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The formation and segregation of oceanic and continental crust from the mantle, and its return to 
the mantle via subduction and/or delamination, leads to the development of distinct geochemical 
reservoirs in the terrestrial mantle. Fundamental questions remain regarding the location, nature, and 
residence time of these reservoirs, as well as the respective roles of oceanic and continental crust in the 
development of the mantle’s geochemical endmembers. The Lu-Hf and Sm-Nd isotope systems behave 
similarly in magmatic systems and together form the terrestrial mantle Hf-Nd isotopic array. Here we 
combine a geodynamic model of mantle convection with isotope and trace element (TE) geochemistry to 
investigate the evolution of the Hf-Nd mantle array. This study examines the sensitivity to: TE partition 
coefficients used in the formation of oceanic crust; density contrasts between subducting oceanic crust 
and the mantle; and the formation and recycling of continental crust. We show that the fractionation 
between the parent (Lu and Sm) and daughter (Hf and Nd) species needs to be higher than is indicated 
by partition coefficients determined from the present-day melting environment. This is consistent with 
the suggestion of deeper mantle melting earlier in Earth history and an increased role for residual 
garnet. Subduction and accumulation of dense oceanic crust produces a large mass of incompatible TE 
enriched material in the deep mantle. This deep mantle enrichment appears to play a more significant 
role than the extraction and recycling of continental crust in developing the Hf and Nd isotope and TE 
compositions of the mid-ocean ridge mantle source. The corollary of this result is that the formation of 
the continental crust plays a secondary role, contrary to the currently accepted paradigm. Nevertheless, 
the inclusion of continental crust formation and recycling produces a broader model mantle array, which 
better reproduces the spread in the natural data set. This model also produces the Hf and Nd isotope and 
TE compositions of the upper mantle and continental crust, as well as deep mantle compositions similar 
to those of plume-fed ocean island basalts. Our model is consistent with continental growth models 
based on the Lu-Hf isotopic composition of zircon, which suggest that 50–70% of the present-day mass 
of the continental crust is produced prior to 3 Ga, and that the recycling of continental crust becomes 
more prevalent after this time.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The chemical and isotopic evolution of the terrestrial mantle 
is largely influenced by the formation of oceanic crust (OC) at 
spreading ridges and continental crust (CC) through arc volcanism, 
and the subsequent recycling of this crust back into the mantle 
via subduction and/or delamination. These processes produce the 
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geochemical heterogeneity observed in samples such as ocean is-
land basalts (OIB) and mid-ocean ridge basalts (MORB) that are 
derived from different parts of the mantle. The coupled Lu-Hf 
and Sm-Nd isotope systems have provided key insights into the 
evolution of the mantle and crust over the course of Earth his-
tory (Salters and White, 1998; Vervoort and Blichert-Toft, 1999;
Vervoort et al., 1999; Chauvel et al., 2008). The mineral-melt com-
patibility of the radioactive parent isotopes (176Lu and 147Sm) is 
greater than their daughter species (176Hf and 143Nd, respectively) 
resulting in the residual mantle becoming more radiogenic than 
the extracted crust over time. The relatively long half-lives of these 
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systems (3.71 × 1010 yr for 176Lu and 1.06 × 1011 yr for 147Sm) 
compared to the age of the Earth, means that this isotopic di-
vergence has been occurring over Earth history. Unlike U-Th-Pb, 
Lu-Hf and Sm-Nd are insensitive to redox conditions and rela-
tively immobile in fluids, making these isotope systems ideal for 
investigating the dichotomy between the formation and recycling 
of oceanic and continental crust in driving the geochemical evo-
lution of the mantle. In addition, the high concentrations of Hf in 
the mineral zircon allows for the combined measurement of Hf 
isotopic compositions and U-Pb ages (e.g., Kinny and Maas, 2003;
Fisher et al., 2014; Jones et al., 2015; Vervoort and Kemp, 2016). 
This makes the Lu-Hf isotope system key to the development 
of models of continental crustal growth, preservation, and recy-
cling (e.g., Hawkesworth and Kemp, 2006; Belousova et al., 2010;
Condie et al., 2011; Dhuime et al., 2012).

There is strong evidence that recycled crust is present in the 
deep mantle and influences the source of plume-fed ocean islands 
(White, 2015 and references therein). OIBs have a wide range of 
isotopic compositions, which have been grouped into different cat-
egories (e.g., EMI, EMII, and HIMU White, 1985; Zindler and Hart, 
1986; Stracke et al., 2005). ‘Enriched’ mantle (EM) endmember 
compositions are enriched in incompatible trace elements rela-
tive to MORB and are divided into two groups. EMI compositions 
have primarily been linked with the recycling of sediments (e.g., 
Weaver, 1991; Eisele et al., 2002), lower continental crust (Willbold 
and Stracke, 2006, 2010), or metasomatised subcontinental litho-
sphere (e.g., Zindler and Hart, 1986; Tatsumoto et al., 1992). EMII 
compositions have been attributed to the presence of small quanti-
ties of recycled terrigenous sediment (e.g., Zindler and Hart, 1986;
Chauvel et al., 1992). HIMU OIBs are related to recycled oceanic 
crust, that has either had Pb preferentially removed by seafloor al-
teration and/or slab dehydration during subduction (e.g., Weaver, 
1991; Chauvel et al., 1992; Peucker-Ehrenbrink et al., 1994; Kogiso 
et al., 1997) or has been enriched in U due to interaction with 
U-rich continental sediments after ∼2 Ga (Elliott et al., 1999;
Hanyu et al., 2014). The source of mid-ocean ridge basalts (MORB) 
is referred to as the depleted MORB mantle (DMM) reflecting its 
chemical depletion in incompatible TE as a result of upper mantle 
melting and crust formation.

Mass balance modelling is a useful way to investigate the geo-
chemical evolution of the Earth. The resulting ‘box models’ pro-
vide some constraints on the relative interactions between reser-
voirs and the role of crust formation and recycling (e.g., Jacobsen 
and Wasserburg, 1979; Allègre and Lewin, 1995; Albarède, 1998;
Coltice and Ricard, 1999; Kumari et al., 2016). Such studies can 
be further enhanced by full geodynamical modelling that can in-
corporate more realistic estimates on the rate of oceanic crust 
formation (which depends on plate velocities) and the subsequent 
remixing upon recycling (which depends on convective vigour), 
in turn controlled by the viscosity structure of the Earth’s man-
tle. Christensen and Hofmann (1994) were the first to combine 
geodynamical modelling with geochemistry. They used a 2D Carte-
sian convection model to investigate the terrestrial U-Pb and Sm-
Nd systems and found that extraction, recycling, and storage of 
oceanic crust in the deep mantle produced MORB-HIMU trends 
over 3.6 Byr. These early geophysical-geochemical model studies 
(see also Davies, 2002) imposed plate motions, and the recycling 
and remixing of oceanic crust were strongly influenced by these 
kinematic boundary conditions. Full dynamical models (e.g., Xie 
and Tackley, 2004; Brandenburg and van Keken, 2007) avoid the 
strong influence of external forcing through the boundary condi-
tions and are more appropriate tools to study convective mixing in 
the Earth’s mantle.

The combined geodynamical-geochemical model used in this 
study is based on an updated version of the model by Brandenburg 
et al. (2008). This mantle convection model uses a 2D cylindrical 
geometry with a reduced core radius to better match the heat flow 
characteristics of the spherical Earth (van Keken, 2001). It incorpo-
rates plate tectonics through a force-balanced plate method, which 
causes plate movement in an energy-conservative manner. It re-
produces some key physical features of plate tectonics and mantle 
convection including: a match to the present day heat flow and 
plate velocities (Brandenburg et al., 2008); sinking slab geometries 
that show similarities to mantle tomography (Van der Hilst et al., 
1997; Ritsema et al., 2011; see van Keken, 2013 for a direct com-
parison); and accumulation of oceanic crust near the core-mantle 
boundary (CMB) (e.g., Spasojevic et al., 2010). The resulting models 
also satisfy key geochemical constraints with a more heteroge-
neous lower mantle preserved below a well-stirred upper mantle 
(Hofmann, 1997) and reproduce the observed geochemical distri-
bution in multiple isotope systems (U-Th-Pb, Rb-Sr, Sm-Nd, and 
Re-Os) that define the DMM, HIMU, and EMI mantle endmembers 
(Brandenburg et al., 2008).

In this study, we extend this model to include the Lu-Hf isotope 
system and focus in particular on its co-evolution with Sm-Nd. 
During mantle melting, Hf and Nd are more incompatible than Lu 
and Sm and hence a greater proportion of these elements are par-
titioned into the melt and, therefore, to the newly generated crust. 
The Hf and Nd isotopic compositions are often expressed as ep-
silon (ε) values, where ε represents the deviation of the Hf and 
Nd isotope compositions (176Hf/177Hf and 143Nd/144Nd) of the ma-
terial of interest relative to that of the chondritic reservoir (CHUR), 
measured in parts per ten thousand. The εHf and εNd compositions 
of OIB and MORB display a linear relationship, known as the man-
tle array (e.g., Vervoort et al., 1999) (Fig. 1). In this array the DMM 
shows positive εHf and εNd values and enriched mantle compo-
sitions (EMI, EMII) extend to negative εHf and εNd compositions. 
Average continental crust compositions are even more negative 
(upper CC: εHf = −13.2 ± 2.0, and εNd = −10.3 ± 1.2; Chauvel et 
al., 2014) and HIMU compositions lie slightly below the array with 
more negative εHf relative to εNd values (Fig. 1).

2. Geodynamical-geochemical model methods

Our models closely follow the modelling presented in Bran-
denburg et al. (2008). We use the same geodynamical models 
produced from finite element modelling. The geochemical mod-
elling, which is performed as a post-processing step, is extended 
to investigate the Lu-Hf and Sm-Nd systems. We provide a brief 
description of our methods below and a more complete descrip-
tion in the Supplementary Information. A schematic representation 
is presented in Fig. 2.

We mimic the physical process of mid-oceanic ridge melting by 
batch melting of a small volume of mantle in the regions where 
plates diverge. In the geodynamical models we use this melting to 
separate a basaltic crust and harzburgitic residue from periditote. 
In the geochemical modelling we incorporate the effects of redis-
tribution of isotope species during batch melting. In both cases 
we use the formulation of Christensen and Hofmann (1994) with 
an initial mantle composition of undepleted peridotite (bulk sili-
cate earth (BSE) (McDonough and Sun, 1995)). We represent the 
peridotite lithology with two components that we call (following 
Christensen and Hofmann, 1994) ‘eclogite’ and ‘harzburgite’. While 
recognising that the terms ‘eclogite’ and ‘harzburgite’ are miner-
alogical terms that are valid only in the upper mantle, we note that 
we do not model any phase changes in the mineral assemblages. 
As a consequence, we will, with apologies to the reader, refer to 
any tracer that melts to form OC as ‘eclogite’ and any tracer that 
is part of the residue during melting as ‘harzburgite’ irrespective 
of their position in the model. Upon melting the active eclogite 
tracers are physically repositioned at the surface to form new OC 
(Fig. 2). This approach allows us to dynamically investigate the role 
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Fig. 1. εHf and εNd values for mid ocean ridge basalts (MORB) and ocean island basalts (OIB). The data were downloaded from the PetDB (www.earthchem.org/petdb) and 
GEOROC (http://georoc .mpch -mainz .gwdg .de /georoc/) databases in July 2017. The average compositions of the main mantle endmembers (DMM, FOZO, HIMU, EM) are shown 
by the large coloured squares, where EMI and EMII are treated as a single endmember due to their similar compositions in these isotope systems. The data used to calculate 
the average compositions were filtered as follows. DMM: all MORB data; HIMU: all St. Helena data (type locality), high 206Pb/204Pb (>20.0), and low 87Sr/86Sr (<0.7036); 
EM: all Kerguelen and Society data (EMI and EMII type localities) and high 87Sr/86Sr (>0.7045); FOZO: high 3He/4He (where R/Ra >8) and low 87Sr/86Sr (<0.704). The εHf
and εNd compositions of the upper continental crust (not shown) are −13.2 ± 2.0, and −10.3 ± 1.2 respectively (Chauvel et al., 2014). The Hf-Nd mantle array follows the 
relationship εHf = 1.44εNd + 1.61; this is consistent with previously suggested relationships (e.g., Chauvel et al., 2008; Vervoort et al., 2011). (For interpretation of the colours 
in the figure(s), the reader is referred to the web version of this article.)

Fig. 2. A schematic of the geodynamical-geochemical model. In order to save on computational time, the geochemical modelling is run as a post-processing step where we 
access the logged melting information for each of the tracers in the geodynamical model output and compute the model chemistry based on melting events, radioactive 
decay/radiogenic ingrowth with time, and extraction and recycling of the continental crust.
of OC recycling on the dynamics of the mantle and its geochemical 
evolution. At depth, the OC is denser than the surrounding man-
tle by 3–7% in the upper mantle (Irifune, 1987; Ringwood, 1990;
Aoki and Takahashi, 2004) and 0.5–5% in the lower mantle (Kesson 
et al., 1994; Hirose et al., 2005; Ono et al., 2005; Ricolleau et 
al., 2010). We use the geodynamical models of Brandenburg et al.
(2008), which use a range of 0% to 10% of eclogite excess densi-
ties (EED), where an EED of 10% means that the eclogite tracers 
are 10% denser than the harzburgite tracers.

In the geochemical model, melting events are accumulated in 
5 Myr intervals such that we have a sufficiently large number of 
tracers available for the batch melting calculations. We compute 
the total number of atoms of each isotope of interest by summing 
the atoms present in the melt zone. We define a melt fraction 
( f ) based on the relative volume of the combined eclogite trac-
ers to total volume. This is a simple first-order parameterisation
of melting at a mid-oceanic ridge where we will assume the melt 
fraction on average is 12.5% (e.g., McKenzie and Bickle, 1988). The 
eclogite tracers on average represent 12.5% of the mantle. During 
the model evolution the melt fraction varies around this fraction 
due to stochastic changes in the relative number of eclogite and 
harzburgite tracers for the EED = 0% case. For the cases with 
higher EED, an increasing number of eclogite tracers tend to re-
main in the deep lower mantle, and this reduces f by a few % over 
the course of the model run. We employ batch melting equations 
using the computed f and selected partition coefficients to find 
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the composition of the melt and residue. We then distribute the 
number of atoms in the melt equally between the eclogite tracers 
(thereby enriching them in incompatible elements) and distribute 
the atoms in the residue equally over the harzburgite tracers in 
the melt zone. We implement a number of published bulk D val-
ues in the model (Kelemen et al., 2003; Salters and Stracke, 2004;
Workman and Hart, 2005), which are primarily derived from nat-
ural samples and selected in order to reflect large-scale global 
processes. Salters and Stracke (2004) present different Kd and min-
eral abundances for different pressures (2 and 3 GPa; representing 
depths of melting), resulting in large variations in the bulk D val-
ues produced for each element (Table 1).

In models where we simulate the formation of continental crust 
(CC), we further extract atoms from the recently melted eclog-
ite tracers and store these in an extant CC reservoir. For this we 
use a separate set of partition coefficients. In Brandenburg et al.
(2008) these were termed ‘extraction coefficients’ but, in an un-
fortunate error, the paper listed values for these coefficients that 
were actually the relative amount of atoms retained in the eclog-
ite tracers, not that extracted to the CC. To be able to compare 
these coefficients with the previous paper we will list the rela-
tive amount retained as ‘retention’ coefficients. Newton iteration is 
used to determine the retention coefficients required to produce 
the present-day composition (Rudnick and Gao, 2014) and mass of 
the CC (2.4 × 1025 g) (CCpd).

In the preferred geochemical models of Brandenburg et al.
(2008), two sets of retention coefficients were applied to fluid-
mobile elements (Pb, Th, Rb), before and after a somewhat arbi-
trary age of 2.25 Ga. This follows guidance from earlier box mod-
elling (Rudge et al., 2005; Kellogg et al., 2007; and later by Kumari 
et al., 2016) and is required to provide a better fit between mod-
els and observations, in particular to Pb isotope data. As the trace 
elements considered here (Lu, Hf, Sm, Nd) are relatively immobile 
in fluids (Kessel et al., 2005), only one set of retention coefficients 
is applied. CC production starts at 4.0 Ga based on the age of the 
oldest continental crust (e.g., Bowring and Williams, 1999). The CC 
composition changes due to continued addition by CC extraction 
from the eclogite tracers and radiogenic ingrowth. We allow for 
the optional recycling of this evolving CC back into the mantle, 
potentially reflecting subduction erosion, delamination of the CC 
and/or the subduction of continentally derived sediments. When 
this functionality is applied, a fraction of the number of atoms of 
each isotope species (e.g., 176Lu, 176Hf, 177Hf, 147Sm, 143Nd, 144Nd), 
contained in the CC at a particular time interval, is removed and 
distributed to each eclogite tracer that has just participated in a 
melting event (i.e., newly formed OC).

3. Modelling approach and results

3.1. Approach

A step-wise approach was implemented to test the sensitivi-
ties of the Lu-Hf and Sm-Nd isotope systems to different vari-
ables and starting conditions, with increased complexity grad-
ually built into the model. The aim of the modelling was to 
produce the composition of the present-day upper mantle (UM) 
(εHf = ∼14−18 and εNd = ∼9−10; White and Hofmann, 1982;
Vervoort and Blichert-Toft, 1999; Chauvel and Blichert-Toft, 2001;
Salters and Stracke, 2004; Workman and Hart, 2005), OIB endmem-
bers, and CC (upper CC: εHf = −13.2 ± 2.0, and εNd = −10.3 ± 1.2; 
Chauvel et al., 2014), as well as the slope of the Hf-Nd mantle 
array (Fig. 1). The geochemical model parameters that remained 
constant are presented in Table 2.
3.2. Sensitivity to prescribed partition coefficients

We first tested the model sensitivity to different choices of par-
tition coefficients (Fig. 3). The bulk D values of Workman and Hart
(2005) produce a range of εHf values that far exceed the range in 
the global dataset (+53 to −24 for EED = 10%, Fig. 3a). The bulk D 
values calculated using the mineral/melt partition coefficients (Kd) 
of Kelemen et al. (2003) and Salters and Stracke (2004) (for DMM 
at 2 GPa; Table 1) produce a much better fit to the global εHf
dataset (Fig. 3b and c). However, the opposite is the case for εNd, 
and in this case the bulk D values of Workman and Hart (2005)
result in a better match (values ranging between +15 and −6, 
Fig. 3a), particularly in comparison to Salters and Stracke (2004)
values for 2 GPa (Fig. 3c).

Kd values from Salters and Stracke (2004) for melting at 3 GPa 
produce a range of εHf values that extend to much wider values 
than the global dataset (+59 to −47) and also result in the slope 
of the generated εHf–εNd array being far too steep (Fig. 3d). This 
is related to Lu being highly compatible in garnet (Table 1), which 
is present during mantle melting at higher pressures, resulting in 
a greater fractionation between Lu and Hf (i.e., DLu/DHf, Table 1), 
with less Lu being partitioned into the melt.

The published partition coefficients that best match the spread 
and slope of the Hf-Nd mantle array are those of Workman and 
Hart (2005) for Sm (0.045) and Nd (0.031) combined with those 
for DMM at 2 GPa (i.e., without garnet) from Salters and Stracke
(2004) for Lu (0.137) and Hf (0.061) (Table 1, Fig. 3). A slight im-
provement on the fit can be achieved by adjusting the bulk D value 
for Hf to 0.066 (Fig. 3f). Bulk D values vary as a function of pres-
sure and mineral abundance. As melting in the model extends to 
depths of 100 km, and as the mineral abundances in the mantle 
are likely to have changed over time, we consider adjusting the 
bulk D values within the range of those published (Table 1) to be 
realistic for the purposes of this large temporal and spatial scale 
modelling.

3.3. The effect of excess eclogite density (EED)

In the second stage of modelling we investigated the effect of 
changing EED on the geochemical evolution using the preferred 
bulk D values detailed above (Figs. 4, 5, and S1). In the neutral 
buoyancy case, the spread in Hf and Nd isotope compositions is 
more restricted than the global data array (Fig. 4a). There is also 
little variability in composition with depth and time (Fig. 4d) and 
the model is far from reproducing the εHf and εNd compositions of 
the UM, with average values of 1.0 and 0.7. As the EED increases 
the spread in the εHf and εNd values produced by the model also 
increases and more variability is observed with depth and time 
(Fig. 4). A notable feature is the development of increasingly un-
radiogenic Hf and Nd isotope compositions in the deep mantle. 
This reflects the accumulation of subducted eclogite at the CMB. 
The preferential partitioning of the daughter species (Hf and Nd) 
into eclogite results in the deeply stored OC developing less ra-
diogenic compositions over time. With higher EED, more OC is 
stored at the CMB and more extreme negative εHf and εNd com-
positions develop (Figs. 4 and 5). The average εHf and εNd values 
in the deepest mantle in the EED = 10% model are −13.6 and 
−4.4. Conversely, the harzburgite tracers are relatively enriched in 
the parent isotopes (176Lu and 147Sm) and develop radiogenic Hf 
and Nd compositions over time. Areas of the mantle that contain 
a higher proportion of harzburgite compared to eclogite have pos-
itive εHf and εNd, as is reflected in the composition of the UM 
(Figs. 4 and 5). The accumulation of eclogite tracers in the deep 
mantle is also demonstrated by the higher concentrations of in-
compatible TE near the CMB, which becomes more prevalent in 
the higher EED models (Figs. 5d-f).
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ed in the geodynamical-geochemical modelling.

DSm/
DNd

DLu/
DHf

(DLu/DHf)/
(DSm/DNd)

Associated 
figure

35 1.45 3.43 2.36 Fig. 3a

47 3.00 2.40 0.80
61 3.08 2.26 0.73 Fig. 3c
65 3.16 2.18 0.69

70 1.89 6.62 3.51 Fig. 3d
44 1.88 6.74 3.59

47 1.63 2.29 1.40
63 1.60 2.09 1.31
75 1.69 5.30 3.13
60 1.61 2.15 1.34 Fig. 3b

57 2.098 3.545 1.886
75 3.157 6.743 3.587
35 1.452 2.095 0.690
Table 1
Published mineral/melt partition coefficients (Kd) and published/calculated bulk partition coefficients (bulk D) using different mineral modes. These are used and evaluat

Reference Element Mineral/melt partition coefficients (Kd) Mineral mode 
(refer to table below)

Bulk D values

Olivine Opx Cpx Garnet Sm Nd Lu Hf

Workman and 
Hart (2005)

– – – – – Depleted MORB mantle (DMM) 0.045 0.031 0.120 0.0

Salters and Stracke
(2004) - 2 GPa

Sm 0.0011 0.02 0.299 – Depleted MORB mantle (DMM) 0.045 0.015 0.111 0.0
Nd 0.00042 0.012 0.088 – Salters and Stracke (2004) - 2 GPa - DMM 0.060 0.020 0.137 0.0
Lu 0.02 0.12 0.511 – Primitive mantle (PM) 0.065 0.021 0.141 0.0
Hf 0.0022 0.03 0.2835 –

Salters and 
Stracke (2004)
- 3 GPa

Sm 0.0011 0.02 0.1509 0.23 Salters and Stracke (2004) - 3 GPa - DMM 0.065 0.034 0.464 0.0
Nd 0.00042 0.012 0.0884 0.064 PM including garnet 0.041 0.022 0.300 0.0
Lu 0.02 0.12 0.276 7
Hf 0.0011 0.024 0.14 0.4

Kelemen et al.
(2003)

Sm 0.0007 0.02 0.291 0.217 Depleted MORB mantle (DMM) 0.044 0.027 0.107 0.0
Nd 0.00007 0.009 0.1873 0.057 Primitive mantle (PM) 0.063 0.040 0.131 0.0
Lu 0.03 0.12 0.433 9 PM including garnet 0.067 0.039 0.395 0.0
Hf 0.004 0.04 0.256 0.5 Salters and Stracke (2004) - 2 GPa - DMM 0.059 0.036 0.129 0.0

Average 0.055 0.028 0.204 0.0
Max 0.067 0.040 0.464 0.0
Min 0.041 0.015 0.107 0.0

Mineral modes

Olivine Opx Cpx Garnet

Depleted MORB mantle (DMM) 0.57 0.28 0.13 0
Salters and Stracke (2004) - 2 GPa - DMM 0.53 0.29 0.18 0
Salters and Stracke (2004) - 3 GPa - DMM 0.53 0.08 0.34 0.05
Primitive mantle (PM) 0.57 0.23 0.20 0
PM including garnet 0.56 0.22 0.19 0.03
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Fig. 3. Plots of εNd versus εHf comparing the model chemistry (after 4.55 Byr with various bulk D values) to the global MORB-OIB dataset; a) bulk D values of Workman 
and Hart (2005); b) Kd values from Kelemen et al. (2003) combined with the mineral abundances for DMM at 2 GPa from Salters and Stracke (2004); c) bulk D values from 
Salters and Stracke (2004) for DMM at 2 GPa (i.e., without garnet); d) bulk D values from Salters and Stracke (2004) for DMM at 3 GPa (i.e., with garnet); e) bulk D values 
from Workman and Hart (2005) for Sm and Nd, and from Salters and Stracke (2004) for Lu and Hf (DMM at 2 GPa); and f) bulk D values from Workman and Hart (2005) for 
Sm and Nd, bulk D value from Salters and Stracke (2004) for Lu (DMM at 2 GPa), and an assumed bulk D value of 0.066 for Hf. The formation of continental crust (CC) is 
not implemented in these models and all models use 10% excess eclogite density (EED = 10%) as this always produces the most extreme range in values. Note the changing 
axis values and that the model data is coloured according to depth.
Although the simple production, recycling, and storing of OC in 
the model produces a good fit between the model data and the 
global data array (e.g., Fig. 4b), it fails to reproduce the Hf and 
Nd isotope compositions of the UM. Even the most extreme EED 
model (EED = 10%) has average UM εHf and εNd compositions of 
only +6.3 and +3.0 respectively (Fig. 4c and f).

3.4. The production and recycling of continental crust

In the third stage of modelling we tested the effects of pro-
ducing and recycling of continental crust (CC). The retention co-
efficients implemented change depending on the EED, partition 
coefficients, and whether CC is recycled (Table S1). Here, we focus 
on the 10% EED model (Fig. 6), as it produces UM compositions 
that are closest to the observed values (Section 3.3). The results 
from the production and recycling of CC in the EED = 0% and EED 
= 7% models are shown in Supplementary Figs. S2 and S3.

The generation of CC in the model (1 × CCpd extracted) pro-
duces a slightly more restricted and positive data array with a 
broader spread in Hf isotope compositions (Fig. 6a compared to 
4c). The composition of the lower mantle does not evolve to such 
unradiogenic Hf isotope compositions, with a maximum final εHf
of −10.2 compared to −13.6 without CC extraction (Fig. 6b com-
pared to 4f). This is due to the preferential extraction of incompati-



32 R.E. Jones et al. / Earth and Planetary Science Letters 518 (2019) 26–39
Fig. 4. Plots of final εNd versus εHf (a, b, c) and average εHf versus mantle depth as a function of model time (d, e, f) for different excess eclogite densities (EED); a and d 
show the results for the neutral case (EED = 0%); b and e for 7% EED; and, c and f for 10% EED. These models assume the bulk D values from Workman and Hart (2005) for 
Sm and Nd, the bulk D value from Salters and Stracke (2004) for Lu (DMM at 2 GPa), and a bulk D value of 0.066 for Hf. No continental crust (CC) was produced in these 
models.
ble TE into the CC, forming a competing, unradiogenic and negative 
εHf and εNd reservoir over time. As a result of this depletion, the 
rest of the mantle becomes more radiogenic in its Hf and Nd iso-
tope composition (above 2500 km in Fig. 6b).

Dhuime et al. (2012) suggested that 100% of the present volume 
of the CC has been destroyed and recycled back into the man-
tle since 3 Ga. We simulated this by producing, over time, twice 
the present-day mass of the CC and recycling one mass back into 
the mantle from 4.05 Ga (2 × CCpd extracted, 1 × CCpd recycled). 
This generates more unradiogenic Hf and Nd isotope compositions 
in the lower mantle (below 660 km) and a Hf-Nd isotope array 
with a wider spread (Figs. 6d and e). As recycled CC is carried by 
the eclogite tracers, it follows their movement in the geodynami-
cal model and is potentially stored in the deep mantle, producing 
greater compositional heterogeneity (Fig. 6d). Although recycling 
CC generates more heterogeneity, the average Hf and Nd isotope 
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Fig. 5. Plots of final εHf compositions and 176Hf concentrations (atoms/g) in the mantle after 4.55 Byr of mantle convection for different EED; a and d show the results for 
the neutral case (EED = 0%); b and e for 7% EED; and, c and f for 10% EED. Plots of final εNd compositions and 143Nd concentrations (atoms/g) are shown in Supplementary 
Fig. S1.
compositions of the UM and at the CMB are similar to those pro-
duced without CC recycling (Figs. 6b and e). The recycling of CC 
produces more realistic Hf and Nd isotope compositions for the CC 
itself (εHf and εNd of −24 and −17, respectively) compared to the 
case without CC recycling (−33 and −22) (Figs. 6b and e). Since 
we keep the proportion of the CC recycled constant over model 
time, the CC extracted early in the model run that evolves to highly 
unradiogenic compositions is redistributed into the mantle via the 
eclogite tracers. This results in a CC that evolves to less extremely 
negative εHf and εNd compositions. Additionally, the growth of the 
CC without CC recycling is nearly linear (Fig. 6c). In contrast, when 
CC is recycled, the continental growth curve is initially steep and 
then shallows implying that recycling becomes a more prevalent 
process over time (Fig. 6f). The latter qualitatively matches some 
of the proposed models for the growth of the CC primarily based 
on Hf isotopic compositions of zircons (e.g., Belousova et al., 2010;
Dhuime et al., 2012).

The extraction and recycling of CC does generate more positive 
εHf and εNd compositions (+6 and +3) in the UM, compared to 
models without CC formation, but these still differ from the ob-
served values. This suggests that the UM is not being sufficiently 
depleted in the daughter isotope relative to the parent isotope (i.e., 
DSm/DNd and DLu/DHf are too low) to develop more radiogenic Hf 
and Nd isotope compositions.
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Fig. 6. Plots of final εNd versus εHf (a and d), and the time evolution of average εHf versus mantle depth (b and e) and the mass of the continental crust (in 1025 g; frames 
c and f). The top row shows the results for the model in which one present-day mass of the continental crust (CCpd) is formed from 0.5 Byr. The bottom row shows the 
results for the model where continental crust was both generated and recycled from 0.5 Byr (2 × CCpd extracted, 1 × CCpd recycled). Both models are for EED = 10% using 
the preferred partition coefficients detailed in section 3.2. The results for EED = 0% and EED = 7% can be found in Supplementary Figs. S2 and S3.
3.5. Re-assessing the prescribed partition coefficients

The models presented thus far fail to produce the observed ra-
diogenic Hf and Nd isotope composition of the UM. In order to 
generate a complementary unradiogenic reservoir, the fractiona-
tion between the parent and daughter species could be changed 
to retain more Lu and Sm relative to Hf and Nd in the melting 
residue (harzburgite tracers). This would lead to more radiogenic 
Hf and Nd isotope compositions in the harzburgite and less radio-
genic compositions in the eclogite. The spread and slope of the 
Hf-Nd isotope array is governed by (DLu/DHf)/(DSm/DNd). The only 
satisfactory way we found to produce the Hf and Nd isotope com-
positions of the UM, and the slope of the Hf-Nd mantle array, was 
to adjust the bulk D values to increase the fractionation between 
the parent and daughter species. In the preferred model, the bulk 
D values used are Sm = 0.067, Nd = 0.015, Lu = 0.464 and Hf 
= 0.048 (Table 3), all of which are still within the range of the 
published values (Table 1). However, we recognise there is an im-
mediate influence of the way we compute the melt fraction in the 
model, and therefore, our resulting preferred bulk D values are not 
necessarily representative of ‘true’ bulk D values.

To further ensure that the assigned bulk D values are not un-
realistic, we applied batch melting to the average composition of 
the UM just below the depth of the melting zone (100–360 km) 
to check that the melt generated has a TE composition similar to 
MORB (Jenner and O’Neill, 2012, Supplementary Fig. S4). A good 
match is seen between the TE composition of batch melts pro-
duced from the average UM in the model with a melt fraction of 
between 10 and 15% and MORB composition with 9 wt.% MgO (Ta-
ble 3). Increasing the EED depletes the UM in TE more strongly, 
due to increased storage of eclogite at the CMB. We also tested the 
sensitivity of the model to different BSE compositions. For exam-
ple, the BSE concentrations of Palme and O’Neill (2003) are higher 
for Lu, Hf, Sm and Nd compared to McDonough and Sun (1995). 
When these concentrations are utilised this also results in a more 
TE-enriched UM and, in this case, the composition of a MORB with 
9 wt.% MgO is matched with a higher melt fraction (Table 3).

The results of our preferred model are presented in Fig. 7. To 
reproduce the Hf and Nd isotope compositions of the UM (Figs. 7b 
and c) the range of values throughout the mantle exceeds those 
exhibited in the Hf-Nd mantle array (Fig. 7a). Specifically, the val-
ues observed in the lower mantle spread to compositions not mea-
sured in OIB samples that are thought to be sourced from the 
lower mantle. The model lower mantle at the CMB has an aver-
age εHf composition of −38 and εNd of −14. The mantle above 
2500 km depth has average compositions more radiogenic than 
CHUR (Bouvier et al., 2008), with the depleted UM showing the 
most positive εHf and εNd compositions of 12–18 and 7–10 respec-
tively (Fig. 7). Without the production and recycling of CC (Fig. S5) 
the lower mantle evolves to similarly negative εHf and εNd values 
(−37 and −15), but the mantle above 2500 km depth evolves to 
less radiogenic compositions with the UM falling short of the DMM 
composition (εHf = 12, εNd = 6) (Table 3).

We note that the shape of the Hf and Nd isotope array pro-
duced by the preferred model is more curved than the measured 
array, but that the centre of the model array overlaps the man-
tle array and the model produces compositions that match the 
DMM, FOZO, and EM mantle endmembers (Fig. 7). The increased 
curvature is primarily caused by the trajectory in the model array 
that has higher εNd than εHf values. These compositions reflect the 
presence of ultra-depleted harzburgitic tracers, which have partic-
ipated in more than one mantle melting event. In addition, as a 



Table 2
Constant parameters in the geochemical model.

Fixed parameters Reference

Age of the Earth (yr) 4.55 × 109

Mass of the mantle (g) 4.04 × 1027

Mass of the continental crust (g) 2.40 × 1025

Concentration of stable isotope species in the mantle (atoms/g) 144Nd 1.242 × 1015 Calculated using BSE values of McDonough and Sun (1995) and
177Hf 1.776 × 1014

Decay constants (yr−1) 147Sm 6.53915 × 10−12 Begemann et al. (2001)
176Lu 1.867 × 10−11 Söderlund et al. (2004)

CHUR values 147Sm/144Nd 0.1960 Bouvier et al. (2008)
143Nd/144Nd 0.512630
176Lu/177Hf 0.0336
176Hf/177Hf 0.282785

Concentration of isotope species in the continental crust (atoms/g) 147Sm 5.623 × 1040 Calculated using continental crust composition of Rudnick and 
(2016)144Nd 4.769 × 1041

176Lu 6.441 × 1038

177Hf 5.573 × 1040

Table 3
Model results for different EED, BSE values, bulk D values, melt fractions, timing of crust production, and assumptions on production and recycling of continental crust. He
model of between 100 (i.e., below the melting zone) and 360 km. The Hf and Nd concentrations (ppm) of an upper mantle melt are calculated by applying batch melting eq
with varying melt fractions. These calculated concentrations are compared to those reported by Jenner and O’Neill (2012) for a MORB with 9 wt.% MgO (1.3 ppm Hf and
underlined. The preferred model (Fig. 7) is highlighted in bold. An extended table is given in the Supplementary Data Tables.

Geochemical model inputs Geochemical model outputs

EED model Key parameter 
change

BSE values Bulk D values Continental 
crust

Average upper mantle Element Average 
upper mantle 
(ppm)

Sm Nd Lu Hf Epsilon 
Hf

Epsilon 
Nd

EED010 Adjusted bulk D values McDonough and Sun
(1995)

0.0450 0.0310 0.137 0.066 None 4.0 1.6 Hf 0.23
Nd 0.97

EED010 Adjusted bulk D values McDonough and Sun
(1995)

0.0670 0.0150 0.464 0.048 Production and 
recycling

14.4 8.0 Hf 0.22
Nd 0.88

EED010 No continental crust McDonough and Sun
(1995)

0.0670 0.0150 0.464 0.048 None 12.0 6.0 Hf 0.23
Nd 0.94

EED007 Lower EED (7%) McDonough and Sun
(1995)

0.0670 0.0150 0.464 0.048 Production and 
recycling

9.0 5.3 Hf 0.23
Nd 0.95

EED010 Late stage mantle 
depletion (after 0.75 Byr)

McDonough and Sun
(1995)

0.0670 0.0150 0.464 0.048 Production and 
recycling

10.6 6.3 Hf 0.23
Nd 0.93

EED010 Different BSE starting 
values

Palme and O’Neill
(2003)

0.0670 0.0150 0.464 0.048 Production and 
recycling

14.2 7.8 Hf 0.23
Nd 0.94

EED010 25% increase in melt 
fraction (F)

McDonough and Sun
(1995)

0.0670 0.0150 0.464 0.048 Production and 
recycling

14.5 7.1 Hf 0.21
Nd 0.87
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isotope abundances of Meija et al. (2016)

Gao (2014) and isotope abundances of Meija et al.

re the upper mantle is considered to be at depths in the 
uations to the average composition of the upper mantle, 
 5.5 ppm Nd, Fig. S4); the closest calculated values are 

Batch melting the upper mantle Associated 
figureVarying melt fraction

0.01 0.05 0.1 0.125 0.15 0.2

3.09 2.07 1.46 1.27 1.13 0.92 Fig. 3f
23.95 12.26 7.62 6.41 5.53 4.33
3.75 2.26 1.51 1.29 1.13 0.91 Fig. 7
35.49 13.73 7.77 6.38 5.42 4.16
3.95 2.38 1.59 1.36 1.19 0.95 Fig. S5
37.89 14.66 8.30 6.82 5.79 4.44
3.95 2.38 1.59 1.36 1.19 0.95 Fig. S6
38.09 14.73 8.34 6.85 5.82 4.47
3.92 2.36 1.57 1.35 1.18 0.94 Fig. S8
37.37 14.45 8.18 6.72 5.71 4.38
3.99 2.40 1.60 1.37 1.20 0.96 –
37.81 14.62 8.28 6.80 5.77 4.43
3.69 2.22 1.48 1.27 1.11 0.89 Fig. S9
35.19 13.61 7.70 6.33 5.37 4.12
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Fig. 7. Plots of final εNd versus εHf (a), average εHf versus mantle depth (b), and 
average εNd versus mantle depth (c) for the preferred model (EED = 10%, conti-
nental crust produced and recycled, and bulk D values set to maximum values (Sm 
= 0.0670, Nd = 0.0220, Lu = 0.464 and Hf = 0.075) to achieve upper mantle εHf
and εNd compositions and reasonable trace element compositions (Table 3)). Results 
without continental crust formation and recycling and 7% EED are shown in Figs. S5 
and S6.

result of the adjustment of the partition coefficients, the Hf-Nd ar-
ray loses the ‘cone-like’ shape shown in Fig. 6d. This is due to the 
adjusted partition coefficients extending the values in the array to 
more extreme values, which reduces the apparent effect of CC re-
cycling.

4. Discussion

4.1. Sensitivity to partition coefficients

The results of the geodynamical-geochemical model are highly 
sensitive to the prescribed bulk D values (much more so than to 
melt fraction, shown in Table 3 and Fig. S9). Parent and daughter 
species have different compatibilities in different mantle minerals, 
and therefore the Lu/Hf and Sm/Nd of the melt is controlled by 
the minerals present in the source. Lu has a much higher compat-
ibility in garnet (and somewhat higher in clinopyroxene) than Hf 
(Table 1), meaning the presence of even a small amount of garnet 
(typically stable at P > 1 GPa) in the melt source region would 
result in a lower amount of Lu, relative to Hf being partitioned 
into the OC. Similarly, Sm has a higher compatibility in garnet and 
clinopyroxene compared to Nd.

Present day MORBs are thought to be primarily produced from 
melting in the spinel stability field (<60 km depth) and there is 
likely to be little garnet present. However, the abundance of cer-
tain mineral phases in the melt source region, and which stability 
field (garnet versus spinel and plagioclase) melting occurred in, 
has likely changed over the course of Earth history. The Archean 
mantle is widely considered to be hotter than the modern mantle 
(e.g., Herzberg et al., 2010 and references therein), which would 
have resulted in a higher degree of partial melting and the pro-
duction of a thicker, warmer, and more buoyant OC (e.g., Sleep and 
Windley, 1982; Bickle, 1986). In our preferred model the partition 
coefficients were adjusted to increase the fractionation between 
the parent (Lu and Sm) and daughter (Hf and Nd) species. This 
could be accounted for by the presence of residual garnet in the 
melt source region in the early Earth when melting may have oc-
curred at deeper levels, due to the thickness of the overlying crust. 
Salters and Hart (1989) also suggested that the Lu–Hf and Sm–
Nd systematics of MORBs requires garnet to be a residual phase 
in melt genesis, and proposed a model in which melting starts 
in the garnet stability field and then continues at shallower lev-
els. Hirschmann and Stolper (1996), alternatively, propose that the 
combination of spinel peridotite with 3–6% pyroxenite, with ≥20% 
modal garnet, could also account for the Lu–Hf and Sm–Nd com-
positions of most MORB. Our model supports an increased role for 
garnet and, overall, suggests that elemental partition coefficients, 
combined with present-day MORB source mineral abundances and 
melt fractions, may not be appropriate for the entirety of Earth 
evolution.

The adjusted partition coefficients in the preferred model pro-
duce a range of Hf and Nd isotope compositions not observed in 
the MORB-OIB mantle array (Fig. 7a). However, extremely high εHf

and εNd values (60 and 21 respectively) have been reported for 
abyssal peridotites that represent residual mantle (Stracke et al., 
2011). These compositions have been attributed to ancient mantle 
depletion, with the comparatively unradiogenic Nd isotope com-
positions reflecting higher susceptibility to resetting by melt-rock 
interaction of Sm-Nd compared to Lu-Hf. A number of studies have 
also suggested that the mantle is more heterogeneous in compo-
sition and contains more extreme isotopic compositions than have 
been measured in MORB and OIB to date (e.g., Bizimis et al., 2007;
Liu et al., 2008; Stracke et al., 2011). This is consistent with the 
model results presented here. The extreme isotopic compositions 
contained in portions of the residual mantle are unlikely to be 
reflected in MORB and OIB compositions, as these domains are re-
fractory and thus contribute little to the genesis of magmas, and 
their compositions are easily overprinted by melting of more TE 
enriched, fertile portions of the mantle.

A recent study has reported chondritic Hf isotopic compositions 
of Eoarchean zircons and interpreted this as evidence that there 
was no early, planet-scale depletion of the mantle in the Hf isotope 
record prior to 3.8 Ga (Fisher and Vervoort, 2018). We tested this 
scenario of late stage mantle depletion and found negligible impact 
on the geochemical evolution (Table 3, Fig. S8). The εHf and εNd

compositions obtained for the upper mantle were slightly lower 
than observed, but a match could be made by further adjustment 
of the model partition coefficients.
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4.2. Variations with depth and the development of OIB endmember 
compositions

The least radiogenic Hf and Nd isotope compositions in all re-
sults are found in eclogite that experienced melting early and was 
subducted and stored in the deep mantle (Figs. 3–7). Increasing 
EED results in increasingly unradiogenic Hf and Nd isotope com-
positions (Fig. 4), as more eclogite is retained near the CMB. The 
negative εHf and εNd region of the mantle array is occupied by the 
enriched mantle compositions such as those obtained for EMI and 
EMII OIBs. These EM compositions have been linked with the recy-
cling of sediments, delaminated lower CC, or metasomatised sub-
continental lithosphere (e.g., Zindler and Hart, 1986; Weaver, 1991;
Chauvel et al., 1992; Tatsumoto et al., 1992; Eisele et al., 2002; 
Willbold and Stracke, 2006, 2010). The results presented here sug-
gest that the incorporation of OC recycled into the source of OIBs 
could partly account for the EM compositions.

The results also support, in part, the conclusions of earlier 
combined geodynamical-geochemical models (e.g., Christensen and 
Hofmann, 1994; Davies, 2002; Xie and Tackley, 2004; Brandenburg 
et al., 2008), which suggested that the pooling of dense OC at 
the CMB plays a fundamental role in developing MORB and OIB 
compositions. These previous studies, however, tended to focus on 
the U-Th-Pb isotope systems and the development of HIMU mantle 
compositions. In this study we do not produce HIMU and extreme 
EMII Hf and Nd isotope compositions, suggesting that a geochem-
ical component, such as recycled oceanic sediments, is missing. 
Chauvel et al. (2008) suggested that the Hf-Nd mantle array cannot 
be produced from the recycling of basaltic OC alone and invoked 
the need for recycling of both OC and sediments (over 3 Byr) into 
the source of OIBs to produce MORB-OIB compositions. In contrast, 
our model results show that a large proportion of the Hf-Nd man-
tle array can be produced by the recycling of OC alone (Fig. S5). 
Producing and recycling CC produces a wider spread in the Hf-
Nd isotope array (Fig. 7), but recycling oceanic sediments into the 
mantle, which have a shallower Hf-Nd isotope array (Chauvel et 
al., 2008) (not modelled here), may be required to generate the 
full array (i.e., HIMU and extreme EMII compositions).

The extreme unradiogenic Hf and Nd isotope compositions pro-
duced in the lower mantle of the preferred model (Fig. 7a) are not 
observed in natural samples (Fig. 1). However, the isotopic com-
positions of the plumes rising in the model show a mixture of 
material being entrained into them with a range of compositions. 
Therefore, the less extreme compositions observed in OIB might 
reflect the mixing of recycled OC with more residual portions of 
the mantle, or mantle which has not undergone melting (e.g., Li et 
al., 2014), both of which would have more radiogenic Hf and Nd 
isotope compositions.

4.3. The growth of the continental crust

The formation of the CC in the model is rather simplistic 
and involves the extraction of incompatible TE from the eclog-
ite tracers based on iteratively set retention coefficients. In the 
Earth this might reflect the formation of early CC from basaltic 
crust and subduction zone processes involving the dehydration 
and melting of down-going OC (e.g., Zegers and van Keken, 2001;
Johnson et al., 2017; Gardiner et al., 2018). Although we set the 
retention coefficients arbitrarily, the values used in the preferred 
model (Table S1) generally mirror melt/mineral and fluid/min-
eral (Kessel et al., 2005) partitioning behaviour, with preferentially 
higher extraction of Hf and Nd into the CC compared to Lu and 
Sm.

Early geochemical models suggested that the formation of 
the CC is critical in developing the composition of the depleted 
mantle (e.g., Jacobsen and Wasserburg, 1979; Hofmann, 1988; 
McCulloch and Bennett, 1994; Workman and Hart, 2005). In our 
preferred model the production and recycling of the CC has a lim-
ited effect in terms of matching the composition of the present-day 
UM, OIB endmembers, and the slope of the Hf-Nd mantle array 
(Fig. S5 shows the result without CC extraction and recycling). In-
stead, the formation, recycling, and critically the storage of OC near 
the CMB is found to be the more important process in determin-
ing the mantle and crustal Lu-Hf and Sm-Nd compositions. The 
mass of the OC produced in the model (2.83 × 1026 g, assuming 
a constant rate of production for 4.55 Byr) is considerably greater 
than the mass of CC produced in the model (2.40 × 1025 g, or 
4.8 × 1025 g if one mass of the CC is recycled). Despite the higher 
enrichment of the CC in incompatible TE compared to the OC, the 
large mass of recycled OC stored in the deep mantle (with in-
creased EED), which is also a longer-lived reservoir than the CC, 
provides a more effective mechanism of sequestering incompatible 
TE from the convecting mantle. This is supported by the TE com-
position of the UM produced in the model with and without the 
formation of CC. When CC is formed in the model, the UM is only 
marginally more depleted, and subsequently produces the compo-
sition of MORB (9 wt.% MgO) with a slightly lower melt fraction 
(Table 3).

The Hf and Nd isotope composition of the CC generated in the 
model more closely matches the average composition of the upper 
CC (Chauvel et al., 2014) when continental crust is recycled in the 
model (Fig. 6e). Without CC recycling the models develop average 
compositions that are too extreme due to the long residence time 
of the earliest formed CC (4.05 Ga) (Fig. 6b). Recycling continen-
tal crust into the mantle, which could occur through subduction 
of continental sediments, subduction erosion of continental crust, 
or delamination of thick continental crust, reduces the average Hf 
and Nd isotope compositions developed in the model CC. Thus our 
model lends support to the hypothesis that a volume of CC, equal 
to the present day volume of the continents, may have been re-
cycled into the mantle over geological time (e.g., Dhuime et al., 
2012). The final Hf and Nd isotope compositions obtained for the 
CC, even when continental recycling is implemented in the model, 
are still less radiogenic (εHf = −19.5 and εNd = −14.2) than the 
values proposed for the average upper CC (εHf = −13.2 ± 2.0, and 
εNd = −10.3 ± 1.2 (Chauvel et al., 2014)). In order to generate the 
composition of the average upper continental crust, 200% of the 
present day mass of the CC would have to be recycled into the 
mantle. However, as no average εHf and εNd values have been pro-
posed for the mid to lower CC, which may include a significant 
mass of older crust with lower εHf and εNd, we consider the more 
negative εHf and εNd values obtained for the CC in our preferred 
model (Fig. 7b and c) to be suitably realistic.

Different workers have suggested different models for the 
growth of the continental crust, including early formation (Arm-
strong, 1981), episodic growth (e.g., Condie and Aster, 2010) and 
relatively late stage formation (after 2.5 Ga) (e.g., Allègre and 
Rousseau, 1984; for a review see Hawkesworth et al., 2019). Our 
results with CC recycling lead to a CC growth curve similar to those 
suggested by Belousova et al. (2010) and Dhuime et al. (2012), 
based on Hf isotopic compositions of zircons combined with U-Pb 
ages (Fig. 6f). These growth curves suggest that a mass equivalent 
to 50–70% of the current CC mass was accumulated prior to 3 Ga. 
These studies go on to suggest that crustal recycling and reworking 
dominated over juvenile additions to the continental crust since at 
least the end of the Archean (2.5 Ga), possibly related to the onset 
of subduction-driven plate tectonics (Dhuime et al., 2012).

5. Conclusions

Our preferred model (based on excess eclogite density of 10%, 
with production and recycling of continental crust (CC), and ad-
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justed bulk D values suggesting an increased role for residual gar-
net during mantle melting) reproduces the Hf and Nd isotope com-
positions of the upper mantle and continental crust. Negative εHf
and εNd are consistently observed in the lower mantle in all model 
results and are caused by subducted and deeply accumulated 
oceanic crust. These compositions are similar to OIB enriched man-
tle endmembers (EMI and EMII), suggesting they are derived from 
the deep mantle. To generate the trace element depleted and ra-
diogenic Hf and Nd isotope compositions of the upper mantle, the 
Earth must have a mechanism of generating and preserving a trace 
element (TE) enriched and unradiogenic Hf and Nd isotope reser-
voir somewhere in the mantle or crust. Previous geochemical stud-
ies have suggested the extraction of the continental crust is a crit-
ical process in generating the TE and isotopic composition of the 
upper mantle (e.g., Hofmann, 1988; McCulloch and Bennett, 1994;
Workman and Hart, 2005). In contrast, we interpret the results 
of the combined geodynamical-geochemical modelling presented 
here to suggest that the extraction, subduction (and/or delami-
nation), and critically the storage of oceanic crust in the lower 
mantle to be the key process driving the mantle-crust Lu-Hf and 
Sm-Nd systematics, with the formation and recycling of continen-
tal crust playing a lesser role. We suggest that the accumulation of 
recycled oceanic crust in the deep mantle provides a more effec-
tive mechanism of sequestering incompatible TE from the convect-
ing mantle than the continental crust. This conclusion is reached 
based on the model reproducing both TE abundances and iso-
topic compositions of the upper mantle (DMM). The match to up-
per mantle compositions and the Hf-Nd mantle array is improved 
with CC production and recycling. The growth of the CC in the 
model is consistent with the continental growth curves based on 
Hf isotopic signatures obtained from zircon (Belousova et al., 2010;
Dhuime et al., 2012), suggesting the growth of the continental 
crust is not a linear process through a simple steady-state extrac-
tion from the mantle. Including the recycling of oceanic sediments, 
which produce a shallower Hf and Nd isotope array (Chauvel et al., 
2008), could extend the spread of the data generated by the model 
to the HIMU and extreme EMII compositions.
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