with

what most geochemist consider bN-(normal) typeQ,
or bdepletedQ MORB. Model concentrations fall near

the observed median values within the characteristic

scatter, defined as one standard deviation of the

natural log of the MORB compositions. The predicted

compositional range is smaller than the characteristic

scatter of the MORB data and much smaller than the

total MORB range for each element shown. As
Fig. 2. Trace element patterns predicted for model mid-ocean ridges (blue

compared with data for MORBs (green) and OIBs (orange), displayed as his

of the MORB data about the MORB median values. Concentrations are nor

mass fraction of DM, EM, and PX in the mantle of /DM|/EM|/PX=0.9|0.1|

brown lines show assumed source compositions for DM (C0DM, dashed), E

their respective mantle fractions, these compositions yield average mantle

/DM|/EM|/PX=0.9|0.0|0.1 (dashed black line); gray mean mantle field is

compositions.
discussed by Ito and Mahoney [1], the models

simulate perfect mixing of all melts generated. In

reality, incomplete mixing of melts from different

parts of the melting zone would naturally cause a

wider range in compositions.

We also show examples of predictions for plume

conditions of melting in which U(z) increases with

depth, average potential temperature is elevated (in this

case, T=1450 8C), and the lithosphere is thick (in this

case, the thickness is 80 km). These predictions span a

broader total range (with changes in /EM//PX) and

extend to compositions that are more enriched in the

highly incompatible elements, much like the OIB data.

4.3. Correlation between isotope and trace element

ratios

Our models simulate perfect mixing between all

melts generated from the base of the melting zone to a

specified minimum depth (or maximum extent of

partial melting). Thus, if individual lavas or magma

batches (commonly represented by data for a single

sample) represent mixtures of such aggregated melts,

the models can be used to explore causes for
) and intraplate hotspots under 64-M.y.-old lithosphere (yellow) are

tograms. Green lines marks one standard deviation of the natural log

malized by estimates for primitive mantle [71]. Calculations assume

0.0 (blue and red solid) and 0.9|0.0|0.1 (blue and red dashed). Heavy

M (C0EM solid), and pyroxenite (C0PX, dashed-dotted). Weighted by

compositions for /DM|/EM|/PX=0.9|0.1|0.0 (solid black line) and

produced by varying the proportion of PX and EM between these
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covariations between different geochemical ratios.

Examples of such covariations are the bmantle arraysQ
in Nd–Sr–Pb isotope space defined by compositions

within individual hotspots (e.g., [5,18,62]). We

addressed these isotopic arrays in [1] and will revisit

them in further detail in a later section, but first, we

address observed correlations between trace element

and isotope ratios.

General features of our global data set include

overall tendencies of 87Sr/86Sr to increase and
Fig. 3. Observed and predicted (lines) correlations between isotope ratio

Iceland (black) Galápagos (dark blue), Easter (purple), Pitcairn (yellow)

Society (white), Canary (brown), Samoa (orange). Green circles show no

excess mantle temperature is DT=100 8C. Initial fraction of DM in the m

mantle, with PX composing the remaining portion. EM is isotopically simil

to the postulated bEM 2Q in panels (e)–(h).
143Nd/144Nd to decrease with increasing La/Sm (Fig.

3). In contrast, 206Pb/204Pb both increases and

decreases with increasing La/Sm; whereas 208Pb/
204Pb generally increases for La/Sm=0.7–~3.5 but

does not show an obvious change for La/SmN3.5. In all

cases, the variability in isotope composition is minimal

at low La/Sm (near most MORB values) and tends to

increase with La/Sm (away from most MORB).

These characteristics are broadly predicted by the

examples of plume calculations (Fig. 3). Models
s and La/Sm. Data for some hotspots are gray; others are colored:

, Cook-Austral (light blue), Hawaii and Hawaiian-Emperors (red),

rmal MORB data. Calculations are for mantle plume flow in which

antle is /DM=0.9; numbers indicate fraction of EM in the starting

ar to the postulated bEM 1Q end-member in panels (a)–(d) and similar
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predict low La/Sm to occur when DM is melting

substantially and higher La/Sm when EM and PX are

dominantly melting. Consequently, models success-

fully predict the general trends and increasing total

variability of the observed 87Sr/86Sr and 143Nd/144Nd

with increasing La/Sm. Predicted variations in Pb

isotopes are slightly more complex owing to the highly

radiogenic Pb assumed for PX and much less radio-

genic Pb assumed for EM. When only a small amount

of PX is present (e.g., /PX=0–0.02; /EM=0.1–0.08),

models predict minimal increases or even small

decreases in 206Pb/204Pb and 208Pb/204Pb with increas-

ing La/Sm.With larger amounts of PX, 206Pb/204Pb and
208Pb/204Pb are predicted to first rise sharply for La/

Sm=1–3 and then decrease gradually at higher La/Sm.

The predicted trends also show consistencies with

trends of individual island groups such as Galápagos,

Canary, Samoa, and to a lesser degree, Easter, Iceland,

Cook-Austral, and Society. The Pitcairn data plot in

two groups: a group (Pitcairn island) with higher
87Sr/86Sr (z~0.7035) and lower 143Nd/144Nd

(V~0.5128) and 206Pb/204Pb (b18.5) [63,64]; and a

group (volcanoes northwest of Pitcairn) with lower
87Sr/86Sr and higher 143Nd/144Nd and 206Pb/204Pb. The

two groups likely reflect melting of distinct sources

[65], but each group individually show trends with La/

Sm that are broadly similar to those predicted by the

models. Correlations between these isotope ratios, La/

Sm, and other incompatible element ratios found in

lavas from the EPR also support the concept of variable

melt extraction from a heterogeneous mantle beneath

mid-ocean ridges discussed by Niu et al. (e.g., [29,66]).

Having emphasized the consistencies between

model calculations and observations, we also note

that there are some cases in which model predictions

oppose observations. One example is the Hawaiian

islands, in which lavas with stronger EM-type isotope

signatures (e.g., Koolau shield) tend to be relatively

depleted in highly incompatible elements, and lavas

with more DM-like isotopic signatures (e.g., Kilauea)

show relative enrichments in the most incompatible

elements [27,67]. This is also true for comparisons

between shield lavas and rejuvenated-stage lavas

[68,69]. For the Galápagos islands, weak negative

correlations or at least a lack of positive correlations

are evident between incompatible elements such as Na

and 87Sr/86Sr [20]. Overall, a straightforward inter-

pretation is that the EM-like source material is melting
more extensively than the material with the more DM-

like isotopic characteristics. Indeed, our models

always predict EM to melt more extensively than

DM, but because we assume melts always mix in

proportion to their rate of production, we cannot

predict the observed relationships. This is an impor-

tant limitation of our current method.

The model calculations shown in Figs. 2 and 3 are

not meant to be comprehensive and are subject to a

variety of simplifying assumptions, including those

associated with our treatment of fractional melting,

evolution of the solid phases, melt-solid partition

coefficients, not to mention the uniform compositions

of each lithology. Nevertheless, these sample calcu-

lations demonstrate how the melting process alone can

explain many basic geochemical trends and composi-

tional diversity in the OIB and MORB data.
5. Testing for a nonlayered mantle: optimal OIB

mantle sources and predicted MORBs

We now test for the possibility of a nonlayered

heterogeneous mantle by first optimizing calculations

to fit isotope trends of several individual hotspot

island groups. The successful models identify the

possible starting mantle compositions that can explain

the observations when plume conditions of melting

are applied. We then bmeltQ these same mantle

compositions under normal mid-ocean ridge condi-

tions and compare predicted MORB compositions

with the observed MORB composition. If the pre-

dictions are characteristically different from observed

MORB compositions, then a distinction between the

OIB and MORB sources would be implied. This

result would be compatible with a layered mantle,

assuming mantle plumes deliver deep mantle material

to hotspots. Alternatively, if the OIB sources predicted

MORB compositions indistinguishable from the

observations, then there would be no need for a

distinction between OIB and MORB sources and, by

extension, for a layered mantle.

5.1. Method

The approach we take is a grid search through

parameter space to fit the isotope trends observed at

individual hotspots. We seek solutions for five inde-
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pendent variables. The first variable is average mantle

temperature excess (relative to 1350 8C), and we

consider values of DT=50, 100, and 200 8C. The next
two variables are the mass fractions of each lithology in

the starting mantle: the mass fraction /DM of DM is

varied between 0.2 and 0.95 in increments of 0.05, and

the mass fraction /EM of EM is varied between 0.0 and

0.1 in increments of 0.0125, and /PX=1� /DM�/EM.

The concentrations of Sr, Nd, and Pb assumed for each

lithology are those shown in Fig. 2.

The last two variables are the isotopic composi-

tions of the EM and PX lithologies. They are assumed

to be inherent mixtures of three out of four global end-

member components [18]. The isotope composition of

EM, for example, is explored using the following

methodology. If IEM is an arbitrary isotope ratio for

EM,

IEM ¼ fEMIEM0 þ fDMIDM0

þ 1� fDM � fDMð ÞIPX0: ð1Þ

Here, the ratios in the global end-member component

IDM0 IPX0, IEM0 are similar to DMM, HIMU, and EM1
Fig. 4. Illustration of the method used to define the isotope compositions

lithologies (marked DM, EM, PX) are themselves heterogeneous, spanning

triangles are specified by ternary mixtures of the assumed compositional en

are marked according to the mixing fractions ( fDM, fEM, fPX) of the end-m
206Pb/204Pb, and the independent variable is 87Sr/86Sr. Gray field represen

mark the Sr isotope bin in which the model range DIi and the overlap betw

is R1, and the total normalized overlap is R2.
or EM2 [18], respectively. Variables fDM and fEM are

isotopic mixing fractions. Inversions search values of

fEM in seven increments of 0.1 over the range 0.4–1

(Fig. 4). The remaining mixing fraction (1�fEM=0.6–

0) is then a variable mixture of the DM and the PX (i.e.,

fDM=(1�fEM)f, with f in 11 increments 0.1 over the

range 0–1). The search increments of fEM and f define

(7�11)=77 points in the four-isotope-ratio (87Sr/86Sr,
143Nd/144Nd, 206Pb/204Pb, and 208Pb/204Pb) space. To

bfill inQ the volume between these points, we consider

the EM source to span a small range about IEM (filled

EM triangle in Fig. 4). We are essentially assuming EM

itself is heterogeneous, spanning a limited range of

compositions about IEM. This inherent heterogeneity

gives a compositional bwidthQ to a predicted isotope

array for fitting to the observed arrays.

The isotope composition of the PX lithology is

computed in an analogous fashion. Making IPX0
similar to HIMU is a convenient way to ensure that

the inversions search through a full range of Sr–Nd–

Pb isotope space. However, as few OIB compositions

actually approach HIMU, many of our solutions for

IPX and occasionally IEM, instead, end up being more
of the mantle lithologies and fitting parameters R1 and R2. Mantle

the compositions shown by the dark triangles. The positions of these

d-member components (dots). Edges of the trial compositional space

ember components. In this case, the dependent variable for fitting is

ts data; solid curves bound the range of model values. Dotted lines

een model and data \i are computed. The mean normalized overlap
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similar to the common bCQ or bFOZOQ end-member

component [8,18] (unlike what we did originally in

[1]). In this way, we incorporate the Sr–Nd–Pb

isotopic composition of C or FOZO (the noble gas

composition of this end-member is discussed in

Section 6.2). For DM, we assume only one value of

IDM, near the value of the DMM global end-member

component.

For each set of parameter values (i.e., trial

solution), we compute magma compositions by

integrating over increasing heights of the melting

zone, beginning at the base of the melting zone and

ending at the base of the lithosphere, the depth of

which is a function of the square-root of the age of

seafloor on which the OIB erupted. For each hotspot,

we fit seven isotope correlations: 206Pb/204Pb (on the

ordinate it is the dependent variable, see Fig. 4) as a

function of 87Sr/86Sr, 143Nd/144Nd, and 208Pb/204Pb
Fig. 5. Examples of model predictions compared with observations for

respectively), Hawaii and the Hawaiian-Emperors (long dashed curves an

signs). MORB data are shown as gray histograms on the vertical axis.
(on the abscissa, each is the independent variable),

and the four isotope ratios (dependent variables) as a

function of seafloor age at the time of volcanism

(independent variable).

The wide scatter of the observed compositions,

particularly as a function of seafloor age, prohibits

standard fitting techniques; therefore, we devise an ad

hoc method of fitting, based on two fitting parameters.

The first parameter is computed by dividing the

independent variable (e.g., 87Sr/86Sr in Fig. 4) into

discrete bins. For a given bin (i), we compute the

amount of overlap (\i) in the dependent variable (e.g.,
206Pb/204Pb) between the model predictions and the

data. This overlap is normalized by the model

compositional range (DIi) and then averaged. This

average is the fitting parameter R1 (see Fig. 4). High

values of R1 ensure that model solutions overlap with

the observed trends but extend minimally outside of
the Easter-Salas y Gomez chain (solid curves and gray squares,

d white circles), and Society chains (short dashed curves and plus
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the observed compositional range within each bin of

the independent variable. The second parameter R2 is

calculated by measuring the overlap between the full

isotope range of the hotspot data set and the total

range predicted by the model \tot. Normalizing \tot by

the total span of the observed isotope DItot yields R2.

High values of R2 ensure that models predict

appreciable lengths of the observed isotope arrays.

For a given model calculation, R1 and R2 are

computed for each isotope. We consider the solution

acceptable if the minimum R1 and the minimum R2

exceed specified values: R1z0.2 and R2z0.5. Basing

our fitting criteria on the minima of R1 and R2

guarantees a minimum fit for all isotope ratios

considered. Average values of R1 and R2 for

acceptable solutions typically exceed 0.6 and 0.7,

respectively. The grid search performed for each

hotspot involved testing as many as 390,000 possible

combinations of the five variables (/DM, /EM, IPX,

IEM, and DT).

5.2. Fitting hotspot isotope trajectories

Here we discuss some examples of our model fits.

For the most part, the island groups for which we have

sufficient data have erupted on seafloor having only a

very limited range of age within any given group.

Lavas along the Hawaiian and Hawaiian-Emperor

chains are an exception, having been emplaced on

seafloor ages from b10 m.y. (Meiji and Detroit

seamounts [70]) to ~95 m.y. (Kilauea). This range

of seafloor ages provides an ideal opportunity to first

test the predicted effects of lithospheric thickness and

then to constrain the source compositions that could

have generated these magmas.

Fig. 5 illustrates an example solution, which fits the

Sr, Nd, and Pb isotope data for the Hawaiian hotspot

chain as a function of seafloor age. Model predictions

overlap reasonably well with the observations over the

full range of seafloor ages; they match the decrease in
206Pb/204Pb and 87Sr/86Sr, and increase in 143Nd/144Nd

with decreasing seafloor age. However, as the pre-

dicted compositional range at a single seafloor age is

limited by the inherent heterogeneity of each source

lithology, the model is unable to predict the large

diversity in the data for the Hawaiian islands, as is

most evident in 143Nd/144Nd (Fig. 5b). Models can

only explain this large diversity, again, if the lava
samples represent incomplete mixtures of magmas

generated at different depths in the melting zone. Figs.

6a–c illustrate that the model indeed fits the Hawaiian

island data in isotope–isotope space, including the

bends or cusps in the trajectories of 87Sr/86Sr (near

0.7035) vs. 206Pb/204Pb, 143Nd/144Nd (near 0.5129) vs.
206Pb/204Pb, and 208Pb/204Pb vs. 206Pb/204Pb (near

18.5). Deep melting is predicted to produce the mixing

branch between the EM and PX compositions, which

follow the data for the Hawaiian islands, whereas

shallower (DM) melting is predicted to bend the

trajectory toward the composition of DM, following

the data for the Hawaiian-Emperor volcanoes. For

reference, the minimum value of R1 is 0.34, and the

minimum R2 is 0.8. The mantle source for this

calculation has /DM|/EM|/PX=0.9|0.05|0.05 (the iso-

topic compositions of each lithology shown by the

triangles in Fig. 6) and DT=100 8C. This combination

of successful input parameters is one of ~15,000 other

combinations that produced acceptable fits. Our results

support the proposal of [60] that the isotopic compo-

sitions of the Hawaiian-Emperor seamounts reflect

melting beneath a thinner lithosphere which allows

more extensive DM melting.

Data for the Easter-Salas y Gomez hotspot span a

more limited range of seafloor age (2–15 m.y.; Fig. 5).

Models successfully overlap with the data and predict

a trend toward MORB compositions with decreasing

seafloor age. The observed slopes of the Pb isotope

ratios vs. age, however, appear to be greater than

predicted (Fig. 5). One possible explanation for this

discrepancy is that there is a change in the composition

of the source from the Easter-Salas y Gomez hotspot

toward the EPR [52], which our models do not include.

Alternatively, there could be a westward change in the

style of mantle flow, with plume flow beneath the

hotspot, which tends to enhance PX signatures, and

mid-ocean ridge flow near the EPR, which tends to

enhance the DM signatures. The solution summarized

in Fig. 6 also predicts the observed compositions in

isotope space, although the Nd and Sr data are few in

number. The minima of R1 and R2 are 0.21 and 0.91,

respectively, DT=100 8C, and the source has

/DM|/EM|/PX=0.9|0.013|0.087. This is one of 7200

acceptable solutions.

Lastly, we show fits to data for the Society hotspot.

In this case, there is no resolvable variation in seafloor

age at the time of volcanism, despite a particularly



Fig. 6. Examples of models that fit the observed isotope arrays for the same three hotspots (and same symbols and curves) as in Fig. 5. Large

triangles (gray for Easter-Salas y Gomez, white for Hawaii and the Hawaiian-Emperor chain, and black for Society) show the inherent

compositional range of each model lithology.
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wide range in Sr and Nd isotopic compositions (Fig.

5). Model compositions can therefore overlap with

only a small portion of the Society data. In isotope

space, however, models successfully predict the
87Sr/86Sr and 143Nd/144Nd variations vs. each other

and vs. the Pb isotope ratios (Fig. 6). This calculation

fits the observations with a minimum R1=0.29 and

minimum R2=0.79, DT=100 8C, and the source has

/DM|/EM|/PX=0.02|0.95|0.03. It is one of 30,700

other model solutions that fit the Society data to

within our specified tolerance.

5.3. Predicted MORB compositions from successful

OIB mantle sources

We have shown three examples of models that

produced acceptable fits to data for three hotspots. The

solutions identify specific mantle compositions,

defined by the relative fractions (/DM, /EM, /PX)
and the isotopic compositions (IDM, IEM, IPX) of each

lithology. We now examine the MORB compositions

that all successful sources for these and 10 other

hotspots would produce if the sources melted beneath

a mid-ocean ridge. The mid-ocean ridge conditions we

assume are a lithospheric thickness of 7 km, a normal

mantle potential temperature of 1350 8C, and uniform

flow out of the melting zone (U(z) is constant).

Figs. 7a–d summarize predicted MORB composi-

tions from all of the successful OIB sources, which

represent the full range of /DM tested (0.2–0.95). The

results are shown as histograms; the length of each bar

is proportional to the number of successful solutions

in that compositional bin and is thus proportional to

the volume spanned by that set of solutions in four-

dimensional (/DM, /EM, IEM, IPX) source composi-

tion space. The histograms can be viewed as

probability functions to the extent that the likelihood

of a given MORB composition is proportional to the



Fig. 7. (a–d) All mantle sources (range of tested fraction DM in source, /DM, is indicated at top) that fit the data for the labeled hotspots

(Pitcairn and Samoa values are shifted to the right by 1 m.y. for clarity) are melted under mid-ocean ridge conditions (see text) to produce the

predicted MORB compositions shown. Results are displayed as histograms on the vertical axis, indicating the number of solutions that fall

within the indicated compositional bins. For the hotspots, black, dark gray, and light gray correspond to solutions that fit the hotspot data with

mean mantle temperature anomalies of DT=50, 100, and 200 8C, respectively. Dark gray histograms at seafloor age of 14 m.y.1/2 show the

cumulative numbers for all the hotspot models, with median compositions marked by arrows. Black histograms at 0 m.y.1/2 are for MORB data

(same as in Fig. 5), with one standard deviation away from the median marked by dashed lines. (e–h) Same as in the left column but only for

models with mantle sources mostly composed of DM (source fraction DM is /DM=0.85–0.95). On average, PX is slightly more abundant than

EM; that is, for /DM=0.85–0.95, the average of /PX//EM is 1.17, and for /DM=0.20–0.95, the average of /PX//EM is 1.44.
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volume spanned in composition space. The observed

MORB range is defined as one standard deviation

away from the median of the MORB data. Most of the

predicted compositions lie outside of the observed

MORB range. This result illustrates what is already

understood: it is straightforward to explain OIB

compositions with sources that are distinct from the

MORB source.

Figs. 7e–h show histograms of the subset of

solutions restricted to mantle sources containing

z85% DM (/DM=0.85–0.95). Intuitively, larger frac-

tions of DM result in more DM-like MORB compo-

sitions. Some of the OIB sources yield predicted

compositions that are outside of the defined MORB

range, but the sources for Ascension, Canaries, Cape
Verde, Galápagos, Hawaii, Iceland, and Marquesas

yield median MORB compositions (or N50% of the

solutions) within the observed MORB range for all

four isotope ratios. The sources for these hotspots are

thus most likely to be indistinguishable from the

mantle that commonly melts beneath mid-ocean

ridges. For Samoa, median compositions for 87Sr/86Sr

are slightly greater than that of the observed MORB

range, but N50% of the predicted compositions fall

within the MORB range for all of the other isotope

ratios. For Pitcairn, median compositions fall within

the MORB range for all isotopes but 208Pb/204Pb.

Easter-Salas y Gomez and Cook-Austral sources yield

median 87Sr/86Sr and 143Nd/144Nd compositions

within the MORB range and median 206Pb/24Pb and
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208Pb/204Pb compositions outside of the MORB range;

Azores sources yield median 143Nd/144Nd and
206Pb/204Pb compositions within the MORB range

and median 87Sr/86Sr and 208Pb/204Pb outside the

MORB range. The sources of Easter-Salas y Gomez,

Cook-Austral, and Azores groups are thus most likely

to be distinct from the mantle commonly melting

beneath mid-ocean ridges. Finally, when the solutions

for all of the hotspots are combined, we see that the

median solutions fall within the MORB range for all

isotopes. Thus, N50% of the hotspot sources that fit

the OIB data produce theoretical compositions that

are not distinguishable from the actual MORB

compositions. The results of this exercise suggest

that although geographic variations in mantle compo-

sitions of Sr, Nd, and Pb isotopes are required, global

geochemical layering in the portion of the mantle that

produces OIB and MORB volcanism may not be

required.
6. Discussion: possibility of a nonlayered

heterogeneous mantle

6.1. Incompatible trace element and heat budget

For those models that yield indistinguishable

MORB and OIB compositions, it is necessary to

evaluate whether the implied mean mantle composi-

tion can represent that of the entire mantle. With few

exceptions, the incompatible trace element contents of

the bulk continental crust and the present-day mantle

should sum approximately to those of the primitive

mantle. If we assume, for reference, that the whole

mantle is 90% DM and the remaining 10% is a mixture

of EM and PX, the compositions assumed for these

lithologies yield the bulk mantle compositions shown

by the gray field in Fig. 2. This predicted present-day

mantle would contain 25–30% and 30–60% of the

primitive mantle content [71] of Th and U, respec-

tively. Estimated ranges for the continental crust are

25–60% for Th and 25–50% for U (see [72] and

references therein). The lower-bound percentages of

our model mantle, combined with the continental

estimates, would imply the presence of a bhiddenQ
reservoir containing the remaining portion of these

elements but suggest that this reservoir is smaller than

previously postulated [43]. On the other hand, our
upper-bound model values combined with the upper-

bound continental estimates would minimize or do

away with the need for this additional reservoir.

Another consideration is the Earth’s heat budget.

If continents generate 6–7 TW [73] of the Earth’s

total heat loss of ~44 TW [74], then the remaining

37–38 TW from the mantle and core is in part

primordial and in part generated by radioactivity of

the major heat-producing elements U, Th, and K.

Our model mantle composition would produce

roughly 30–60% of the ~20 TW [73] of radioactive

heat that primitive mantle would presently generate;

thus, if our mantle composition represents that of the

whole mantle, b~30% of the mantle and core’s heat

must be radiogenic. This percentage is small, but it

can allow for reasonably low secular cooling rates if

the retardation of global heat loss by a thick

compositional lithosphere (formed by partial melting)

is important [2]. We conclude that, on the basis of

these arguments, the possibility of a nonlayered

mantle with a mean composition similar to that of

our models cannot presently be rejected.

6.2. FOZO and C and the undegassed source

One argument for a distinct lower-mantle source for

OIBs (and by inference, plumes) is that the Nd–Sr–Pb

isotopic arrays for several widely separated ocean

island groups suggest the involvement of a common

global end-member component that is different from

DM [18]. Although our models address this compo-

nent in Nd–Sr–Pb isotope space, what may be more

telling are the noble gas compositions. In particular,

this end-member (termed bFOZOQ or bCQ) is associated
with higher 3He/4He than estimated for DM [8]. To

most workers, the He isotope data suggest a reservoir

that has experienced comparatively little degassing of

primordial He (3He). Such material is usually argued to

be in a convectively isolated lower mantle, which is

sampled by deep-seated mantle plumes but is largely

secluded from mid-ocean ridge melting. However, the

long-term preservation of undegassed material does

not necessarily require mantle layering. That a non-

layered mantle will retain an appreciable amount of

relatively undegassed material is implied by the

estimated ~5 G.y. needed to process the whole mantle

by mid-ocean ridge melting [23] and is predicted by

models of mantle convection that match present-day
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plate motions and surface heat flow [37]. Indeed,

evidence for the global presence of the high 3He/4He

component in both MORBs and OIBs [8] supports this

possibility. Like the other isotope end-members, our

models would predict OIBs to more heavily sample

this high 3He material if it begins melting deeper than

DM. We propose that rather than reflecting stratifica-

tion in the locations of mantle components, the

observed isotopic mixing arrays instead reflect strat-

ification in the melting of the different components.

The growing noble gas [75] data set should allow for

various tests of the this hypothesis.

6.3. Ultraslow spreading centers

We have emphasized the importance of litho-

spheric thickness on magma composition. Another

test for a nonlayered heterogeneous mantle would be

to examine MORB compositions at ridges with

unusually thick lithosphere, such as ultraslow spread-

ing ridges. Available samples from ultraslow-spread-

ing sections of the Southwest Indian [25,76] and the

Gakkel ridges [77] tend to have elevated abundances

of incompatible elements compared to more typical

MORB compositions. These observations, in addition

to unusually thin or even absent crust, suggest

unusually low average extents of partial melting, as

is expected for melting beneath thick lithosphere.

Southwest Indian Ridge MORBs also show unusually

large variations in Nd isotopes [55] as well as

correlations between Nd isotopes and La/Sm [78].

These observations have been explained by a veined

mantle (e.g., [25]), but whether the compositions of

this mantle can be representative of the whole mantle

is yet to be explored.

6.4. Geographic variations at hotspots

Another argument for a geochemical distinction

between the sources of mantle plumes and MORBs

comes from correlated physical and geochemical

anomalies at ridges interacting with hotspots (e.g.,

[4,79]). We suggest the alternative possibility that the

geochemical anomalies do not reflect source varia-

bility but instead arise from the process of melting and

melt extraction. We have demonstrated that thick

lithosphere and plume-driven mantle flow can enhance

the expressions of PX and EM in melts, relative to thin
lithosphere and normal mid-ocean ridge mantle flow.

However, mantle plumes are also likely to be hotter

than nonplume mantle and therefore melt DM more

extensively. Ito and Mahoney [1] showed some

examples of calculations in which the effects of

lithospheric thickness and plume flow can overcome

the effects of elevated temperature. These calculations

were able to account for a large fraction of the

variation between median Sr, Nd, and Pb isotope

compositions of the ridge-centered Iceland hotspot and

median compositions of normal sections of the MAR.

The models, however, fell well short of explaining

the total variability at Iceland and along the MAR. An

obvious shortcoming of the current methodology is

that it simulates mixing of melts laterally from all

portions of the melting zone. It therefore does not

explore geochemical variability as a function of

geographic position across an upwelling mantle plume

or a plume interacting with a mid-ocean ridge.

Moreover, the current models assume a plume of

uniform (average) viscosity and temperature, whereas

strong variations in both properties are likely to exist

in the melting zone [80]. These effects could be

explored with three-dimensional numerical models.

Such models could also explore possible causes for

geographic variations in magma chemistry at intra-

plate hotspots, such as those documented around

Hawaii [13,27,81].

6.5. Constraints from major elements

Finally, the current models only address incompat-

ible trace element and isotope compositions. As major

elements provide crucial information about pressures

and extents of partial melting, they must be incorpo-

rated in future efforts to test and better constrain the

scenario for a nonlayered mantle that we are propos-

ing. An important challenge will be to understand how

different lithologies in a veined mantle melt and how

the chemistry of the melts from each lithology might

change as the melts interact with each other and with

the solid.
7. Conclusions

We conclude that a rich diversity of geochemical

characteristics can arise by melting a heterogeneous
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mantle under different conditions of lithospheric

thickness, mantle flow, and temperature. Such differ-

ences can account for characteristic isotopic and

incompatible trace element distinctions between OIBs

and normal MORBs without any difference in the

respective mantle sources. Progressive melt extraction

from different depths in the melting zone can explain

many features in observed correlations among La/Sm

and Sr, Nd, and Pb isotopes. Models demonstrate that

the observed changes in Sr, Nd, and Pb isotope ratios

along the Hawaiian-Emperor chain can largely be

explained by melting a heterogeneous mantle under

lithosphere of decreasing thickness. The models can

also explain covariations among these isotopes along

the whole Hawaiian hotspot chain.

To test the possibility of a nonlayered mantle, we

solve for the mantle source compositions that, when

melted at excess temperatures, under thick lithosphere

and with mantle plume flow, can explain Sr, Nd, and Pb

isotope compositions of 13 hotpots. These mantle

sources are then melted at normal mantle temperature,

with mid-ocean ridge mantle flow, and under thin

lithosphere to predict MORB compositions. Some

solutions fall outside the observed MORB range, but

those solutions that are indistinguishable from

observedMORB compositions allow for the possibility

of a nonlayered mantle. The implied mean incompat-

ible-element content of such a mantle is relatively low

but falls within the allowable range required to satisfy

the U, Th, and heat budgets of the mantle.

This study is simplistic and falls short of a

complete test in many ways. Future efforts should

consider noble gas constraints (and the common C or

FOZO end-member), focus on geochemical data from

ultraslow-spreading ridges, examine geographic var-

iations at hotspots, including hotspots interacting

with mid-ocean ridges, and incorporate major ele-

ments. All such studies will benefit from new

laboratory and theoretical insights into how hetero-

geneous systems melt and how melts from distinct

lithologies interact with each other and with solid

phases prior to erupting.
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