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Abstract

Mantle evolution is governed by continuous depletion by partial melting and replenishment by
recycling oceanic and continental crust. Several important unknowns remain, however, such as
the extent of compositional variability of the residual depleted mantle, the timescale,
composition, and mass flux of recycled oceanic and continental crust, and the relative
importance of recycling upper versus lower continental crust. Here, we investigate the Ce-Nd-Hf
isotope systematics in a globally representative spectrum of mid ocean ridge and ocean island
basalts. Using a Monte Carlo approach for reproducing the global Ce-Nd-Hf isotope mantle
array shows that the type and age of depleted mantle and recycled crust have the dominant
influence on the slope, scatter, and extent of the array. The model results suggest a relatively

young (<1.5 Ga) average depletion age of the depleted mantle, consistent with Nd and Os
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isotope model ages of abyssal peridotites, and an apparent moderate extent of incompatible
element depletion. The latter, however, is deceiving, because it reflects a natural sampling bias,
resulting from melting an inherently heterogeneous depleted mantle. In principal, recycling of
oceanic crust can potentially explain most of the isotopic range of the isotopically enriched end
of the global Ce-Nd-Hf mantle array, but only if the entire compositional variability of the
recycled crust is preserved during recycling, residence in the mantle, and re-melting. The latter is
unlikely, however, because many sources of internal chemical variance average out on the scale
of the bulk oceanic crust, during residence in the mantle, and subsequent sampling by partial
melting. Moreover, both the slope and limited scatter of the global Ce-Nd-Hf mantle arrays
show that recycling of bulk oceanic crust, that is, both the extrusive basalts and intrusive gabbros
of the lower oceanic crust must be considered, and are key to better understand crust-mantle
cycling in general. The Monte-Carlo simulation also indicates that the return flux from the
continental crust into the mantle is dominated by material from the lower continental crust,
consistent with current models of continental crust evolution, which all require that a substantial
amount of the mafic lower continental crust must be recycled into the mantle to maintain the

average andesitic composition of the continental crust.

Keywords: OIB, MORB, Cerium isotopes, REE, mantle heterogeneity, depleted mantle

1. Introduction

The evolution of Earth’s mantle is governed by continuous depletion in incompatible elements
through partial melting, and re-enrichment in incompatible elements by recycling oceanic and
continental crust (e.g., Hofmann, 1997; Stracke, 2012, 2018; White, 2015a; Zindler and Hart,
1986). “The part of Earth’s mantle from which basaltic melt has been extracted” and thus has

become depleted in incompatible elements is defined as the “depleted mantle” (DM; Stracke,
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2016). Depleted mantle is the main source of mid ocean ridge basalts (MORB), but also a
significant part of most ocean island basalt (OIB) sources, because most are characterized by a

relative depletion in the highly incompatible elements (Willbold and Stracke, 20006), and they are,

on average, isotopically depleted (ENd ~+5, (Kumari et al., 2016). Therefore, DM constitutes a

significant fraction of Earth’s mantle, but its average extent of depletion and mass fraction of the
total mantle remain poorly constrained (e.g., Stracke, 2016; Stracke et al., 2019) .

The Sr-Nd-Hf-Pb isotope composition of DM is usually inferred from the isotope ratios of
MORB. However, the Hf-Nd isotope (e.g., Cipriani et al., 2004; Salters and Dick, 2002; Stracke
et al., 2011) and Os isotope ratios of abyssal peridotites (e.g., Alard et al., 2005; Day et al., 2017;
Harvey et al., 2006; Liu et al., 2008), as well isotopically ultra-depleted Nd isotope signatures in
melt inclusions (Stracke et al., 2019) have revealed the existence of DM that is isotopically more
depleted than MORB. Melting of such “ultra-depleted” mantle also explains the increased Hf-
Nd isotope variability of MORB compared to OIB (Salters et al., 2011; Sanfilippo et al., 2019),
suggesting that ultra-depleted mantle components could be a ubiquitous part of Earth’s mantle.
The latter would have far-reaching implications for interpreting the isotopic variation in mantle-
derived melts, because it would imply that the rate of mantle depletion and thereby also the rate
of mantle-crust exchange could be higher than previously thought (Stracke, 2018; Stracke et al.,
2019; 2011). A higher rate of mantle-crust cycling would also decrease the lifetime of different
mantle materials, such as depleted mantle and recycled oceanic and continental crust, and thus
affect their isotopic evolution.

Here, we use the La-Ce isotope systematics in MORB and OIB to obtain new constraints on
the composition and age of DM, but also on the different recycled crustal materials in Earth’s
mantle.La undergoes branched decay to *Ba (66%) by electron capture and to **Ce (34%) by
B decay. The total half-life of "*La is ~1.03 x 10"'years (Sato and Hirose, 1981), and is similar to

the half-life of the "’Sm-"*Nd decay system (1.06 x 10" years; (Begemann et al., 2001). Cerium
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isotope ratios in oceanic basalts reflect the time-integrated La/Ce of their mantle source.
Because the Nd and Hf isotope ratios reflect the time-integrated Sm/Nd and Lu/Hf of the
sampled mantle source, combined Ce-Nd-Hf isotope data reflect the time-integrated rare earth
element (REE) patterns of their mantle source. Note that Sm/Hf ratios in oceanic basalts are
relatively invariable (Blichert-Toft et al., 1999; Salters and Stracke, 2004), so that La-Ce-Nd-
Sm/Hf-Lu accurately define the curvature of the entite REE pattern.

The elements of the three radioactive decay systems La-Ce, Sm-Nd, and Lu-Hf, become
increasingly less incompatible in the following order: La, Ce, Nd, Sm~Hf, and Lu. Thus, a
negative correlation results between La/Ce and Sm/Nd or Lu/Hf for variable products of
magmatic differentiation. With time, this behavior also leads to negative correlations in Ce-Nd
and Ce-Hf isotope space (Fig. 1, section 2). Moreover, because Ce is more incompatible than Nd
and Hf, Ce/Nd and Ce/Hf atre highly variable in different mantle materials, resulting in strongly
curved mixing arrays in Ce-Nd and Ce-Hf isotope diagrams for mixture between melts from
strongly depleted mantle (DM) and any more light rare earth element (LREE) enriched
components (e.g., recycled oceanic and continental crust, Willig and Stracke, 2019). The variable
extent of LREE depletion, age, and proportion of depleted mantle sources thus strongly
influences the slope of the MORB and OIB isotope arrays in Ce-Nd-Hf isotope space, on both
local (i.e., at an ocean island or individual ridge segment) and global scales. In contrast, for other
combinations of isotope ratios, for example Sr-Nd, mixing arrays are more linear, and their slope
is primarily influenced by the isotope composition of the enriched source components.

Cerium isotope ratios, in combination with Nd and Hf isotope ratios, are therefore a unique
tracer for identifying variable DM components in the sources of MORB and OIB. But the
variable light REE patterns of different recycled oceanic and continental crust components also
lead to distinct Ce-Nd-Hf isotope compositions, especially for recycled lower versus upper

continental crust. The Ce-Nd-Hf isotope arrays of oceanic basalts are thus also highly sensitive
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to the nature and relative proportion of the different recycled crustal materials in their mantle
source, on a local and global scale (e.g., Bellot et al., 2015; Willig and Stracke, 2019).

Here, we use a Monte Carlo approach to reproduce the global Ce-Nd-Hf mantle array defined
by a globally representative, and internally consistent suite of MORB and OIB (Willig and
Stracke, 2019). We investigate how different mantle components (DM, recycled oceanic and
continental crust) influence the extent and slope of the global Ce-Nd-Hf array. The different
components are allowed to vary in composition and age, resulting in a spectrum of mantle
compositions that is sampled by partial melting. Fach melting event samples a specific
combination of sources, and repeated sampling of the compositional spectrum produces a
unique modeled Ce-Nd-Hf array. By quantifying how well the modeled arrays fit the observed
Ce-Nd-Hf array, we constrain the parameter space that best reproduces the observations with
respect to age, composition, and relative proportion of the various mantle materials, and identify
the parameters that have the greatest leverage on the extent and slope of the global Ce-Nd-Hf

array.

2. Defining the Ce-Nd-Hf “mantle arrays”
High-precision isotope data for MORB and OIB have previously been reported for samples
from the Mid-Atlantic and Pacific Ridges and for Iceland, Hawaii, Gough, Tristan da Cunha, St.
Helena, Mangaia island, and McDonald seamount (Willig and Stracke, 2019). In addition, new
Ce-Nd-Hf data for eight additional OIB samples from Gough, St. Helena, and Tristan da Cunha
are reported in supplementary table 1.

The samples for which Ce isotope data exist (supplementary table 1) cover most of the global

Sr-Nd-Pb-Hf isotopic spectrum of MORB and OIB. Their Ce isotope ratios range from about

€Ce = -1.5 (eNd = 12, eHf = 20) at the depleted end of the spectrum, which is defined by
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MORB and Icelandic basalts, to €Ce = 0.2 (ENd = -3, eHf = -3) on the enriched side,

represented by OIB from Gough island, and Tristan da Cunha (Fig. 1, supplementary table 1).

Samples from Mangaia, St. Helena and McDonald seamount are clustered around €Ce = 0.7

(ENd = 5, eHf = 5). These HIMU-type OIB have slightly lower €Hf for a given €Nd and €Ce

relative to the rest of the samples (Fig. 1). However, despite this small offset of the HIMU
basalts, all Ce-Nd-Hf data define a narrow linear array in Ce-Nd-Hf isotope space, particularly
relative to their distribution in Nd-Pb and Nd-Sr isotopic space (Stracke et al., 2005).

For the combined Ce-Nd-Hf data determined by Willig and Stracke (2019, and this study),

which are listed in supplementary table 1, ordinary least square bisector fits (Isobe et al., 1990)

for the €Ce-eNd-€Hf data define the slope and intercept of the ENd-£Ce, EHf-£Ce, and EHf-ENd

arrays. The ordinary least square bisector defines the line that mathematically bisects the
regression lines of variable Y against X, and X against Y. When both X and Y variables have
analytical or inherent uncertainty, the ordinary least square bisector fit is likely the most reliable
fitting method for determining the underlying relationship between two variables (Isobe et al.,

1990). This approach results in the following relationships:

€ ""Nd= € Ce x -9.06 + 0.35 (2 S.E.) - 0.71 £ 0.60 (2 S.E.)

€ "Hf= € Ce x -14.84 £ 0.72 2 S.E.) - 0.62 + 1.81 (2 S.E)

€ "°Hf = £ ""Nd x 1.59 + 0.09 (2 S.E.) + 0.59 + 1.22 (2 S.E.)
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For calculating the €-values, the CHUR values are from Bouvier et al. (2008) for Nd and Hf

("*Nd/"™Nd = 0.512630 and "°Hf/""Hf = 0.282785), and from Willig and Stracke (2019) for Ce
(°Ce/"*Ce = 1.336897).

Including the few existing Ce-Nd isotope data for MORB and OIB (Bellot et al., 2015; Boyet
et al., 2019; Dickin, 1988; Dickin, 1987; Makishima and Masuda, 1994; Tanaka et al., 1987), does
not significantly change the slope of the correlation lines defined above. The abundant Nd-Hf
literature data (taken from the compilation in Stracke, 2012) produce a tighter fit, but within
error of our more limited combined Ce-Nd-Hf data, and almost identical to the equation defined

by Vervoort and Patchett (1996):

€ "Hf= € ""Nd x 1.50 + 0.03 (2 S.E.) + 1.51 + 0.24 (2 S.E.).

3. Ce-Nd-Hf mantle geochemistry

3.1. Ce-Nd-Hf isotope evolution of different mantle components

Evolution of different mantle materials in Ce-Nd-Hf isotope space is a function of their La/Ce,
Sm/Nd and Lu/Hf and the time available for isotopic decay.

Depleted mantle (DM, Salters and Stracke, 2004; Workman and Hart, 2005) for example,

evolves high €Nd and €Hf, but low €Ce. The DM estimates of Salters and Stracke (2004), and

the three different estimates of Workman and Hart (2005) evolve along significantly different
trends in Ce-Nd-Hf isotopic space (Fig. 2). These differences result from the different strategies
for estimating the incompatible element content of the DM. Salters and Stracke (2004) base their
estimate on the composition of LREE-depleted MORB, whereas Workman and Hart (2005) use

abyssal peridotites to estimate the REE composition of the DM. Because most abyssal
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peridotites are variably affected by partial melting and refertilization by melt-rock interaction
(e.g., Brunelli et al., 2014; 2006; Hellebrand and Snow, 2003; Stracke et al., 2011; Warren, 2010),
which re-enriches the LREE, the La/Ce (and Ce/Nd,Hf) are comparatively high for given
Sm/Nd in the Workman and Hart (2005) estimate. Hence, the Workman and Hart (2005) DM
evolves to higher Ce for given Nd and Hf isotope ratios than the Salters and Stracke (2004) DM
estimate, resulting in an evolution curve that is steeper than the mantle array for the Workman
and Hart (2005), and shallower than the mantle array for the Salters and Stracke (2004) DM
estimate.

Bulk recycled oceanic crust (OC) consists of extrusive MORB and intrusive rocks such as the

oceanic gabbros of the lower oceanic crust. Recycled bulk OC, as estimated by White and Klein

(2014), generally evolves along the ENd-€Ce mantle arrays to isotopic compositions between DM

and recycled upper and lower continental crust (UCC-LCC; Fig. 2; see more detailed discussion

in section 5.1), but plots below the mantle array in EHf-€Ce and €Hf-ENd diagrams (Fig. 2a, c;

Salters and White, 1998; Stracke et al., 2003).

Recycled UCC and LCC (Rudnick and Gao, 2014) evolve high €Ce, but low €Nd and €Hf.

Continental crust components (UCC and LCC) extend the Nd-Hf mantle array towards lower

€Nd and €Hf, with UCC evolving to more extreme isotope ratios than LCC for the same age. In

the Ce-Hf and Ce-Nd isotope diagrams (Fig. 2a, b), UCC and LCC evolve at an angle to the

mantle array towards lower ENd and €Hf for given €Ce relative to the mantle array defined in

section 2 (Fig. 2). Although the evolution trends for LCC and recycled bulk OC (White and

Klein, 2014) have similar slopes in Ce-Hf isotopic space, bulk OC generally has more moderate

€Ce and €Nd values than LCC for any given age. In Ce-Nd isotope space UCC, and especially

LCC evolve along trends with shallower slope than bulk OC, which evolves along a trend
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parallel to the mantle array. Especially recycled LCC develops along a vector that is significantly
steeper than the Ce-Nd(Hf) mantle array, which may allow distinguishing recycled LCC and

UCC materials in different mantle sources.

3.2 Generating the Ce-Nd-Hf mantle array by sampling heterogeneous mantle

For interpreting the Ce-Nd-Hf mantle array it is important to understand not only how mantle
components evolve, but also how partial melting samples these components and how the
derivative melts mix to form the erupted melts.

Mixing arrays for melts from DM and more incompatible element enriched source materials
(OC, UCC, LCC; Fig. 3) are generally curved in Ce-Nd and Ce-Hf isotope space. The degree of
curvatutre increases with increasing depletion of the DM (i.e., lower La/Ce and Ce content; Fig.
3). Although the nature of the enriched source component also has a significant influence,
variable curvature mostly results from different DM source components, because the La/Ce and
Ce contents in various enriched end-members are much less variable than those of different
depleted end-members. Variably depleted mantle can thus be identified by arrays with different
position and slopes in Ce-Nd(-Hf) isotope diagrams (Fig. 3), on both a local and global scale.

On a local scale, the involvement of strongly depleted mantle causes highly curved mixing

arrays with melts from an enriched source component. That is, steep slopes on the high €éCe—low

ENd-€HTf side (reflecting low proportions of DM), but shallow, almost horizontal slopes on the

low €Ce—high €Nd-€Hf side of the mixing curve (reflecting high proportions of DM, Fig. 3).

Hence, both different DM compositions, but also variable proportions of DM and enriched
components can be resolved on a local scale.
On a global scale, the nature of the average DM involved in MORB and OIB genesis controls

the steepness of the global mantle array, and could influence whether it intersects the chondritic



219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

reference value (Willig and Stracke, 2019). The slope of the global mantle array therefore reflects
the average composition of DM involved in global MORB and OIB genesis, and thus constrains
the average age and extent of depletion of the DM on a global scale.

The shape and extent of the global mantle array is also greatly affected by sampling variably
depleted and enriched source components in different proportions. For the mixing curves in Fig.
3, for example, the proportion of melt from the DM source component varies along each mixing
line. In contrast, in Fig. 4, the proportion of melts from DM to melts from a recycled
component (here consisting of OC and UCC) is kept constant for each individual mixing curve,

but the ratio of DM/(OC+UCC) varies between the different mixing curves. Increasing the

proportion of melts from the DM elevates the ENd and €Hf relative to £Ce, and limits the extent

of the mixing curve towards the enriched source component (OC+UCC). Hence, for a similar
enriched source component, different proportions of melts from a single DM component can
lead to parallel trends in Ce-Nd and Ce-Hf space, which may lead to increasing isotopic variance
at the DM end of the arrays, on both local and global scales. Moreover, a relatively large
proportion of DM limits the extent of the global Ce-Nd-Hf array, and little variance in the
proportion of DM limits the variability perpendicular to the array (Fig. 4).

In summary, the geometry of the global Ce-Nd-Hf mantle array, and that of any local array
for a given ocean island or ridge segment, is highly sensitive to the average composition and age
of the DM involved. Although the Nd-Hf isotope data in MORB also indicate melting of
variably depleted mantle sources (Salters et al., 2011), the Ce isotope data, in combination with
Nd and Hf are much more sensitive to variably depleted mantle and thus provide higher
resolution for distinguishing different DM components. Combining Ce with Nd and Hf isotope
data is therefore a unique tool for identifying the role of variably depleted mantle in MORB and

OIB genesis. Moreover, other than for Nd-Hf data alone, combined Ce-Nd-Hf isotope data
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allow discriminating between different types continental material, and thus add new constraints

on the relative importance of recycled LCC and UCC for crust-mantle evolution.

4. Modeling the Ce-Nd-Hf mantle array

Although the mantle is a complex assembly of many different incompatible element depleted
and enriched materials, most of the isotopic variation in oceanic basalts is captured within a
simple conceptual framework: depletion by partial melting and replenishment by recycling of the
generated oceanic and continental crust back into the mantle (e.g., Hofmann, 1997; Stracke,
2012, 2018; White, 2015a; 2015b; Willbold and Stracke, 2010; Zindler and Hart, 1986). Although
the mantle is certainly more complex, mixtures between melts from DM, recycled OC, UCC and
LCC can reproduce the general distribution and pattern of the observed Sr-Nd-Hf-Pb isotope
ratios (e.g., Stracke, 2012, 2018; White, 1985; 2015a; Willbold and Stracke, 2010; Zindler and
Hart, 1980).

Even when simplifying the problem to sampling of only four generic mantle components
(DM, OC, LCC, UCC), however, their abundance, compositional variance, and age are
unknown. Moreover, the distribution within the mantle and the sampling of the different mantle
components during partial melting is a, more or less, random process. Hence, even generating
the global mantle array by random sampling of only four variable components defines a system
with many coupled degrees of freedom. Such systems can suitably be investigated with Monte
Carlo methods, resulting in reasonable bounds on the range of input parameters, and therefore

valuable constraints on the isotopic evolution of Earth’s mantle.

4.1 Model framework

4.1.1 Principal model set-up



268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

The Ce-Nd-Hf mantle array is modeled by mixing melts from four generic mantle components:
DM, recycled bulk OC, recycled UCC and LCC. Repeated sampling of the compositional
spectrum of the four components creates a discrete number of model points; each point
reflecting a different mixture of melts from these four components. Using 60 model points
proved to be a good number for computational efficiency and for having a large-enough number
to define a modeled mantle array in Ce-Nd-Hf isotope space. The modeled Ce-Nd-Hf array is
thus typically defined by 60 modeled points and is compared to the observed data (section 2,

supplementary table 1).

4.1.2 Composition and variability of mantle components
The composition of the DM varies in the model, with equal probability, between the estimates of
Salters and Stracke (2004), and the three different estimates of Workman and Hart (2005).

To model recycling of bulk OC, we use the median composition by White and Klein (2014).
The assigned compositional variance reflects differences of £1% (S.D.) in the average degree of
partial melting of a uniform bulk OC source (cf. Langmuir et al.,, 1992). As such the model
captures geochemical variability between segments of oceanic crust produced at mid oceanic
ridges with variable thermal profiles, or similar degrees of melting of compositionally variable
bulk OC sources.

The UCC and LCC are the average estimates given by Rudnick and Gao (2014), and have no
compositional variance assigned. Upper continental crust is recycled into the mantle after
continental erosion, transportation, sedimentation, and subduction. All these processes average,
and thus minimize the enormous compositional spectrum of the recycled UCC, as evidenced by
the striking similarity of average subducted sediment (GLOSS, Plank, 2014) and UCC (Rudnick
and Gao, 2014). Rather than assigning an arbitrary compositional variance to the UCC,
compositional variance in the recycled continental crust is thus captured by varying the

proportion of UCC and LCC.
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4.1.3 Age of the mantle components

All mantle end-members are allowed to vary in age between 0 and 4.56 Ga. At the time of their
formation, all four components (DM, bulk OC, LCC, and UCC) derive from, and thus inherit
the isotopic composition of the upper mantle. The isotope evolution of the upper mantle is

approximated by evolving linearly from bulk silicate earth at 4.56 Ga to an average MORB

isotope ratio at the present time (i.e., ECe= ENd= €Hf=0 to €Ce=-1.2, ENd=9.2, eHf=18.4).

The age of the DM component is the age of its last depletion, i.e., the time at which this
component has acquired its assumed composition by melt extraction from the upper mantle.

The age of recycled bulk OC is the recycling or mantle residence time, which in this model
equals the recycling time of the continental crust (UCC and LCC). However, both continental
crust components reside, and thus develop isotopically in the continental crust, before being
recycled into the mantle. The age of the crustal materials thus is the sum of their residence time
in the crust and mantle. Implicit in the model therefore is that the average age of the recycled
OC is lower than the formation age of the recycled UCC and LCC. This is an emergent feature
of decomposing the UCC-LCC and OC ages into a crustal residence time (only experienced by
UCC and LCC) and mantle residence or recycling time (cf. Stracke et al., 2003). A simplifying
assumption is that the mean ages for the recycled UCC and LCC are equal. Although this is
unlikely in nature, varying the age of the recycled UCC relative to LLCC has a similar effect on the
isotope ratios of the total continental crust (UCC and LLC) as varying the proportion of UCC

and LCC. It is therefore not explored separately.

4.1.4 Melting and mixing of mantle components
During sampling by oceanic volcanism, the DM and the recycled crustal components (OC, LCC

and UCC) melt to a large-enough extent that Ce, Nd and Hf are quantitatively extracted into the
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melt. About 90% of the Hf is incorporated in the melt after 6% fractional melting of DM and
99% is extracted after melting to 10%. For Ce and Nd, which are more incompatible than Hf,
quantitative extraction from source to melt occurs at even lower degrees of melting. In our
model the DM melts to a large extent (maximum of 20%), and thus the relative abundance of
Ce-Nd-Hf is very similar to those in the DM components used in the model (section 4.1.3).
More incompatible element enriched recycled components (OC, UCC, LCC) melt to an even
larger extent than the peridotitic DM (e.g., Lambart et al., 2016; Pertermann and Hirschmann,
2003), which also leads to quantitative extraction of Ce, Nd and Hf into the produced melts. A
simplifying assumption in the model therefore is that OC, UCC, LCC melt completely. The
melts from each component (DM, OC, UCC, LLCC) then mix to form a basalt that is plotted as

one of the 60 total points of the modeled Ce-Nd-Hf mantle array.

4.1.5 The modeled Ce-Nd-Hf mantle array

Any specific modeled mantle array, that is, one model solution, is calculated assuming a mean,
standard deviation (S.D.), minimum and maximum value for the following parameters: the age of
the DM, the recycling time of crustal components in the mantle, the continental residence time
(age of the recycled UCC, LCC = continental residence time + mantle residence time), the
sampling ratio of OC/DM, OC/(UCC+LCC), and the proportion of LCC in the recycled total
continental crust, LCC/(LCC+UCC).

Each of the parameters have minimum and maximum values assigned. The ages of the mantle
components are between 4.56 and 0 Ga. The sampling proportions are =0, and the ratio of
recycled OC to DM (OC/DM) in the soutce is limited to (3/7) (Sobolev et al., 2007), with a
mean <1/4. This restriction is reasonable when compared to estimates of how much oceanic
crust has been produced at oceanic ridges over Earth’s history (e.g., Salters and Stracke, 2004;
Stracke et al., 2003; Tackley, 2015). In the simplest case, assuming that the entire mantle has

melted in Earth’s history and that oceanic crust production reflects about 10% of partial melting,
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OC/DM = 1/9, which is significantly less than the maximum OC/DM ~ 1/4 used here. The
model thus allows for a considerable range of OC/DM, acknowledging that OC/DM in
individual mantle sources could be larger or smaller than expected, on average, for the entire

mantle.

4.2 Exploration of model parameter space

One single of many possible model solutions is shown in Fig. 5. To evaluate what constraints the
model provides on the input parameters (Table 1), and thus on global mantle evolution, requires
identifying which of the modeled arrays reproduce the observed Ce-Nd-Hf array better than
others. The latter is done by quantifying the goodness of fit between the modeled and observed
Ce-Nd-Hf mantle array.

The goodness of fit algorithm used here is a measure for the average squared distance in
isotopic space from modeled basalts to the closest observed oceanic basalt and vice versa. Using
this algorithm, the best possible score is 0, which is obtained when the modeled mantle array is
identical to the observed mantle array. Similar results are obtained using an alternative scoring
algorithm based on the isotopic composition of, and variance in the mantle array end-members.
The working, suitability, and validation of different scoring algorithms is further elaborated on in
the supplementary materials.

Having a metric for the goodness of fit allows exploration of the parameter space
systematically. This is done by selecting two controlled variables of interest and assigning unique
values to them, for example the age of the DM and the age of the bulk OC. Other variables
(Table 1) are allowed to vary and are adjusted to optimize the goodness of fit score using a
gradient descent algorithm. The goodness of fit scores obtained after optimization represent the
best fit obtainable for these two chosen controlled variables. Performing this operation for

different combinations of values for the controlled variables allows identifying combinations of
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input parameters that produce a better fit than others, and illustrating these results in diagrams
such as Fig. 6-8.

Parameters of interest that are explored are the age of the DM, the recycling time of crustal
materials (OC, LCC, UCC) in the mantle and the sampling ratio of recycled LCC/(LCC+UCC);
Table 1). To investigate the former two, all possible combinations (7 X 7) for the following ages
are taken for the DM and recycled crust (OC, LCC, UCC): 0.5 + 0.25,1 = 0.5, 1.5 + 0.75,2 + 1,
25+ 125,31+ 15,35 % 1.75Ga (1 S.D.). For each combination the other parameters (sampling
proportions, continental crust residence time) are tuned by gradient descent. The optimized
scores reflect how consistent each modeled array is with the observed Ce-Nd-Hf data, for a
given average DM age and crustal recycling time (Fig. 0).

To investigate the sensitivity of the mantle array to the ratio of recycled LCC/(LCC+UCC)
sampled in the mantle, a similar routine is performed where the age of the DM and the sampling
ratio of recycled LCC/(LCC+UCC) are controlled and the other parameters are optimized by

gradient descent (Fig. 8).

4.3. Model Results
4.3.1 Age of the DM, recycled OC, and recycling of LCC vs. UCC
Optimized goodness of fit scores as a function of the age of the DM and age of the recycled
crust (OC, UCC, LCC) are contoured in Fig. 6. Best fit models have mean DM ages <1.5 Ga and
recycled crust ages >1 Ga. Outside of these bounds, the model fits become increasingly poor;
although admittedly the exact cut-off for scores that provide a good fit is somewhat subjective,
and dependent on the selection of controlled parameters.

Several observations can be made with respect to the proportion of recycled LCC to total
continental crust (LCC+UCC; Fig. 7). The optimal solutions, found on convergence with the
gradient decent algorithm, have a relatively high amount of recycled LCC in the melt relative to

UCC (ca. 7/3, ie., LCC/(LCC+UCC) = 0.7; Fig. 7). This fine-tuned proportion of
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LCC/LCC+UCC) is a function of the crustal age and the age of the DM. In general, when
longer recycling times are imposed on the optimization algorithm, higher LCC/(LCC+UCC) are
required (Fig. 7). This effect arises because as the continental crust components become older
and isotopically more extreme, less recycled UCC is required to reproduce the most isotopically
enriched OIB (Fig. 4). In addition, older, isotopically more extreme DM leads to pronounced

curvature in the mixing trends between DM and the recycled components (OC, LCC, UCC), and

to mixing over a larger isotopic range, which offsets the mantle array towards higher €Nd and

€Hf at given €Ce. In part, the models compensate for this effect during optimization by

increasing the ratios of LCC/(LCC+UCC) (Fig. 3, 4 and Fig. 7) and OC/DM (see

supplementary material).

4.3.2 Age of the DM and defining LCC/UCC recycling ratio

Better constraints on the sampling of recycled LCC in oceanic basalts can be obtained if the ratio
of LCC/(LCC+UCC) is a controlled variable (Fig. 8), which is systematically explored rather
than a free parameter optimized by gradient descent (as done for Fig. 7). Optimized goodness of
fit scores are mapped out in Fig. 8 as a function of the age of the DM and LCC/(LCC+UCC).
Depleted mantle (DM) older than 1.5-2 Ga yields poor fits with the observed Ce-Nd-Hf mantle
array, as in Fig. 6. Models devoid of recycled UCC (right side of the diagram) fail to replicate the
mantle array. Good fits (score < 0.008) are attained for recycled LCC to UCC sampling ratios of

4:6 to 8:2 (i.e., LCC/(LCC+UCC) = 0.4 - 0.8).

5. Discussion

5.1 Recycling oceanic crust (OC)
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Recycled OC has a large influence on the slope of the modeled Ce-Nd-Hf array, because with
age, the recycled bulk OC develops isotope ratios that increasingly deviate from the observed
Ce-Hf and Nd-Hf array (Fig. 2). However, mixtures of melts from DM and recycled bulk OC in

our model can only account for isotope ratios in the upper left quadrant in Fig. 2a,b, 3a,b and

4a,b; that is, ENd>0, EHf>0, and €Ce<0. For reproducing isotope ratios that extend the array to

ENd<0, eHf<0, and €Ce>0, the presence of recycled UCC or LLCC is required. This effect makes

it difficult to extract tight constraints on the age of the recycled OC. Nevertheless, for the
recycled bulk OC and associated variance assumed, the best-fit models have mean ages >1 Ga
(and DM ages of < 1.5 Ga, Fig. 6 and 7). The residence time of recycled OC in the mantle
therefore exceeds the turn-around time of the mantle, which is on the order of several 100 Myr
for convective mantle velocities of cm/yr. Hence, the >1 Ga residence time of OC implies that
it is stored for considerable time in Earth’s mantle before being reprocessed by partial melting in
MORB and OIB sources.

The model results, however, depend strongly on the assumed composition of the recycled
OC. We use bulk OC (White and Klein, 2014), which consists of the upper extrusive crust
(MORB) and the lower oceanic gabbros, rather than solely MORB. To account for differences in
bulk OC composition on a global scale, we assignh compositional variance as described in section
5.1. The limited data for the lower OC (i.e., gabbros) show that it is highly heterogeneous on a
local and global scale (e.g., Coogan, 2014; White and Klein, 2014; Fig. 9). This limited knowledge
about the average composition of the lower OC, in addition to large variability of MORB
(Arevalo and McDonough, 2010; Gale et al., 2013; Jenner and O'Neill, 2012; White and Klein,
2014; Yang et al., 2018), imposes considerable uncertainty on the average composition and
variability of the bulk recycled OC (e.g., Stracke et al., 2003; White and Klein, 2014). Hence, it is
difficult to judge whether the model input parameter, the bulk OC of White and Klein (2014),

under-or overestimates the natural variance.
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For evaluating the uncertainty associated with the recycled bulk OC it is important to consider
that the OC is compositionally heterogeneous on different scales. On a local scale, e.g., the scale
of ridge segments, compositional variability is caused by differences in mantle composition and
extent of mantle melting due to variable mantle temperature. At the scale of an individual cross
section of OC, the upper OC (i.e., MORB) differs from the lower crustal gabbros, mostly due to
fractional crystallization (e.g., Coogan, 2014). If the compositional heterogeneity within the bulk
OC, that is, the upper and lower OC together, is preserved during recycling, residence in the
mantle, and subsequent sampling by oceanic volcanism, ancient OC develops considerable
isotopic heterogeneity (e.g., Chauvel and Hémond, 2000; Koornneef et al.,, 2012; Stracke et al.,
2003; 2005). The expected range of isotope ratios of recycled 2 Ga upper MORB alone, for
example, covers the entire Ce-Nd-Hf mantle array (Fig. 9). In principal, therefore, a large part of
the mantle array might be explained solely by recycling MORB if its entire compositional
variability is considered.

However, the region in Fig. 9 where ancient recycled MORB plot most densely is offset from
the mantle array towards lower '*Ce/"°Ce. Moreover, the observed mantle array in Ce-Nd-Hf
isotopic space is very narrow, which is difficult to maintain if the entire range of observed
MORB compositions would be sampled with equal probability, given the large isotopic variance
of recycled MORB perpendicular to the mantle array (Fig. 9). A moderating element is thus

required to shift recycled MORB towards the mantle array. This is achieved by the additional

presence of lower oceanic gabbros, which develop lower €Ce, but higher ENd and €Hf compared

to recycled MORB (Fig. 9).

Consequently, considering that recycled OC is not just MORB, but rather a package of upper
and lower OC (i.e., MORB + gabbros), the isotope ratios of bulk recycled OC fall closer to the
mantle array. Moreover, owing to the well defined Ce-Nd-Hf mantle array (Fig. 1), it is apparent

that not the entire compositional variance of the recycled OC is transferred into oceanic basalt



471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

sources. This is plausible, because many sources of internal chemical variance average out on the
scale of the bulk OC, and during subsequent sampling of recycled OC by partial melting. Thus,
the geochemical variance between subducting packages of bulk OC is expected to be less than
the internal variance within each lithological unit (MORB vs. gabbors). In addition, the predicted
global variance of recycled OC is likely reduced by stirring and mingling during subduction and
mantle processing, and subsequently, during partial melting of heterogeneous mantle sources by
oceanic volcanism.

Hence, for evaluating the influence of recycled OC on mantle evolution it is crucial to
consider the composition of the bulk OC, rather than only the extrusive basalts (cf. Stracke et al.,
2003). Nevertheless, the composition and variance of recycled bulk OC remains a major
unknown; not only in our model, but also for our general understanding of global geochemical

fluxes between the crust and mantle.

5.2 Recycling of continental crust

Although recycling OC can produce a large range of isotope ratios, the majority concentrates at

ENd>0, eHf>0, and €Ce<0 (Fig. 9). Oceanic basalts with €ENd<0, €Hf<0, and €Ce>0 thus

require at least one additional, incompatible element enriched, high £€Ce but low €Nd-€Hf source

component, that is, a continental crust component. Even though the compositional variability of
the recycled bulk OC might be larger than accounted for by the composition in our model
(White and Klein, 2014, see discussion above), this conclusion appears robust. Chauvel et al.
(2008) reached a similar conclusion on basis of the global distribution of Nd-Hf isotope ratios in
oceanic basalts, which is re-affirmed by the Ce-Hf and Nd-Hf isotope systematics modeled here.

In Ce-Nd and Ce-Hf isotope space, however, LCC and UCC evolution trends are more
divergent than in Nd-Hf isotope space (Fig. 2). Thus, considering Ce in addition to Nd-Hf

isotope ratios provides valuable additional constraints on the type of recycled continental crust.
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The sensitivity of the Ce isotope system to the ratio of LCC/UCC sampled in oceanic basalts has
a significant impact on the extent and slope of the modeled Ce-Nd-Hf mantle array (Fig. 2).
Good model fits result for LCC/UCC = 4/6 to 8/2 (i.e., LCC/(UCC+LCC) = 0.4 - 0.8; Fig. 8),
consistent with the high proportion of recycled LCC suggested from Fig. 6. While this range is
relatively broad, it does suggest that recycled LCC, whether introduced into the mantle by
delamination or subduction erosion (e.g., Arndt and Goldstein, 1989; McKenzie and O'Nions,
1983; Stracke, 2012, 2018; Willbold and Stracke, 2006, 2010), dominates the return flux of
continental crust into Earth’s mantle (e.g., Willbold and Stracke, 2006, 2010). The latter is
consistent with recent models for developing and maintaining an average andesitic composition

of the continental crust (Kelemen et al., 2014; Rudnick and Gao, 2014).

5.3 Age of the depleted mantle

The best-fit DM ages inferred from our model (Fig. 6-8) have mean depletion ages between 0.5
Ga (£ 0.25,18.D.) to 1.5 Ga (£ 0.75, 1 S.D.). This range of depletion ages is similar to Sm-Nd
model ages of abyssal peridotites, which are generally <1 Ga, but with sporadic ages up to 2.7
Ga (Brunelli et al., 2018; Cipriani et al., 2004; Mallick et al., 2014; Stracke et al., 2011; Warren et
al., 2009). Rhenium-Os model ages (Ty) also have a similar distribution, with an average of 0.77
Ga £ 093 (2 S.D.) (Day et al,, 2017). The Sm-Nd and Re-Os (Ty,) model ages of abyssal
peridotites are thus consistent with the young DM ages inferred from our model (Fig. 6-8).

The latter rely on the assumption that the existing DM estimates used for the modeling
(Salters and Stracke, 2004; Workman and Hart, 2005) accurately capture the average composition
of the DM. As discussed below (section 5.4), these estimates are expected to somewhat
underestimate the average incompatible element depletion of the DM. Using a more
incompatible element depleted DM end-member, the model presented here yields younger, less

variable ages for the DM. The best-fit age for the DM (<1.5 Ga, Fig. 5-7) with the parameters
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used in our model (Salters and Stracke, 2004; Workman and Hart, 2005) should thus be
considered an upper bound.

If the depletion ages inferred from our model (<1.5 Ga) reflect the time of the last melting
event the mantle has experienced, they constrain the rate of mantle processing through melting
regions in the shallow mantle. This so-called mantle processing rate is proportional to the mass
fraction of mantle that has become depleted by partial melting and the number of melting events
experienced by its individual parts. The mantle processing rate therefore determines the present
extent of mantle depletion, and is a proxy for the overall rate of silicate earth differentiation (e.g.,
Stracke, 2018; Tackley, 2015). Hence, if the young DM ages of our model indicate that the
mantle re-melts within <1.5 Ga, the processing rate of the mantle would be considerably faster
than inferred from oceanic crust production rates (e.g., Stracke, 2018; Stracke et al., 2003;
Tackley, 2015). If so, the resulting large extent of mantle depletion must be counteracted, on a

global scale, by a relatively large return flux of subducted oceanic and continental crust.

5.4 The nature of the depleted mantle
If the fast mantle processing rate inferred from our modeled DM ages is correct, most of Earth’s
mantle should have experienced more than one melting event over Earth’s history, and should
thus be highly depleted. Mixing arrays with melts from highly depleted mantle and incompatible
element enriched sources (OC, UCC, LCC), however, have a pronounced curvature (Fig. 3). On
a global scale, this scenario would produce a Ce-Nd-Hf mantle array with a steeper slope than
observed (Fig. 3, cf. Willig and Stracke, 2019). Apparently therefore, a DM with moderate
isotopic, and thus time-integrated average incompatible element depletion is required to
reproduce the global Ce-Nd-Hf mantle array (Fig. 3, 4).

For evaluating the composition of the average DM involved in our model —and in MORB and
OIB generation in general— it must be considered that DM is intrinsically heterogeneous.

Generating DM by partial melting at mid ocean ridges, for example, strongly depletes the mantle
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by high degree melting under the ridge axis, but only slightly depletes the mantle by low degree
melting off-axis (Langmuir et al., 1992; Fig. 10). Strongly incompatible elements (D < 0.01) are
quantitatively extracted at low degrees (=3-5%) of melting and thus retain significant
concentrations only in the lower parts of the residual mantle, i.e., those that have experienced the
smallest degree of melting (Fig. 10). Formation of DM therefore invariably produces a range of
intrinsically heterogeneous mantle materials.

Incompatible element abundances and ratios in aggregate melts from a heterogeneous DM,
including isotope ratios of the lithophile radiogenic isotope systems (Sm-Nd, Rb-Sr, Pb-U, Th-U,
and here La-Ce), thus reflect the average incompatible element inventory of a range of highly to
slightly incompatible element depleted materials. However, although highly depleted materials
constitute most of the DM (Fig. 10), they contain only small amounts of incompatible elements
(e.g., Ce, Nd, Hf). The total incompatible element inventory of a heterogeneous DM is thus
dominated by its least depleted parts. Incompatible element ratios (and concentrations) of this
average DM are therefore similar to the more moderately depleted materials of the underlying
specttum of vatiably depleted mantle. The average La/Ce for the residual mantle shown in Fig.
10, for example, is 0.63 X La/Ce,, where La/Ce, is the La/Ce of the mantle before partial
melting. This apparent La/Ce corresponds to the residual mantle produced by 1.6% single-stage
fractional melting, compared to the average of 6% for the example shown in Fig. 10. Hence, if
the apparent moderate extent of depletion reflected in melts from a heterogeneous DM is taken
to reflect bulk source composition, rather than the average of a range of heterogeneous
materials, the extent of melt extraction and incompatible element depletion of the DM source is
underestimated.

Consequently, the apparent moderate depletion of the DM indicated by our model is
deceiving, because the moderately depleted melts required to reproduce the slope of the global
Ce-Nd-Hf reflect a biased average of an intrinsically heterogeneous DM, rather than a

moderately incompatible element depleted and compositionally homogeneous DM. The total
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compositional range of DM involved in generating the observed Ce-Nd-Hf mantle array is
therefore probably larger than inferred from our model.

Note that underestimating the extent of depletion and compositional variability of DM from
incompatible element and isotope ratios in MORB also presents an obstacle for estimating DM
composition (Salters and Stracke, 2004; Workman and Hart, 2005), and for inferring the correct
extent of depletion and mass of DM from geochemical and isotopic mass balance (e.g., Allegre

et al., 1979; Hofmann, 1980).

6. Conclusions
Cerium isotope ratios, in addition to the conventional lithophile Nd-Hf (and Sr-Pb) isotope
ratios are a unique tool for identifying the role of variably depleted mantle in MORB and OIB
generation, and provide valuable constraints on the nature of recycled oceanic and different
types of continental crust (i.e., upper vs. lower continental crust) components in Earth’s mantle.
The combined Ce-Nd-Hf isotope ratios, for example, provide better constraints on the nature
and abundance of DM in MORB and OIB sources. On a local scale, the pronounced curvature
of mixing arrays towards different DM components allows discerning variably depleted mantle
(Fig. 3, 4). The slope and dispersion of the global Ce-Nd-Hf array is also heavily influenced by
the average DM involved in MORB and OIB generation (Fig. 2-5). Reproducing the slope of the
global Ce-Nd-Hf array by repeated sampling of an underlying variable population of mantle
components (DM, recycled OC, UCC, LCC) in a “Monte Catlo” approach requires melts from
average DM that are only moderately depleted. However, because these melts do not reflect

melting of a single homogeneous DM, but rather the total incompatible element inventory of a
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much greater range of inherently heterogeneous DM, the extent of depletion and variability of
the DM is larger than indicated by the modeled melts.

Our model results further show that it is crucial to consider the composition of recycled bulk
OC, i.e., both the extrusive basalts and intrusive gabbroic rocks of the lower oceanic crust, for
evaluating the role recycled OC on mantle compositions and crust-mantle cycling in general (cf.
Stracke et al., 2003). The low dispersion of the global Ce-Nd-Hf arrays suggests that the total
compositional variance of the oceanic crust is not reflected in MORB and OIB sources. One
reason for this effect is that individual variability averages out on the scale of the bulk oceanic
crust, and during subsequent sampling of recycled oceanic crust by partial melting. Another
reason is that the ubiquitous presence of recycled continental crust, which is required to account
for the full range of Ce-Nd-Hf isotope ratios in oceanic basalts (cf. Chauvel et al., 2008), masks
the signatures of recycled oceanic crust. Nevertheless, uncertainties in bulk composition of
recycled oceanic crust are a major source of uncertainty for evaluating the isotopic evolution of
Earth’s mantle, and crust mantle cycling in general, especially considering that subducted oceanic
crust is by far the greatest mass flux into the mantle.

Owing to the distinct LREE patterns of upper and lower continental crust, combined Ce-Nd-
Hf systematics can also distinguish between different recycled continental crust components in
MORB and OIB sources, on both local and global scale. Our model result indicate that the
return flux from the continental crustal into Earth’s mantle is dominated by lower continental
crust (e.g., Willbold and Stracke, 2006, 2010), consistent with recent models for developing and
maintaining an average andesitic composition of the continental crust (Kelemen et al., 2014;
Rudnick and Gao, 2014).

Overall, therefore, Ce in addition to other lithophile isotope ratios (St-Nd-Hf-Pb) provide
valuable constraints on the nature of MORB and OIB source components, on crust-mantle

exchange, and silicate Earth evolution in general.



624

625

626

627

628

629

630

631

632

Acknowledgments

This work was supported by the German Research Foundation (DFG) through grant
STR853/5-1. The National High Magnetic Field Laboratory is supported by the National
Science Foundation through NSF/DMR-1157490 and the State of Florida. We thank Heidi

Baier for technical assistance and are grateful for discussions with Erik Scherer.



633  Tables

634  Table 1: Input parameters used to generate Fig. 5

attribute mean S.D. min max
Continental crust residence time [Ga] 0.18 0.3 0 4
Crustal material in mantle residence time [Ga] 2 1 0 4
Age DM [Ga] 1 0.5 0 4
Source LCC/(UCC+LCC) 0.72 0.02 0 1
Source CC/OC 0.07 0.1 0 1
Source OC/DM 0.19 0.01 0.01 3/7
Number basalts modeled 150 - - -
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Figure Captions

Figure 1: (a) ""Hf/""Hf versus "Ce/"Ce, (b) ""Nd/'"*Nd versus '*Ce/"Ce, and (c)
"Hf/"Hf versus '“Nd/'*'Nd diagram for OIB (red dots) and MORB (green squares). Panel (a)
and (b) show only data for which combined Ce, Nd and Hf isotopic data exists (supplementary
table 1), panel (c) includes literature data from the compilation provided in Stracke (2012, gray
dots). The vertical and horizontal line denote the isotope composition of the chondritic uniform
reservoir (CHUR) (Bouvier et al., 2008; Willig and Stracke 2019; Workman and Hart, 2005). An
ordinary least square (OLS) bisector fit (c.f. Isobe et al., 1990) is shown as a black line with a 2
S.E. envelope in gray. In panel (c) the OLS bisector fit for the literature data (Stracke, 2012, grey

dots) is shown in dark grey.

Figure 2: Isotopic evolution trends for depleted mantle (DM, green), lower continental crust
(LCC, orange), upper continental crust (UCC, red) and bulk oceanic crust (OC, blue) in (a)
"SHf/"THF versus *Ce/"™Ce, (b) ""Nd/'"*Nd versus *Ce/"Ce, and (c) ""Hf/'"Hf versus
""Nd/"*Nd diagrams, including the OIB and MORB data shown in Fig. 1. The initial isotopic

composition of the various end-members is the isotopic composition of the upper mantle at the

time of formation, which is approximated by evolving linearly from BSE at 4.56 Ga (i.e., €Ce=

ENd= €Hf=0) to €Ce=-1.2, ENd=9.2, EHf=18.4 to present time. The decay constants used are

given in supplementary table 2.

Figure 3: Diagrams of (a) ""Hf/"""Hf versus "*Ce/"*Ce, (b) ""Nd/"*Nd versus "**Ce/"*Ce, and
(c) "°Hf/""Hf versus ""Nd/"Nd show mixing curves between melts from different depleted
mantle components in green and a recycled crustal component, which is a 9:1 mixture of

recycled bulk oceanic crust (OC; White and Klein, 2014, blue) and recycled upper continental
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crust (UCC, Rudnick and Gao, 2014, red). The recycling time of oceanic and continental crust is
1.5 Ga. Prior to recycling, the continental crust had a crustal residence time of 1 Ga, hence was
formed at 2.5 Ga. The depletion age of the DM is assumed to be 1 Ga, ie., the recycled
components are incorporated during mantle processing into depleted mantle. Tick marks on the
mixing curves represent the fraction of crustal melt involved in melt mixing.

The depleted components have compositions taken from Salters and Stracke (2004, S&S) or
Workman and Hart (2005, W&H). Also shown is a modeled depleted mantle corresponding to a
residual mantle column produced by partial melting of DM composition to 12% (DM, Salters

and Stracke, 2004). The latter thus corresponds to highly refractory mantle.

Figure 4: Diagrams of (a) '""Hf/""Hf versus '*Ce/'*Ce, (b) "*Nd/'*'Nd versus '**Ce/"*Ce, and
(c) "Hf/'"Hf versus ""Nd/'*Nd show mixing curves between melts from recycled oceanic
crust (blue) and upper continental crust (red) and DM (green). The proportion of melts from the
DM to melts from a recycled component (here consisting of OC and UCC) is kept constant for
each individual mixing curve, but varies between the different mixing curves. The variability
along each individual mixing trend is caused by varying the proportion of OC and UCC within

the enriched source component. Increasing the proportion of melts from the DM elevates the

ENd and €Hf relative to €Ce, and limits the extent of the mixing curve towards the enriched

source component. Different proportions of melts from a single DM component thus result in
parallel trends in Ce-Nd and Ce-Hf space, which may lead to increasing isotopic variance at the

depleted (DM) end of the global isotope arrays on these diagrams.

Figure 5: Diagrams of (a) ""Hf/""Hf versus **Ce/"Ce, (b) '°Nd/"*Nd versus **Ce/"*°Ce, and
(c) "°Hf/""Hf versus ""Nd/"Nd show an exemplary model output for the input parameters

given in Table 1. Round grey dots (150 in total) represent the modeled oceanic basalts; white-
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filled black squares and dots are the MORB and OIB data given in supplementary table 1.

Individual mantle end-member isotope compositions used in the modeling are shown in color.

Figure 6: The diagram shows (contoured) a goodness of fit after optimization for different
values for the age of the depleted mantle (mean * 1S.D.) = [0.5 £0.25, 1 £0.5, 1.5 £0.75, 2 *1,
2.5 £1.25, 3 £1.5, 3.5 £1.75] and recycling time of enriched components in the mantle [0.5
+0.25, 1 0.5, 1.5 £0.75, 2 £1, 2.5 £1.25, 3 *1.5, 3.5 £1.75]. Free model parameters are the
sampled OC/DM, sampled CC/OC, sampled LCC/(LCC+UCC), and the crustal storage time.
The goodness of fit score is optimized using a gradient descent algorithm that minimizes the
average squared distance between a model point and the closest data point (for details see

supplementary material), using 60 modeled oceanic basalts for each model run.

Figure 7: The diagram shows optimized values for sampled LCC/(LCC+UCC) for different
values for the age of the depleted mantle (mean £ 1S.D.) = [0.5 £0.25, 1 £0.5, 1.5 £0.75, 2 %1,
2.5 +1.25, 3 +1.5, 3.5 £1.75] and recycling time of enriched components in the mantle [0.5
+0.25, 1 £0.5, 1.5 £0.75, 2 £1, 2.5 £1.25, 3 £1.5, 3.5 £1.75]. Free parameters are the sampled
OC/DM, sampled CC/OC, sampled LCC/(LLCC+UCC), and the crustal storage time. The
goodness of fit score is optimized using a gradient descent algorithm that minimizes the average
squared distance between a model point and the closest data point (supplementary material),
using 60 modeled oceanic basalts for each model run. Also shown in gray is the parameter area

for which sufficiently good goodness of fit scores resulted in Fig. 6.

Figure 8: The diagram shows a goodness of fit after optimization for different values for the age
of the depleted mantle (mean * 1S.D.) = [0.5 £0.25, 1 £0.5, 1.5 £0.75, 2 £1, 2.5 £1.25, 3 1.5,
3.5 £1.75] and the recycled LCC/(UCC+LCC) sampled by oceanic basalts = [0 £0, 0.1 £0, 0.2

0, 0.3 £0, 0.4 £0, 0.5 £0, 0.6 *0, 0.7 £0, 0.8 £0, 0.9 0, 1 £0]. Free parameters are the



718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741

742

sampled OC/DM, sampled CC/OC, crustal storage time, and the recycling time of crustal
material in the mantle. The goodness of fit score is optimized using a gradient descent algorithm
that minimizes the average squared distance between a model point and the closest data point

(supplementary material), using 60 modeled oceanic basalts for each model run.

Figure 9: Diagrams of (a) ""Hf/"""Hf versus *Ce/"Ce, (b) '°Nd/"*Nd versus '**Ce/"*’Ce, and
(c) "°Hf/"Hf versus "*Nd/"Nd show the isotopic distribution of 2Ga MORB (green) and
lower oceanic crustal gabbro (blue). The modeled MORB (n = 2459) and gabbro (n = 286)
isotope ratios are obtained by isotopic evolution from DM at 2Ga (section 5.2) using the La/Ce,
Sm/Nd and Lu/Hf from the MORB compilation by Gale et al. (2013), and Gabbro trace
clement data obtained from the PetDB (supplementary table 3). The large compositional
variability of MORB (and gabbro) results in a large range of isotope compositions that covers
the entire Ce-Nd-Hf mantle array (white-filled black squares: MORB, white-filled black dots:

OIB).

Figure 10: The diagram on the left shows a schematic triangular melting area beneath a mid
ocean ridge, assuming a maximum extent of melting of 12% directly underneath the ridge axis.
Assuming that incompatible elements are completely exhausted after 5% of melting (i.e., at about
half the height) 58% of the mantle that returns into the deeper mantle is highly depleted (for
exhaustion of incompatible elements at 3% of melting it becomes ca. 75%). Effectively, this
means that highly depleted mantle, almost devoid of incompatible elements is the volumetrically
dominant component of depleted mantle. The diagram on the right shows how the La/Ce,
Sm/Nd and Lu/Hf ratios change from bottom to top of the residual mantle, i.e., with increasing
degree of melting. La/Ce decteases from La/Ce ~ 0.97 X La/Ce, (where La/Ce, is the La/Ce of

the unmelted mantle) in the lower part of the residual mantle (0.1% melt) to La/Ce ~ 0.02 X
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La/Ce, in the upper patt of the residual mantle (12% melt, black line). For a uniform distribution
of the degree of melt in the residual mantle from 0.1-12%, the average La/Ce for the residual
mantle is ~0.63 X La/Ce, (black dashed line). This average extent of depletion corresponds to
the residue of 1.6% single-stage fractional melting, rather than the actual 6% produced. Sm and
Nd are more compatible and yield average Sm/Nd of 1.40 X Sm/Nd, corresponding to ~4%
melt depletion (blue lines). For Lu/Hf, the average is 1.51 X Lu/Hf; corresponding to ~4.9%
fractional melting (red lines). Hence, the average of a heterogeneous DM is increasingly biased
towards the least depleted DM components for increasingly more incompatible elements ratios.
This bias is transposed to partial melts, i.e., incompatible element ratios in partial melts from a
heterogeneous DM are biased towards the least depleted parts of the DM. Bulk partition
coefficients for melting of spinel peridotite are D;, = 0.013, D, = 0.021, Dy, = 0.046, Dg,, =

0.075, Dy;; = 0.073, D, = 0.186 (Stracke and Bourdon, 2009).
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Figure 05
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Figure 10
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