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Abstract The radiogenic isotope heterogeneity of oceanic basalts is often assessed using 2D isotope ratio
diagrams. But because the underlying data are at least six dimensional (¥7Sr/%¢Sr, ¥3Nd/'“*Nd, "°Hf/!7"Hf,
and 208:207.206pp/204phy) it is important to examine isotopic affinities in multi-dimensional data space. Here, we
apply t-distributed stochastic neighbor embedding (t-SNE), a multi-variate statistical data analysis technique,
to a recent compilation of radiogenic isotope data of mid ocean ridge (MORB) and ocean island basalts (OIB).
The t-SNE results show that the apparent overlap of MORB-OIB data trends in 2-3D isotope ratios diagrams
does not exist in multi-dimensional isotope data space, revealing that there is no discrete “component” that

is common to most MORB-OIB mantle sources on a global scale. Rather, MORB-OIB sample stochastically
distributed small-scale isotopic heterogeneities. Yet, oceanic basalts with the same isotopic affinity, as
identified by t-SNE, delineate several globally distributed regional domains. In the regional geodynamic
context, the isotopic affinity of MORB and OIB is caused by capturing of actively upwelling mantle by
adjacent ridges, and thus melting of mantle with similar origin in on, near, and off-ridge settings. Moreover,
within a given isotopic domain, subsidiary upwellings rising from a common deep mantle root often feed OIB
volcanism over large surface areas. Overall, the t-SNE results define a fundamentally new basis for relating
isotopic variations in oceanic basalts to mantle geodynamics, and may launch a 21st century era of “chemical
geodynamics.”

Plain Language Summary The isotopic heterogeneity of basalts erupted at mid ocean ridges
(MORB) and ocean islands (OIB) reflects the chemical evolution of Earth's mantle. The visual inspection

of various 2D isotope ratio diagrams has fueled a four decade-long discussion whether basalt heterogeneity
reflects melting of only a small number of mantle components, and in particular, whether the apparent overlap
of local data trends in global 2D isotope ratio diagrams indicates that melting of a common mantle component
contributes to most MORB-OIB. Here, we use multi-variate statistical data analysis to show that the apparent
overlap of MORB-OIB data trends in 2D isotope ratio diagrams does not exist in multi-dimensional isotope data
space. Our finding invalidates any inference made for mantle compositional evolution based on the previously
proposed existence of a common mantle component, its potential nature or distribution within the mantle.
Rather, global MORB-OIB sample small-scale isotopic heterogeneities that are distributed stochastically in the
Earth's mantle. Yet, MORB-OIB with the same isotopic affinity, as identified by our multi-variate data analysis,
delineate several globally distributed regional domains. Within the regional geodynamic context, this discovery
forms a fundamentally new basis for relating isotopic variations in MORB-OIB to mantle geodynamics.

1. Introduction

The isotopic heterogeneity of oceanic basalts is the surface expression of mantle heterogeneity (e.g., Allegre, 1982;
Gast et al., 1964; Hart et al., 1973; Hofmann, 1997; Stracke, 2012, 2018, 2021a, 2021b; Stracke et al., 2005;
Tatsumoto, 1966; Tatsumoto et al., 1965; White, 1985; White and Schilling, 1978; Zindler and Hart, 1986).
Thousands of oceanic basalts have been analyzed in the last six decades, building up a large database of Sr, Nd,
Hf, and Pb isotope ratios. A characteristic feature of these data is that they are not randomly distributed. In 2D
and 3D isotope ratio diagrams, the isotopic variation of oceanic basalts on a local scale, that is, for basalts from
one ocean island or ridge segment, is often in form of approximately linear data trends. Combining the local data
into a large global data set does not have a randomizing effect. Rather, despite considerable overlap, higher-order
structures, that is, reproducible trends or clusters composed of groups of local data, appear in 2-3D isotopic space.
These higher-order trends or clusters of the global data set have often been described as linear combinations
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Figure 1. Diagram showing (a) three lines that do not intersect in three dimensions (x, y, z). Two lines, the red and blue one, overlap in the 2D plot of x versus y (panel
b), and both intersect the green line. In a 2D plot of x versus z, the red and blue line are parallel (panel c), and both intersect the green line. But comparing the 3D plot
(a) with the 2D plots (b and c) shows that the apparent overlap in the 2D plots is an artifact caused by losing the respective third dimension.

formed by mixing between a limited number of discrete isotopic “end-members” (e.g., White, 1985; Zindler and
Hart, 1986; Zindler et al., 1982).

But the interpretation of these higher-order structures in 2-3D isotopic space is subjective, fueling the discussion
over the last four decades as to how many different isotopic “end-members” are needed to describe the distribu-
tion of global mid ocean ridge and ocean island basalt data (MORB-OIB) in 2-3D isotopic space. Particularly
controversial is whether substantial overlap requires a “component” internal to the observed 2-3D isotopic data
trends (Farley et al., 1992; Hanan and Graham, 1996; Hart et al., 1992; Stracke, 2012; Stracke et al., 2005; Zindler
and Hart, 1986; Zindler et al., 1982). We use the term “end-member” or “component” in the original sense of
Zindler et al. (1982), that is, to define basalt “phenotypes” at the end of, or within the spectrum of isotope ratios
of oceanic basalts which relate to an unidentified number of mantle materials with unknown isotope composition
(see also Section 4.1.1). It is important however, to “examine isotopic variations in multi-dimensional space to
investigate systematics which may be obscured in 2D variation diagrams” (Zindler et al., 1982). In this context,
note that the coherent global data trends in some 2D isotope spaces (e.g., Sr-Nd, Hf-Nd), but divergent trends
in others (Pb-Nd, Pb-Sr), may be an effect of inspecting 5-6D data in various combinations of 2D isotope ratio
diagrams, thereby losing 3—4 degrees of freedom (e.g., McKenzie and O’Nions, 1998). For an illustration of this
effect, see Figure 1 for losing just one degree of freedom from 3D to 2D isotope ratio diagrams, and compare to
Figures 2 and 3.

With increasing number of MORB-OIB radiogenic isotope data, and increasing number of elements analyzed
(Sr, Nd, Pb, and Hf), the structure of the global data set has become increasingly complex. Visually inspect-
ing multi-dimensional data in low dimensional data space (2-3D isotope ratio diagrams) may therefore either
obscure the genuine or suggest spurious systematics, and thus lead to misinterpretations. This is a problem that
many scientific fields (e.g., biology, astronomy, and social sciences) have faced with the availability of increas-
ingly larger, and multi-variate data sets. Hence applying quantitative data analysis strategies, such as summary
statistics or dimensional reduction techniques, has become increasingly important for accurate analysis of large,
multi-dimensional data sets.

Dimensionality reduction techniques have also been explored for interpreting the spectrum of global radio-
genic isotope ratios of MORB and OIB, including factor analysis (FA), and principal or independent component
analysis (PCA, ICA, e.g., Albaréde, 1995; Allegre et al., 1987; Hart et al., 1992; Iwamori and Albaréde, 2008;
Iwamori et al., 2017; Stracke, 2012; Zindler and Hart 1986; Zindler et al., 1982; White and Duncan, 1996).
These methods may identify higher-order structures in the investigated data sets, for example, by finding direc-
tions along which variance is maximum, as for PCA. But they often do not preserve, or may ignore the inherent
lower-order data trends or clusters of the data. However, the low-order structures of the global MORB-OIB
isotopic database, the data trends or clusters formed by the local data sets, contain the principal information
about the isotopic composition of the underlying mantle source. That is, they represent melts whose isotopic
composition is variably dispersed around a weighted average of the isotopically different mantle source ingredi-
ents (e.g., Stracke, 2021b and references therein). When using dimensionality reduction algorithms such as PCA
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Figure 2. Radiogenic isotope data of mid ocean ridge and ocean island basalts complied for this study, which have combined Sr-Nd-Hf-Pb isotope ratios (n = 2,744,
Table S1), plotted in 2D diagrams using different combinations of ¥’Sr/%¢Sr, *Nd/'*Nd, '"°Hf/!"7Hf, and 2°°Pb/?**Pb. The plots also show the prevailing categorization
into 4-5 basalt “phenotypes” according to Zindler and Hart (1986): Depleted Mantle, DM, PREvalent MAntle, PREMA, high p, HIMU, Enriched Mantle, EM 1 and 2.

that ignore these small-scale structures, it must therefore be demonstrated that the higher-order structures in the
overall data set reflect natural processes, rather than being a fortuitous result of combining the local data (e.g.,
Albarede, 1995; Stracke, 2021b).

Here, we apply t-distributed stochastic neighbor embedding (t-SNE) on a recent compilation of radiogenic
isotope data of MORB and OIB. T-SNE is a multi-variate statistical data analysis technique that performs dimen-
sionality reduction while preserving the local pairwise similarities (van der Maaten, 2014; van der Maaten and
Hinton, 2008), which depend on locally scaled distances up to a certain number of nearest neighbors. This
means that t-SNE aims to preserve the local relative sample distances in a given multi-parameter data space
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(e.g., the radiogenic isotope ratios in oceanic basalts) with the aim to group
data with similar characteristics together and visualize them in plots of
two variables (2D data space). It has become a routine data analysis tool
in the biological or computational sciences, but has rarely been applied in

05134 geochemistry, for example, in geochemical exploration (e.g., Balamurali and

0.5132 Melkumyan, 2016; Cevik et al., 2021; Horrocks et al., 2019). We show that

5 0513 t-SNE is a powerful and robust machine learning technique for identifying

§Z 05128 global-scale similarities between .the irhldi.vidual, local data sets that contrib-
g torns ute to the global MORB-OIB radiogenic isotope database.

¥ 05124 Our results confirm that analyzing multi-dimensional isotope data qualita-

tively in 2-3D isotope ratio space can be misleading, that is, the dimensions

o122 that are ignored in 2D diagrams are important for defining similarities or

differences between the samples in multi-dimensional space. The appar-

ent overlap of MORB-OIB data trends in 2-3D isotope ratios diagrams, for

example, is non-existent in multi-dimensional isotope data space, showing

22 0706 that there is no discrete “component” common to most MORB-OIB mantle

Figure 3. Radiogenic isotope data of mid ocean ridge and ocean island sources. Rather, groups of isotopically similar MORB-OIB identified with

basalts complied for this study shown in a 3D plot of #’Sr/*¢Sr, *Nd/'*Nd, t-SNE delineate several globally distributed latitudinal domains. The impli-

and 2°Pb/***Pb. Symbols are the same as in Figure 2. cations of this observation will be discussed within the regional geodynamic

context, which will outline several key questions to address further, both
regionally and globally.

2. Materials and Methods
2.1. Data Set

The underlying isotope data set contains literature data for MORB (n = 2,298) and OIB from 29 ocean islands or
volcanic chains (n = 4,508), with a complete set of Sr-Nd-Pb isotope ratios (Table S1). This database includes new
Sr-Pb isotope data for rocks from the Cook-Austral islands (Nd-Hf data have been reported in Salters et al., 2011),
and new Pb isotope data for rocks from St. Helena, Tristan da Cunha and Gough Island for which Sr-Nd-Hf data
have been reported in previous publications (Willbold and Stracke, 2010; Salters et al., 2011; for major and trace
element data see Willbold and Stracke, 2006; Table S2). If available, major and trace element concentrations are
also included (Tables S1 and S2).

For the t-SNE analysis, however, we use only samples for which Hf isotope ratios are also available, result-
ing in a six-dimensional (6D) data set (i.e., ¥’Sr/%¢Sr, 1*Nd/'*4Nd, "°Hf/!77Hf, 206Pb/2%4Pb, 207Pb/?**Pb, 207Pb/?°
4Pb) with a total of n = 2,744 samples. We have only included localities with n > 5 samples with combined
Sr-Nd-Hf-Pb isotope ratios, and have not included continental basalts due to ubiquitous crustal contamination.
Although restricting the number of data by only including samples with combined Sr-Nd-Hf-Pb isotope ratios,
it adds an extra dimension compared to the 5D data set (i.e., 37Sr/%Sr, *3Nd/'*Nd, 2°°Pb/>**Pb, 207Pb/2%4Pb,
and 27Pb/2%4Pb), which is important for capturing the full diversity of the global MORB-OIB radiogenic isotope
ratios. For further discussion see Section 2.2, and Supporting Information S2, where we present the results of a
t-SNE analysis for the 5D data set, consisting of n = 6,273 samples for which combined Sr-Nd-Pb isotope ratios
are available (Table S1 and Figures S3—S8 in Supporting Information S2).

Different combinations of 2D Sr-Nd-Hf-Pb isotope ratio plots in Figure 2 show that the investigated data set
covers the entire known radiogenic isotope diversity of oceanic basalts (compare to Figure S3 in Supporting
Information S2). Figure 2 also highlights the non-random data distribution and the prevailing categorization into
4-5 different basalt “phenotypes” (e.g., Hofmann, 1997; Stracke, 2012, 2018, 2021a, 2021b; Stracke et al., 2005;
Zindler and Hart, 1986; Zindler et al., 1982; White, 1985). In short, there are some reproducible clusters and
higher-order trends in different 2D isotope ratio plots. Samples categorized as “HIMU,” for example, form a
reproducible cluster in different combinations of 2D isotope ratio plots. In contrast, samples categorized as “EM
(1 or 2)” form trends that either extend (Sr-Nd, Hf-Nd) or diverge from (e.g., Sr-Pb, Nd-Pb, and Hf-Pb) the direc-
tion of the higher-order trend formed by the global MORB data. The latter is an indication that loss of additional
dimensions affects the data representation in 2D isotope ratio diagrams (compare Figures 1-3).
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2.2. Methods: t-SNE

T-distributed stochastic neighbor embedding (t-SNE) is performed using the scikit-learn tools implemented in
Python (Pedregosa et al., 2011; for detailed documentation: https://scikit-learn.org/stable/modules/generated/
sklearn.manifold. TSNE.html). Prior to the t-SNE analysis the isotope ratios are standardized by calculating the
deviation from the mean value for each isotope ratio of the analyzed data set (n = 2,744) and dividing it by
the total range. This standardization of the isotope data is done to assure that differences in absolute values of
the different isotope systems (e.g., 7SHf/!""Hf ~ 0.00xx vs. 2°°Pb/2%Pb ~ 0.xx) do not bias the statistical results.

Similar to PCA and related multi-variate data analysis techniques (FA, ICA), t-SNE performs dimensionality
reduction of an n-dimensional matrix, and produces a corresponding matrix of low dimensional points (typically
2D; van der Maaten and Hinton, 2008). This allows visualization of high dimensional data in 2D space repre-
sented by two variables, simply termed t-SNE variable 1 and 2 (Figure 4). Unlike PCA, ICA and FA, however,
t-SNE aims to preserve the relative local point-to-point distances, and essentially produces a 2 or 3D “map” which
groups data points together that are similar (i.e., lie close to each other) in multi-dimensional space (Figure 4).

On basis of several artificial data sets with different inherent structure, Figure 4 shows how t-SNE represents
these multi-dimensional data in 2D “maps.” Each of the five generic data sets used for the examples illustrated in
Figure 4 is composed of 1,000 randomly generated points, and described by six parameters (i.e., six dimensions),
similar to the MORB-OIB radiogenic isotope data set that includes six isotope ratios. Hence, by analogy to the
6D global MORB-OIB data set, Figure 4 also shows what to expect from analyzing the oceanic basalt data with
respect to resolving similar groups of data and, especially, the identification of “‘components” that are common to
several or most groups of data (i.e., putative “internal components”).

In the left panels of Figure 4, the different data distributions are shown as 2D scatterplots using the first two of the
six dimensions (t-SNE parameter 1 vs. t-SNE parameter 2). The right panels in Figure 4 show the corresponding
2D t-SNE “maps” of the 6D data reduced to two dimensions. For randomly distributed data points (samples) in
Figure 4a, the corresponding t-SNE map in Figure 4b also shows a random pattern. A similar pattern is observed
using a random Gaussian data distribution (Figures 4c and 4d).

How t-SNE may help identify distinct groups of data (clusters) that are obscured when inspecting the 6D data in
2D is shown in Figures 4e and 4f. The underlying 6D data are arranged in seven groups (clusters), but two of them
overlap with one of the other in the 2D space chosen for Figure 4e, hence resolving only five apparent clusters.
T-SNE recognizes and resolves all seven clusters and depicts them as seven discrete clusters in the 2D t-SNE
map (Figure 4f). This example shows that resolving distinct clusters in multi-dimensional data, that is, groups of
similar samples in 6D data space, by visual inspection in 2D may suggest similarities that actually do not exist.
T-SNE may thus help resolving crucial information about the multi-dimensional data that would otherwise have
been obscured in 2D.

Figures 4g and 4h show data distributed along an overall linear trend (vector) from [0,0,0,0,0,0] to [5,5,5,5,5,5]
composed of five sub-trends perpendicular to the overall trend (along [—1,1,—1,1,—1,1]). Note that this data
distribution is similar to the so-called local and global trends of the Na,-Feg variability in global MORB (Klein
and Langmuir, 1989). The t-SNE diagram in Figure 4h resolves the five sub-trends much more clearly than the
2D plot of the actual data (Figure 4g), but does not depict the higher-order trend of the data. Hence t-SNE, in this
case, is appropriate for resolving low-order groups or clusters, but does not preserve the higher-order pattern of
the multi-dimensional data.

The underlying data in Figures 4i and 4k form four trends emerging from a central point in 6D, but two of these
trends overlap in the dimensions plotted in Figure 4i. This example is selected to illustrate how t-SNE resolves
data trends that may be mixtures between one common and various other end-members (in this case 4). The t-SNE
map shows four elongated trends or curves that converge in a common cluster, producing a pattern reminiscent
of an octopus. As in Figure 4h, t-SNE resolves the four groups, and it also resolves the common end-member as
a separate cluster, but it does not preserve the higher-order linear structure of the actual data trends (see the
Supporting Information S2 for further discussion and Figures S1 and S2 in Supporting Information S2 for more
examples). The examples shown in Figure 4 confirm, however, that the algorithm is a powerful tool for identify-
ing low-order groups or clusters of data that are similar in multi-dimensional space.
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For more explanations and instructive examples how t-SNE represents various data distributions see Wattenberg
etal. (2016, https://distill.pub/2016/misread-tsne). It should be noted that the stochastic nature of t-SNE means that
multiple runs will not always produce the exact same pattern. But for well-chosen input parameters, the resulting
patterns are reproducible, so t-SNE gives robust results (Belkina et al., 2019; Linderman and Steinerberger, 2019;
van der Maaten and Hinton, 2008). The t-SNE algorithm has several input parameters, so-called hyper-parameters
in machine learning, which are parameters whose value is set before the learning begins, and thus have an impor-
tant control on the output. The most important one is the so-called perplexity (Kobak and Berens, 2019; van der
Maaten, 2014; van der Maaten and Hinton, 2008; Wattenberg et al., 2016), which is effectively the number of
nearest neighbors t-SNE considers for converting the pairwise similarities (affinities) of data points to probabili-
ties (i.e., the 2D output variables, t-SNE variable 1 and t-SNE variable 2). For high-enough values of perplexity,
typically n/100 (where n is the number of samples, Kobak and Berens, 2019), the performance of t-SNE is robust
(e.g., for the default value of 30 set in the scikit-learn tools in python, and used in this study with n = 2,744, van der
Maaten and Hinton, 2008; Wattenberg et al., 2016). However, as any dimensionality reduction technique distorts
original distances between data points, neither the relative sizes of clusters, the distances between clusters, nor
the arrangement of trends or curves is generally preserved, which is a typical feature of t-SNE (Figures 4g, 4h,
4i, and 4k; Figures S1 and S2 in Supporting Information S2; see also Wattenberg et al., 2016). This also means
that the data density of the actual data trends or clusters is not preserved in the t-SNE map, meaning that “dense”
and “sparse” clusters in the full 6D space may have similar visual densities in the t-SNE map. But although the
geometry of the resulting patterns of the t-SNE output therefore does not reflect the actual geometry of the data
in multi-dimensional space, the number of clusters and the grouping of samples into discrete clusters are robust
outputs for high-enough values of perplexity (Figures 4e—4k, Figures S1 and S2 in Supporting Information S2;
Kobak and Berens, 2019; van der Maaten and Hinton, 2008; Wattenberg et al., 2016).

Hence, applied to the radiogenic isotope data set of global MORB-OIB (Table S1), t-SNE should be able to iden-
tify groups of samples that are similar (i.e., close to each other) in 6D space, and thus reveal whether there are
only 4-5 isotopic “end-members”. In particular, a cluster formed by the intersection of various elongated curvi-
linear trends (an “octopus” as in Figure 4k and Figure S1 in Supporting Information S2) should appear, if there
is indeed a common component that is sampled in many locations (e.g., “PREMA” by Zindler and Hart (1986)
or “FOZO” by Hart et al. (1992)).

3. Results
3.1. The “t-SNE Map” of the MORB-OIB Isotope Data Set

The 2D t-SNE “map” of the MORB-OIB data set shown in Figure 5a confirms that the radiogenic isotope data
of global MORB-OIB are not randomly distributed, but instead form several distinct groups or clusters. Subjec-
tively, there are at least 10-12 disconnected clusters. Most clusters are well defined (e.g., that of the Hawaiian
data in Figure 5a), but identifying unique clusters is more ambiguous in other cases. How many clusters, for
example, should be defined for the group of samples from several different localities in the central or lower part
of Figure 5a?

To more objectively distinguish between different clusters of the t-SNE map, we therefore performed single link-
age agglomerative clustering using the scikit-learn tools implemented in Python (Pedregosa et al., 2011; https://
scikit-learn.org/stable/modules/clustering.html). Starting by assigning each data point to its own initial cluster,
agglomerative clustering progressively links each data point to its closest neighboring data point, and succes-
sively merges or re-assigns data points to clusters until a pre-defined number of clusters is formed (Figure 5b).
“Single linkage” agglomerative clustering means that in each step the minimum Euclidian point-to-point distance
between every data point of one cluster and every data point of any other cluster is found. Compared to other
linkage methods, therefore, the “single linkage” method appears most suitable for objectively grouping the t-SNE

Figure 4. Diagrams showing how t-distributed stochastic neighbor embedding (t-SNE) represents different data distributions. The panels on the left (a, c, e, g, and

i) show several artificial datasets with different inherent structure, each composed of 1,000 randomly generated points, and described by six parameters (i.e., six
dimensions). The different data distributions are shown as 2D scatterplots using the first two of the six dimensions (parameter 1 vs. parameter 2). The panels on the
right (b, d, f, h, and k) show how t-SNE represents the 6D data in corresponding 2D t-SNE “maps,” showing that t-SNE is particularly useful for identifying low-order
groups or clusters of data that are similar in multi-dimensional space. For further description and explanations see Section 2.2, and Figures S1 and S2 in Supporting
Information S2. The t-SNE analysis is done with the scikit-learn tools implemented in Python (https:/scikit-learn.org/stable/modules/generated/sklearn.manifold. TSNE.

html).
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Figure 5. The diagrams show the t-distributed stochastic neighbor embedding (t-SNE) “map” of the MORB and OIB isotope data compiled for this study (Figures 2
and 3, Table S1). Panel a shows the t-SNE “map” using the same symbols as in Figures 2 and 3. Panel (b) compartmentalizes the data in 15 clusters using single
linkage agglomerative clustering, panel (c) in 12 and (d) in 18 clusters. The combined t-SNE and agglomerative clustering analysis are done with the scikit-learn tools
implemented in Python (https://scikit-learn.org/stable/modules/generated/sklearn.manifold. TSNE.html, https://scikit-learn.org/stable/modules/clustering.html). For
further details see Section 3.1, and the Supporting Information S2 for the results of a t-SNE analysis of the larger 5D data set with n = 6,723 samples with combined
Sr-Nd-Pb isotope data (Figure S4 in Supporting Information S2).

output into different clusters (see instructive examples in the scikitlearn documentation: https://scikit-learn.org/
stable/auto_examples/cluster/plot_linkage_comparison). In each step, the two clusters with the smallest “single
linkage distance” are merged, resulting in a hierarchical set of nested clusters (e.g., Igual and Segui, 2017;
Maimon and Rokach, 2006; Nielsen, 2016).

While agglomerative clustering is a quantitative means for grouping the t-SNE map into clusters, the algorithm
works with a user-defined, and thus subjective number of clusters. The results for choosing 12, 15, and 18 clusters
are shown in Figures 5b—5d, which shows that the grouping of samples into different clusters depends to some
extent on the chosen number of clusters. But for n > 15 clusters, dissection of the larger clusters into smaller
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ones leads to more and more incremental, and thus perhaps artificial differences in isotopic affinity between
the samples in the resulting clusters (Figure 5d). For n < 12, isotopically distinct data points will be forced into
progressively larger clusters, perhaps blurring meaningful isotopic differences (Figure 5c). Hence, selecting 15
clusters is probably a good compromise between defining more and more incremental clusters (Figure 5d) and
forcing distinct data points into unjustifiably large clusters (Figure 5c). The following data analysis is therefore
based on grouping the t-SNE map into 15 clusters by agglomerative clustering (Figure 5b).

The robustness of the combined output of the t-SNE and cluster analysis was assured by repeated runs of t-SNE
with different values for the perplexity input parameter followed by agglomerative clustering for 15 clusters. The
reproducibility of the resulting “t-SNE clusters,” the 15 clusters produced by agglomerative clustering analysis of
the t-SNE map, was evaluated with the “adjusted rand score” (as implemented by the scikit-learn tools in Python,
Pedregosa et al., 2011, https://scikit-learn.org/stable/modules/generated/sklearn.metrics.adjusted_rand_score.
html). The latter is a quantitative measure for how similar the resulting clusters for two runs are. An adjusted rand
score of 1 means the combined t-SNE plus agglomerative clustering analysis results in identical clusters, that
is, the same points always define the same cluster. An adjusted rand score of 0 is expected for non-reproducible
clusters, that is, random assignment of points to different clusters. We also used a range of values for the perplex-
ity, and compared the results for all possible combinations of perplexity between 25 and 45. Table S3 shows that
the adjusted rand score is 0.9 for most combinations of perplexity values within this range, and confirms that the
default value of 30 results in reproducible t-SNE maps (as shown in Figure 5a).

3.2. Similarities of the “t-SNE Clusters” to the Prevailing MORB-OIB Categorization

Figure 5 clearly identifies more than the 4-5 groups or “end-members” frequently used to describe the pattern of
radiogenic isotope data in various 2D diagrams (Figures 2 and 3). Nevertheless, the t-SNE analysis conforms with
some aspects of this prevailing categorization, although in detail, there are important differences.

Samples from Tristan da Cunha, Gough Island, and the Walvis Ridge, for example, which were heretofore often
classified as “EM-1,” also form a distinct t-SNE cluster (cluster 7 in Figure 5b). However, MORB, mostly from
the southern Atlantic and Indian ocean, are also included in this t-SNE cluster. Similarly, samples categorized as
“EM-2” (Figures 2 and 3) from the Samoan, Society and Marquesas Island chains fall into a single t-SNE cluster
(cluster 4 in Figure 5b). But this cluster also includes samples from the Austral-Cook Islands with “EM” affinity,
and perhaps surprisingly, samples from Pitcairn Island, which were traditionally often classified as “EM-1" (e.g.,
Eisele et al., 2002; Garapic et al., 2015; Zindler and Hart, 1986).

In contrast, samples from St. Helena and from some of Cook-Austral Islands, which were generally categorized
into a single “HIMU” group based on visual analysis of the 2D isotope ratios diagrams (Figures 2 and 3), are
resolved as two distinct t-SNE clusters (cluster 3 and 13 in Figure 5b). In this case, the t-SNE analysis reveals
differences between samples that are not apparent in the 2-3D isotope ratios diagrams. When choosing 12 clus-
ters, however, which appears as a reasonable minimum number of clusters (Figure 5c), the Cook-Austral HIMU
samples merge with samples from Gambier Island and samples from the Austral-Cook Islands with “PREMA”
affinity into a common group (clusters 3 4+ 14 in Figure 5c). A similar effect is observed for clusters 7,9, and 11
when reducing the number of clusters from 15 to 12, that is, these clusters combine and form a common cluster
of MORB and OIB from the South Atlantic and Indian Ocean (Figure 5c).

3.3. Differences of the “t-SNE Clusters” to the Prevailing MORB-OIB Categorization

Several clusters reproduce, and identify samples with similar isotopic affinity, independent of how many clus-
ters within the range of 12-18 are chosen (Figures 5b—5d). The calculated contribution of samples from each
location to each of the 15 t-SNE clusters is shown in Figure 6. A value of 1 means that all samples from one
location fall into a single t-SNE cluster. This is the case for Hawaii (cluster 10 in Figures 5b, e.g., White, 1985),
but also for the HIMU-type OIB from some of the Austral-Cook islands, basalts from the Caroline Islands, and
the Kerguelen Plateau (clusters 3, 8, and 11 in Figures 5b and 6). Similarly, MORB from Gakkel Ridge, and a
peculiar group of Pacific MORB with unusually low Pb isotope ratios, labeled “Pacific MORB, low-Pb”” (Mougel
et al., 2014), define t-SNE clusters made up of samples only from these specific ridge segments (clusters 15 and
12 in Figures 5b and 6).
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Figure 6. Plot showing what fraction of samples from one locality falls into each of the 15 t-distributed stochastic neighbor
embedding (t-SNE) clusters defined in Figure 5b. A value of 1 means that all samples from one location fall into a single
t-SNE cluster. For most ocean islands and island groups, but also some ridge segments, the majority of the samples fall into a
single t-SNE cluster. Isotopic affinities are therefore clearly defined.
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Most OIB from one location, but also MORB from several ridge segments, fall into a single t-SNE cluster, and
thus isotopic affinities are clearly defined. But several t-SNE clusters encompass OIB from different localities,
such as the clusters formed by samples with “EM” affinity discussed above (clusters 4 and 7 in Figure 5b). Simi-
larly, cluster 2 in Figure 5b consists mostly of samples from Iceland, but also from Jan Mayen, the Faroe Islands,
and MORB from the Atlantic Ridge immediately north and south of Iceland (“MORB-Arctic,” Figures 5a
and 5b). Another t-SNE cluster is formed by samples from the Azores (including peculiar samples from Sao
Miguel), the Canary and Cape Verde Islands, as well as Madeira, including several samples from the adjacent
central Mid-Atlantic Ridge and scattered samples from the Cameroon line (cluster 5; Figures 5b and 6). Remark-
ably, these “composite t-SNE clusters” are formed by samples from restricted geographic regions, that is, the
North, Central and South Atlantic (clusters 2, 5, and 7), the SW Pacific (cluster 4), and the Indian Ocean (cluster
9; Figures 5b and 6); an aspect we will discuss further below.

It is also apparent that, except for the SW Pacific OIB (cluster 4; Figures 5b and 6), these composite t-SNE
clusters include not only OIB but also MORB from adjacent ridges, thus revealing an isotopic affinity of oceanic
basalts from ridge and intra-plate tectonic settings. This result may be surprising, considering the conventional
notion that MORB and OIB are isotopically distinct (e.g., White, 2010 and references therein). But considering
that MORB cover about 92% of the global range for '*Nd/'*Nd of OIB and MORB combined, and approxi-
mately two-thirds of the range for 2°°Pb/?*Pb (Table S1), the subjective impression gleaned from visual inspec-
tion of 2-3D isotopic ratio diagrams that MORB and OIB are isotopically distinct has long been contradictory to
such quantitative measures of MORB-OIB isotopic similarity.

4. Discussion
4.1. Beyond the Prevailing MORB-OIB Categorization
4.1.1. Canonical “End-Members”

The t-SNE map (Figure 5a) clearly shows that the 4-5 canonical “end-members” (e.g., Zindler and Hart, 1986)
do not adequately describe the isotopic diversity of oceanic basalts. Importantly, the affinity between different
samples given in the t-SNE map is a robust output, although choosing different numbers of clusters for agglom-
erative clustering compartmentalizes the t-SNE output somewhat differently (Figures S5b—5d).

We have chosen 15 clusters for agglomerative clustering as a reasonable choice for describing the t-SNE
map (Figure 5b), but these should not be rationalized in terms of a finite number of basalt “phenotypes” or
“end-members”, let alone mantle compositions, that describe the global MORB-OIB radiogenic isotope data.
Note that Zindler et al. (1982) cautioned against equating the 4-5 distinct basalt “end-members” or “components”
directly with mantle source composition: “The term “component” is used so as not to imply [...] that a physical
entity with these compositions actually exists in the mantle. We also do not mean to imply that only [4-5] isotop-
ically distinct materials exist within the mantle: a brief look at the crust should dispel any such notion.” Similarly,
White (1985) pointed out that “the five groups [...] should not be regarded as a final enumeration of possible
mantle reservoirs.”

Hence the emphasis in this study is not on defining a finite number of clusters with the intention to best describe
the full extent of mantle isotopic heterogeneity. This would be a futile exercise, because the isotopic compositions
of MORB-OIB samples themselves only reflect a weighted isotopic average of their mantle source ingredients.
Thus any inferred finite number of basalt groups with similar isotopic affinity also depends on the scale of obser-
vation, and does not reflect the actual isotopic composition of an unidentified number of mantle materials with
unknown isotopic composition (see quote from Zindler et al. (1982) above and, e.g., Stracke (2021b)). Moreover,
how many clusters best describe the radiogenic isotope data is also subject to change with the ever-growing
number of samples and eventually including other radiogenic isotope ratios (e.g., Ce, Os) in the MORB-OIB
database (compare to the results of the t-SNE analysis of the 5D data set discussed in Supporting Information S2).
The focus of the analysis of the current Sr-Nd-Hf-Pb isotope database will therefore be on assessing the isotopic
affinity of samples from different locations and tectonic settings in multi-dimensional data space quantitatively,
as given by the t-SNE clusters.
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Figure 7. 2D plots of the Sr-Nd-Hf-Pb isotope data (Figures 2 and 3, Table S1), labeled by their assignment to the 15 t-distributed stochastic neighbor embedding
(t-SNE) clusters defined in Figure 5b. The Sr-Nd-Hf-Pb isotope ratios of basalts from a given locality within each t-SNE cluster have variable ranges and overlap to
different extents with one another, and with basalts in other clusters. This observation shows that the 2D plots are insufficient for identifying groupings in multi-isotopic
space. It also suggests that oceanic basalts sample small-scale, stochastically distributed isotopic heterogeneities rather than a small number of discrete, isotopically
homogeneous components (e.g., equivalent to the number of t-SNE clusters).

4.1.2. “Common Component”

Figure 7 shows that many of the samples that constitute the different t-SNE clusters overlap in the 2D plots of the
actual data. Yet, suites that overlap in one or more panels in Figure 7, do not overlap in Figure 5, so crucial infor-
mation is lost when inspecting multi-dimensional data in 2D diagrams, which cannot be fully compensated for by
considering multiple combinations of 2D diagrams (e.g., Zindler et al., 1982, compare Figure 1 with Figures 2
and 3). The 2D isotope ratio diagrams are therefore useful for comparing ranges of the parameters plotted, but not
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for evaluating isotopic similarities or differences between samples from a multivariate isotopic data set (compare
Figure 1 and Figures 2 and 3).

The latter is critical for assessing whether a common component might contribute to the isotopic variability of
oceanic basalts, as often inferred from the large degree of overlap of the MORB-OIB data trends in 2-3D isotope
ratios diagrams (e.g., Farley et al., 1992; Hanan and Graham, 1996; Hart et al., 1992; Zindler and Hart, 1986;
Zindler et al., 1982). If such a “common component” were involved, a t-SNE cluster formed by the intersection
(overlap) of various curvilinear trends would be expected, that is, an octopus-shaped pattern similar to Figure 4k
(see also Figure S1 in Supporting Information S2). All t-SNE clusters in Figure 5 are clearly disconnected,
however, and hence there is no indication that a common component contributes to the isotopic diversity of
MORB-OIB on a global scale.

The apparent overlap of the MORB-OIB isotope data trends from different locations in 2-3D isotope ratios
diagrams (Figures 2 and 7) is therefore an artifact caused by losing 3—4 degrees of freedom when inspecting 5-6D
data in 2-3D (Zindler et al., 1982). This invalidates any inference made for mantle compositional evolution based
on the existence of such a discrete “common component,” its potential nature or distribution within the mantle.

4.2. Isotopic Similarities Between Oceanic Basalts

To investigate the isotopic similarities between oceanic basalts from different ocean islands or ridge segments

quantitatively, the fraction of samples from a given location in one of the 15 t-SNE clusters, f,sg ; jocuion > 1S Shown

; the greater the contribution of

samples from location j to a single t-SNE, group. A value fq\r ;0.pawais = 1> fOr example, indicates not only that all

in Figure 8 (see caption for further details). The higher the value for fq\r : 1ocaion

samples from Hawaii fall into t-SNE cluster 10, but also that no samples from other locations contribute to this
t-SNE cluster (Figures 5 and 8). Values for g location j
into t-SNE cluster i, yet there are samples from other locations that also contribute to the same t-SNE cluster, or,

< 1 indicate that either all samples from location j fall

that some samples from location j fall into t-SNE cluster i, but others from the same location are in at least one
other cluster (hence the differences between Figures 6 and 8).

The calculated values for g\ ; jocation ;

lar patterns reflect similar relative contributions to the same t-SNE clusters, and thus a high degree of isotopic

define a unique color pattern for each group of samples in Figure 8; simi-

similarity between samples from the different groups. Calculating a correlation coefficient between the arrays
of f,

tSNE i-location j
and results in a matrix of correlation coefficients between each sample group, shown in Figure 9. Because many

values for each sample group (rows in Figure 8) allows assessing their similarity quantitatively

OIB samples from distinct sample groups, and also some ridge segments, fall into a single t-SNE cluster, the
t-SNE clusters straightforwardly define different “genera” of isotopically similar samples (Figures 5, 6, 8, and 9,
Section 3.3). In addition, Figure 9 shows that several t-SNE clusters are formed by samples from a single locality,
for example, OIB from Hawaii or MORB from Gakkel Ridge (clusters, 10 and 15, Figures 5b and 9). The compos-
ite t-SNE clusters (North, Central, and South Atlantic, the Indian Ocean, SW Pacific, clusters 2, 5, 7, 9, and 4
in Figures 5-9), show some expected similarities, such as those between the neighboring ocean islands Gough,
Tristan da Cunha, and Walvis Ridge in the South Atlantic, the Canary and Cape Verde Islands in the Central
Atlantic, or the similarity between basalts from St. Helena and the Cameroon Line. Other apparent isotopic affin-
ities are perhaps more surprising, such as those between samples from Pitcairn and Society Islands in the SW
Pacific, or the close similarity between OIB from the Galapagos Islands in the Pacific and those from Ascension
Island in the equatorial Atlantic. Overall, Figures 6, 8, and 9 reveal a striking provinciality of samples that consti-
tute the composite t-SNE clusters, which will be discussed in more detail in the following.

4.3. The Isotopic ‘“Provinciality” of Oceanic Basalts

Plotting the location of samples in each t-SNE cluster on a geographic map (Figure 10) shows that the distinct
“provinciality” revealed by Figures 6, 8, and 9 is manifest as latitudinal (i.e., E-W oriented) domains of isotopi-
cally similar basalts (i.e., those in the different t-SNE clusters).

In the polar regions, these are the t-SNE clusters of the MORB from Gakkel Ridge in the North (cluster 15,
Figure 10), and the Pacific Antarctic Ridge and southern East Pacific Rise in the South (cluster 6, Figure 10).
MORB from the East Pacific and Mid-Atlantic Ridges approximately between 20°S and 20°N, and OIB from
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Figure 8. Plot showing the fraction of samples from a given location in one of the 15 t-distributed stochastic neighbor embedding
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text.
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Figure 9. “Heatmap” based on a correlation matrix that is calculated from the data plotted in Figure 8 as follows: For each
sample we assign which location it belongs to and in which t-distributed stochastic neighbor embedding cluster it is. This
approach results in a matrix with true (1) or false (0) entries for each sample and each cluster and location. This allows
calculating the total number of samples from each sample location (as defined in Figure 2) in any given t-SNE cluster. The
fraction of samples from each location in each t-SNE cluster is then calculated with the formula given in the caption of
Figure 8. This results in a (t-SNE cluster) versus (location) matrix where each cell contains the fraction of samples from each
location in each t-SNE cluster. The location correlation matrix (location vs. location) is the basis for the “heatmap” plotted
above. A correlation coefficient of 1 indicates that the same fraction of samples from a given location fall in the same t-SNE
cluster. Table S4 explains the approach step-by-step.

Galapagos and Ascension Island define an equatorial domain that extends across different ocean basins and the
South American continent (cluster 1, Figure 10). The OIB and MORB from adjacent ridges in the North (Iceland,
Jan Mayen, Faroe Islands, cluster 2, Figure 10) and Central Atlantic (Azores, Canary and Cape Verde Islands;
cluster 5, Figure 10) also form discrete domains, despite some geographic overlap of MORB in these two t-SNE
clusters. The domains with the largest geographical extent are those of the OIB and MORB from the Southern
Atlantic and Indian Ocean clusters (clusters 7 and 9, Figure 10). A distinct cluster is also formed by samples from
several of the ocean island chains in the SW Pacific (cluster 4, Figure 10). Some of these global isotopic domains
are reminiscent of large-scale “isotopic anomalies” postulated previously, namely the so-called “DUPAL anom-
aly” (Dupré and Allegre, 1983; Hart, 1984) or the “South Pacific Isotopic and Thermal Anomaly” (SOPITA;
Staudigel et al., 1991), but do not reveal systematic ocean basin-scale differences between MORB from the
Atlantic, Pacific, and Indian Ocean.

There are also a few point sources, especially the t-SNE clusters formed by the large-volume intra-plate basalts of
Hawaii or the Caroline Islands (clusters 10 and 8, Figure 10), but in general, basalts from large latitudinal domains
share the same isotopic affinity, that is, belong to the same composite t-SNE clusters.
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Figure 10. World-map showing the geographical distribution of samples in each of the 15 t-distributed stochastic neighbor embedding (t-SNE) clusters defined in
Figure 5b. Groups of isotopically similar oceanic basalts, that is, those that fall in the same t-SNE cluster, delineate several globally distributed latitudinal domains. For
further discussion see Sections 4.3 and 4.4.

4.4. The Chemical Geodynamics of the Global Isotopic ‘“Provinces”

The evident provinciality of samples that constitute the t-SNE clusters suggests that the weighted average of the
mantle ingredients reflected by these basalts differs between different regions, or isotopic “domains” on a global
scale. The latitudinal (E-W) arrangement of these isotopic domains suggests that similar mantle is dispersed
laterally, consistent with global mantle flow patterns. That is, owing to the dominant influence of plate motions,
asthenospheric mantle moves laterally away from zones of passively and/or actively upwelling mantle and
towards areas of downwelling (subduction zones), and thus distributes mantle foremost laterally in the uppermost
200-300 km of Earth's mantle (e.g., Bull et al., 2010; Hager and O’Connell, 1979, 1981; Steinberger, 2000;
Steinberger and O’Connell, 1998).

4.4.1. The North Atlantic

An instructive example for the lateral dispersal of upwelling mantle is the region around Iceland. According to
the high-resolution reconstruction of seismic mantle velocities in the North Atlantic, Celli et al. (2021) conclude
that: “[mantle] material rises upwards and eastwards from under Greenland and then follows the Mid-Atlantic
Ridge southwards in the shallow upper mantle to under the Reykjanes Ridge. This indicates that once the flow
of the hot material reaches the shallow asthenosphere, it is captured by the ridge and, instead of proceeding
further east, flows southwards along the ridge axis, channeled within the thinner lithosphere beneath it” (see
also Ito et al., 1999; Morgan, 1978; Schilling, 1973; Schilling et al., 1983; Sleep, 1997; Steinberger et al., 2019;
Vogt, 1974; Whittaker et al., 2015). In other words, mantle from the same upwelling structure melts directly
underneath Iceland, but also replaces the pre-existing asthenospheric mantle at or near the Mid-Atlantic Ridge
north and south of Iceland. The latter is a simple and self-consistent explanation for the distribution and rate of
volcanism in the North Atlantic region over the last ca. 60 Ma (e.g., Celli et al., 2021; Steinberger et al., 2019),
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but also for the isotopic similarity between ridge and off-ridge basalts in the area, which define a common t-SNE
cluster (cluster 2, Figures 6 and 8-10).

Within this framework, the isotopic similarity of ridge and off-ridge basalts in the North Atlantic region results
from large-scale lateral dispersal of mantle from a more or less focused mantle upwelling (“plume”) in the shal-
low mantle (aka “plume-ridge interaction”). Consequently, melting of compositionally identical, albeit inherently
heterogeneous mantle occurs in on-, near-, or off-ridge settings. Similar scenarios may also explain the latitudi-
nally confined isotopic domains, and the striking isotopic similarity between MORB and OIB basalts in several
other regions defined by composite t-SNE clusters (Figure 10).

4.4.2. The Central Atlantic

In the Central Atlantic, on- and off-ridge volcanism at the Azores plateau and intra-plate volcanism at the Canary
and Cape Verdes Islands is probably fed by several focused mantle upwellings (‘“plumes”) rising from a larger,
deep-mantle upwelling (e.g., Civieiro et al., 2021; Davaille et al., 2005; French and Romanowicz, 2015; Montelli
etal., 2004; O’Neill and Sigloch, 2018; Saki et al., 2015; Steinberger, 2000; Yang et al., 2006). Hence the smaller,
upper mantle upwellings that branch off from a common, deep-mantle root probably have a common origin, and
thus produce isotopically similar basalts, even at islands located 100-1,000 km apart.

The different locations of these upper mantle upwellings within the Central Atlantic relative to the Mid-Atlantic
Ridge is responsible for the different style of volcanism. Far from the Mid-Atlantic Ridge, ocean island volcanism
at the Canary and Cape Verdes Islands occurs over focused mantle upwellings in intra-plate settings, but closer
to the Mid-Atlantic Ridge, the upwelling mantle flows laterally towards the elevated lithosphere—asthenosphere
boundary and replaces pre-existing asthenospheric mantle over some distance along the adjacent ridge axis.
Owing to the changing plate movement at the Azores triple junction (migrating ridge axis) relative to the deeper
mantle upwelling, a stable region of high melt production forms, and creates unusually thick oceanic crust, the
Azores plateau (e.g., Adam et al., 2013; Gente et al., 2003; Jellinek et al., 2003; Morgan, 1978; O’Neill and
Sigloch, 2018; Ribe, 1996; Sleep, 1997; Steinberger, 2000; Vogt and Jung, 2018; Whittaker et al., 2015; Yang
et al., 2006). The latter is a reasonable framework for generating the Azores plateau and for explaining why OIB
from the Azores Islands and MORB from nearby ridges have the same isotopic affinity, that is, fall into the same
t-SNE cluster (cluster 5, Figures 5-10; e.g., Bourdon et al., 1996; Davies et al., 1989; Dupré and Allegre, 1980;
Goslin and Party, 1999; Schilling et al., 1983; White and Schilling, 1978).

Note that the t-SNE analysis of the larger 5D data set (Sr-Nd-Pb isotope ratios, n = 6,723) presented in Support-
ing Information S2 includes more data from the Cape Verdes Islands with a greater isotopic range compared
those in the 6D data set (compare Figure 2 and Figure S3 in Supporting Information S2). The 5D t-SNE results
group the Cape Verde Islands into a distinct t-SNE cluster (Figures S3—S8 in Supporting Information S2), and
thus including the Hf isotope data for these samples will be crucial for confirming whether the Cape Verdes
form a unique t-SNE cluster, that is, are a group of ocean islands with isotopic affinity distinct from that of the
other Central Atlantic OIB (Azores, Madeira, Canary Islands). This will also be key for assessing whether the
upwelling mantle beneath the Cape Verdes is ultimately sourced from a different mantle root zone than the other
Central Atlantic OIB, and thus for assessing the geodynamic evolution in this region in more detail.

4.4.3. The South Atlantic

Arguably, the geodynamic setting in the South Atlantic is more complex than in the North and Central Atlan-
tic, with a much larger aerial extent reaching into the Indian Ocean and a large bathymetric swell over several
“hot-spots” (Discovery, Shona, and Bouvet). Nevertheless, recent geodynamic models provide a self-consistent
framework for the distribution of volcanism by the interplay between deep-sourced mantle upwellings and the
motion and lithospheric structure of the African Plate (e.g., Celli et al., 2020; Colli et al., 2018; Gassmoller
etal., 2016; Morgan et al., 2020; O’Connor et al., 2018; Sleep, 2002). Capturing of a single mantle upwelling (the
Tristan “plume”) into the South Atlantic Ridge leads to a broad region of volcanic activity, and the development
of the Walvis Ridge (Gassmoller et al., 2016; O’Connor et al., 2018). Notably, the age-progressive volcanism
from Tristan-Gough along the Walvis Ridge, but also the parallel off-axis plateaus or seamount chains further
south of this bathymetric swell (at the Discovery, Shona, and Bouvet area), probably originate by interaction
between the South Atlantic Ridge and mantle upwellings sourced from a common, stable or slowly moving
deeper-mantle upwelling (Davaille and Romanowicz, 2020; Gassmdoller et al., 2016; O’Connor and Jokat, 2015;
O’Connor et al., 2012, 2018). Generally consistent with recent seismic tomography (Celli et al., 2020; Davaille
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and Romanowicz, 2020), lateral dispersal of upper mantle upwellings towards lithospheric lows in the developing
South Atlantic ocean basin thus leads to decompression melting of compositionally similar, albeit heterogeneous
mantle in a large area, and local tectonic settings, and is responsible for the isotopic resemblance of on- and
near-ridge basalts, and OIB and in this region (e.g., Class and le Roex, 2011; Douglass et al., 1999; Hanan
et al., 1986; Hoernle et al., 2015, 2016; Rohde et al., 2013; Schilling, 1985, 1991; Schwindrofska et al., 2016).

4.4.4. The Indian Ocean

Present volcanism at Réunion and Mauritius is sourced by a deep-mantle upwelling, the Réunion “plume” (French
and Romanowicz, 2015; Montelli et al., 2004, 2006), whose “interaction with the Central Indian Ridge has
shaped volcanism in the Indian Ocean over the last ca. 65 Ma (e.g., Bredow et al., 2017 and references therein).
The intermittent replacement of pre-existing asthenosphere with upwelling mantle when the Central Indian Ridge
traversed the Réunion upwelling also explains the occurrence of geochemically anomalous MORB at approx.
20°S (e.g., Fiiri et al., 2011; Mahoney et al., 1989; Nauret et al., 2006; Schilling, 1991). There are only a handful
of combined Sr-Nd-Hf-Pb isotope data from the Central Indian Ridge in our database, but these fall in the South
Atlantic-Indian Ocean t-SNE cluster (cluster 7 in Figures 6 and 8—10), together with MORB from the Southwest
and Southeast Indian Ridges, Atlantic MORB south of 30°S, and basalts from the Walvis Ridge, Tristan da Cunha
and Gough Island. This grouping is confirmed by the t-SNE analysis of the 5D data set (Supporting Informa-
tion S2), which contains a larger amount of data from the Central Indian Ridge (compare Figure 10 and Figure
S8 in Supporting Information S2, but note that MORB from the Southeast Indian Ridge form a distinct t-SNE
cluster in the 5D t-SNE analysis; see Supporting Information S2 for further discussion). Nonetheless, additional
Hf isotope data for basalts from the Central Indian Ridge with available Sr-Nd-Pb isotope data, would allow a
more detailed consistency test.

Since ca. 120 Ma, a deep-seated mantle upwelling, which is now located underneath Kerguelen island (the
Kerguelen “plume”), and repeated, prolonged inflow of the upwelling material into the ridge system in the evolv-
ing Indian Ocean created the Kerguelen Plateau (e.g., Bredow and Steinberger, 2018; Jiang et al., 2020; Whittaker
et al., 2013, 2015). Basalts from the Kerguelen Plateau form its own t-SNE cluster (cluster 11, Figures 5, 6, 8,
and 10), consistent with derivation from a compositionally distinct, long-lived mantle upwelling. Several other
massive volcanic features in the Indian Ocean, such as the Broken Ridge, Ninetyeast Ridge, and the Amsterdam-St.
Paul Plateau are also attributed to capturing of the Kerguelen plume into the evolving ridge system in the Indian
Ocean.

The Ninetyeast Ridge, for example, probably formed by capturing of the Kerguelen upwelling into the ridge
between the Indian and Australian plate from ca. 90-80 to ~40 Ma (Bredow and Steinberger, 2018), consistent
with the age-progressive volcanism along the ridge (e.g., Coffin et al., 2002; Duncan, 1991; Mahoney et al., 1983).
At ca. 40 Ma, the onset of seafloor spreading at the Southeast Indian Ridge separated the Ninetyeast and Broken
Ridge from the Kerguelen Plateau (e.g., Mutter and Cande, 1983; Miiller et al., 2016). Since ca. 20 Ma, the
“Chain of Dead Poets” seamount chain and the Amsterdam-St. Paul Plateau may also have formed by inflow
of the Kerguelen plume in to the Southeast Indian Ridge (e.g., Bredow and Steinberger, 2018; Morgan, 1978;
Yale and Morgan, 1998), although most previous isotopic studies relate the formation of the Amsterdam-St. Paul
Plateau to a separate mantle upwelling (e.g., Doucet et al., 2004; Graham et al., 1999; Janin et al., 2011; Johnson
et al., 2000; Maia et al., 2011; Nicolaysen et al., 2007; Nobre Silva et al., 2013; Scheirer et al., 2000).

Strikingly, the basalts from the Ninetyeast Ridge and most basalts from the Amsterdam-St. Paul Plateau group
into t-SNE cluster 9 (Réunion, Mauritius, etc.) rather than 11 (Kerguelen Plateau, Figures 5, 6, 8, and 10). Previ-
ous isotopic studies already noted that the Ninetyeast Ridge basalts are isotopically intermediate between those
from the Kerguelen and the Amsterdam-St. Paul Plateau; thus, an explicit isotopic similarity to basalts from the
Kerguelen Plateau could not be established (e.g., Frey and Weis, 1995, 1996; Nobre Silva et al., 2013; Saunders
et al., 1991; Weis and Frey, 1991; Weis et al., 1992). Owing to the marginal, or lack of overlap of basalts from
the Amsterdam-St. Paul Islands with those from the Kerguelen Plateau in various 2D Sr-Nd-Nd-Hf isotope ratios
diagrams (e.g., Doucet et al., 2004; Graham et al., 1999; Johnson et al., 2000; Nicolaysen et al., 2007; Nobre Silva
et al., 2013, Figure 2), their isotopic relation to the Kerguelen plume has also remained ambiguous. In part, this
observation has motivated postulating a distinct Amsterdam-St. Paul “plume”. There is considerable overlap in
2D Sr-Nd-Hf-Pb isotope ratios, however, between basalts from the Amsterdam and St. Paul Islands and those
from Réunion and Mauritius (Figure 2), and the t-SNE map (Figure 5a) also groups the Amsterdam-St. Paul
basalts together with those from Réunion and Mauritius (cluster 9, Figures 5, 6, 8, and 10). An actual geodynamic
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relation to the Réunion plume, however, appears implausible based on recent geodynamic models and the general
tectonic evolution of the Indian Ocean (e.g., Bredow et al., 2017; Bredow and Steinberger, 2018; Whittaker
et al., 2013, 2015). Similarly, formation of the Ninetyeast Ridge started at ca. 90-80 Ma (e.g., Coffin et al., 2002;
Duncan, 1991; Mahoney et al., 1983), that is, before the appearance of the Réunion plume at ca. 65 Ma (e.g.,
Courtillot et al., 1986; Hofmann et al., 2000; Schoene et al., 2015), making it impossible to connect the forma-
tion of the Ninetyeast Ridge to the Réunion plume. Hence, although basalts from the Ninetyeast Ridge and
Amsterdam-St. Paul Plateau group within the same t-SNE cluster as basalts from Réunion-Mauritius, there is an
obvious discrepancy between geodynamic models (e.g., Bredow et al., 2017; Bredow and Steinberger, 2018) and
isotopic affinity (Figures 5, 6, 8, and 10), which is an issue that is also not resolved by the t-SNE analysis of the
larger 5D data set (Figures S3—S8 in Supporting Information S2). Better matching the geodynamic evolution of
the Indian Ocean with the isotopic affinity of the on-, near-ridge and intra-plate basalts in this ocean basin may
therefore be an intriguing target for refining chemical geodynamic models.

Interestingly, if 12 clusters are used to categorize the t-SNE map (Figure 5c), the clusters defined by the basalts
from Kerguelen, Réunion (plus Amsterdam-St. Paul, Ninetyeast Ridge), but also the South Atlantic (including
Tristan da Cunha, Gough and Walvis Ridge) merge together and assemble basalts from an enormous area across
the South Atlantic and Indian Ocean in a common t-SNE cluster, reminiscent of the so-called “DUPAL anomaly”
(Dupré and Allegre, 1983; Hart, 1984). One possible explanation for this large-scale isotopic similarity of basalts
in the Indo-Atlantic is that the upper mantle upwellings beneath Kerguelen, Réunion, and the South Atlantic orig-
inate from a common deep-mantle root beneath South Africa (e.g., Bredow et al., 2017; Civieiro et al., 2021; Colli
et al., 2018; Davaille et al., 2005; Davaille and Romanowicz, 2020; French and Romanowicz, 2015; Gassmoller
et al., 2016; Montelli et al., 2004, 2006; O’Connor et al., 2018; Tsekhmistrenko et al., 2021; Wamba et al., 2021).
Aggregation and dispersion of such deep-mantle material over several 100 Ma (e.g., Davaille et al., 2005; Davaille
and Romanowicz, 2020; Flament et al., 2022) could therefore feed mantle of similar origin and thus composition
into divergent upper mantle upwellings that surface over a prolonged time period (10-100 Ma), and enormous
geographic area. Such “episodic destabilization of a hot, chemically heterogeneous thermal boundary layer at
the bottom of the mantle” (Davaille et al., 2005) may be one possible scenario for explaining the occurrence of
several widely spaced mantle upwellings with common deep-mantle origin, and thus the isotopic resemblance of
basalts from the Indian and South Atlantic Ocean (Doucet et al., 2020; Tsekhmistrenko et al., 2021), but also in
the SW Pacific, as discussed in the following.

4.4.5. The SW Pacific

Basalts from the Societies, Samoa, and Pitcairn Island together with most samples from the Marquesas Islands
and some from the Cook-Austral Islands (“Cook-Austral: EM,” Figure 5b) form t-SNE cluster 4 (Figures 5b,
6, 8, and 10). In contrast, highly diverse isotopic signatures are observed for the lavas from the Cook-Austral
Islands, which fall into three different t-SNE clusters (cluster 3, 4, and 14, Figures 5b, 6, 8, and 10). Some of the
“Cook-Austral: EM” samples are in cluster 4, but samples from Gambier Island and the “Cook-Austral: PREMA”
samples form t-SNE cluster 14, and the “Cook-Austral: HIMU” samples, the ones with the highest Pb isotope
ratios (Figure 2), form cluster 3.

Overall, there is no simple relation between the isotopic affinity, inferred mantle upwelling structures from seis-
mology, geodynamic models, or geographic age patterns of volcanism in the SW Pacific. The SW Pacific is a
bathymetric high, the so-called “Pacific Superswell” (Adam et al., 2014; McNutt and Fisher, 1987) that over-
lies a large area of low seismic velocities in the lower mantle (e.g., Grand, 2002; Maggi et al., 2006; Masters
et al., 2000; Mégnin and Romanowicz, 2000; Montelli et al., 2006; Ritsema et al., 2011; Zhao, 2004), which may
represent a broad mantle upwelling or a cluster of smaller upwellings that are seismically difficult to resolve
as separate structures (e.g., Bull et al., 2009; Davaille and Romanowicz, 2020; Kelly and Bercovicci, 1997,
Schubert et al., 2004). Low seismic velocities are also identified in the upper mantle beneath most island chains
(Society, Pitcairn, and Rarotonga Island and Arago and Macdonald Seamount of the Cook-Austral chain), with
the exception of the Marquesas Islands (e.g., Obayashi et al., 2016; Suetsugu et al., 2009; Tanaka et al., 2009).
The geometry of these low seismic anomalies is complex, however, and a connection between upper and lower
mantle seismic structure is only identified beneath Rarotonga (Obayashi et al., 2016). Moreover, volcanism
conforms to age-progressive volcanism over a single focussed mantle upwelling for Samoa (e.g., Duncan, 1985;
Hart et al., 2004; Jackson et al., 2010; Koppers et al., 2008) and the Societies (e.g., Blais et al., 2002; Cordier
et al., 2016; Guillou et al., 2005; Uto et al., 2007; White and Duncan, 1996), but does not for the Cook-Austral
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and Marquesas Islands (e.g., Bonneville et al., 2006; Chauvel et al., 1997, 2012; Konter et al., 2008; Legendre
et al., 2005; McNutt et al., 1997). Rather, near-synchronous volcanic eruptions occur on several different, and
widely spaced islands within the Austral-Cook chain (>1,000 km; Ballmer et al., 2009; Bonneville et al., 2006;
Chauvel et al., 1997; Turner and Jarrard, 1982) and the Marquesas Archipelago (several 100 km, Chauvel
et al., 2012; Legendre et al., 2005).

Volcanism in the SW Pacific region has therefore often been related to several small upper mantle upwellings
rising from a deep, broad mantle root zone (Cadio et al., 2011; Chauvel et al., 2012; Davaille, 1999; Davaille
et al., 2005; Konter et al., 2008; Koppers et al., 2003; McNamara and Zhong, 2004; Suetsugu and Hanyu, 2013).
In this scenario, short, systematic age progressions along the same vector as plate motion would be expected
(Ballmer et al., 2009, 2010), but are not always observed (see above). Moreover, the complex spatial and tempo-
ral patterns of volcanism at the Cook-Austral chain would require that several closely-spaced, short-lived upper
mantle upwellings coexist(ed) (e.g., Ballmer et al., 2010; Bonneville et al., 2006; Clouard and Bonneville, 2005;
Clouard and Gerbault, 2008; McNutt et al., 1997). The local, or regional lithospheric structure may therefore
also have an important control on volcanic activity (e.g., Adam et al., 2010, 2014; Jordahl et al., 2004; Koppers
et al.,, 2003; McNutt and Bonneville, 2000; McNutt et al., 1997; Suetsugu and Hanyu, 2013), for example,
by inducing mantle melting due to “small scale sublithospheric convection” (Ballmer et al., 2009, 2010), or
“shear-driven upwelling” (Bianco et al., 2011; Conrad et al., 2010, 2011). These mechanisms may enhance melt-
ing and spread volcanism over localized, and perhaps transient, upper mantle upwellings (e.g., Davaille and
Vatteville, 2005; Koppers et al., 2003), but may also be alternative mechanisms to produce linear chains of
volcanoes by passive mantle upwellings on larger scales (Ballmer et al., 2009, 2010; Bianco et al., 2011; Conrad
et al., 2010, 2011). Hence there is no common recipe, or cause of volcanism for the SW Pacific Islands. Rather,
a specific combination of factors is required to produce the observed volcanism at each archipelago, or island
chain in the SW Pacific through time, and these factors may also differ during different phases of volcanism (e.g.,
Konter and Jackson, 2012).

Despite the complexity of volcanism in the SW Pacific, it is remarkable that most OIB in this region fall in a
single t-SNE cluster (cluster 4, Figures 5b, 6, 8, and 10) which is also confirmed by the t-SNE analysis of the
larger 5D data set (Figures S3—S8 in Supporting Information S2). That is, on a global scale they form an isotop-
ically distinct group (Figure 10), reminiscent of the “South Pacific Isotopic and Thermal Anomaly” (SOPITA,
Staudigel et al., 1991). Staudigel et al. (1991) related the origin of the “SOPITA” to a large lower mantle
upwelling that acquired its isotopic characteristics by accumulating an assemblage of recycled materials distinct
from those sampled in other ocean basins. The isotopic variability in OIB on a local or regional scale would then
be explained by feeding a slightly different combination of materials from a common lower mantle root into the
more localized upper mantle upwellings under a given island or chain of islands (e.g., Castillo, 1988; Davaille
and Romanowicz, 2020; Doucet et al., 2020; Konter et al., 2008; Jackson et al., 2018; Nebel et al., 2013). Notably,
this scenario is similar to that discussed above for the large-scale isotopic domain in the South Atlantic and Indian
Ocean (Section 4.4.4).

Nevertheless, the large isotopic diversity of the lavas from the Cook-Austral Islands is unique (e.g., Bonneville
et al.,, 2006; Chauvel et al., 1997; Hanyu et al., 2011, 2013; Hauri and Hart, 1993; Hémond et al., 1994;
Kogiso et al., 1997; Lassiter et al., 2003; Nakamura and Tatsumoto, 1988; Palacz and Saunders, 1986; Schiano
et al., 2001; Woodhead, 1996), and shows that their mantle sources contain isotopically different components,
which are small (<< size of melting region in shallow mantle), and heterogeneously distributed in space and
time. The latter is also the case for other island groups in the SW Pacific (Samoa, Societies and Marquesas, e.g.,
Cordier et al., 2016; Chauvel et al., 2012; Duncan et al., 1986; Dupuy et al., 1987; Farley et al., 1992; Guillou
et al., 2014; Jackson et al., 2007, 2015; Le Dez et al., 1996; Vidal et al., 1984; White and Duncan, 1996; Wright
and White, 1987). Moreover, fast plate motions in the SW Pacific lead to fast lateral transport of mantle away from
melting regions, which may lead to remelting of previously melted material, perhaps by lithosphere-controlled
processes (see Section 4 above). If it indeed occurs, such renewed melting may tap different source components
owing to prior preferential melting of more fusible source components and/or melting under different conditions
(e.g., Ito and Mahoney, 2005), and may, in some cases, contribute to the observed spatial and temporal isotopic
variability. Overall, the complex interplay between actively or passively upwelling mantle, lithospheric structure,
plate movement, and melting highly heterogeneous mantle under different conditions, perhaps even repeatedly,
makes the SW Pacific a puzzling, yet fascinating area for improving our understanding of the chemical geody-
namics of Earth's mantle.
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4.4.6. The Equatorial Pacific and Atlantic

Capturing of a deep mantle upwelling in a nearby ridge feeds volcanism at the Galapagos Archipelago and the
Galapagos Spreading Center (Hooft et al., 2003; Ito and Bianco, 2015; Morgan, 1978; Schilling et al., 1982; Villag-
omez et al., 2007), and readily accounts for the isotopic similarity of the associated basalts (e.g., Blichert-Toft
and White, 2001; Christie et al., 2005; Detrick et al., 2002; Geist et al., 1988; Harpp and White, 2001; Harpp
et al., 2002; Mittelstaedt et al., 2012; Schilling et al., 2003; White et al., 1993), which group into t-SNE cluster 1
(Figures 5b, 6, 8, and 10).

Although there is no apparent geodynamic relation, basalts from Ascension Island in the equatorial Atlantic
and MORB from the Atlantic and East Pacific Ridges between ~30°N and ~30°S, also fall into t-SNE cluster 1
(Figures 5b, 6, 8, and 10). The denser data coverage of the larger 5D data set shows, however, that grouping the
Atlantic MORB between ca. 30°N and 30°S together with those from the equatorial East Pacific Rise, the Galap-
agos Spreading Center, and OIB from the Galapagos Archipelago is an artifact resulting from the sparse data
coverage of Atlantic MORB between ca. 30°N and 30°S (Figures S3—-S8 in Supporting Information S2). Comple-
mentary Hf isotope analysis on previously analyzed samples of Atlantic MORB between ca. 30°N and 30°S (e.g.,
Gale et al., 2013) will thus be crucial for defining regional isotopic boundaries and affinities between MORB
and OIB in the Central and South Atlantic north of ca. 30°S (compare Figures 10 and Figure S8 in Supporting
Information S2), including the basalts from St. Helena and the Cameroon volcanic line discussed in the following.

4.4.7. St. Helena—Cameroon Volcanic Line

Isotopically similar basalts from St. Helena and the Cameroon Volcanic Line form t-SNE cluster 13 (Figures 5b,
6, 8, and 10). The origin of volcanism on St. Helena Island (e.g., Chaffey et al., 1989; Hanyu et al., 2014;
Kawabata et al., 2011) is generally related to a focused upper mantle upwelling, inferred from global seismic data
(French and Romanowicz, 2015; Montelli et al., 2006). A recent tomography model shows that St. Helena Island
is located over a seismically slow zone in the mantle's upper 200 km that extends towards to the Mid-Atlantic
Ridge (Celli et al., 2020). Celli et al. (2020) interpret this structure as an upper mantle upwelling that is funneled
westwards from St. Helena to the Mid-Atlantic Ridge, consistent with the observed age-progression along the
overlying seamounts of the St. Helena Rise (e.g., Maher et al., 2015; O’Connor and Le Roex, 1992; O’Connor
et al., 1999). The upper mantle seismic anomaly continues underneath the off- and onshore Cameroon Volcanic
Line (Celli et al., 2020). Thus a long, continuous channel of slow seismic velocities connects the Mid-Atlantic
Ridge, the St. Helena Rise, and the Cameroon Volcanic Line (Celli et al., 2020). This observation is strikingly
consistent with the observed isotopic similarity of the associated basalts (Figure 5a).

However, volcanism along the Cameroon Volcanic Line is episodic, but coeval at both off- and onshore locations
over 100-1,000 km distances (e.g., Fitton and Dunlop, 1985; Lee et al., 1994; Marzoli et al., 1999; Njome and
deWit, 2014). It is thus difficult to reconcile with simple age-progression of volcanism resulting from migration
over a single focussed mantle upwelling (e.g., Adam, 2022; Lee et al., 1994; Marzoli et al., 2000; Njome and de
Wit, 2014; Reusch et al., 2010; Steinberger, 2000). A number of studies therefore attribute volcanism along the
Cameroon Volcanic Line to regional mantle upwelling caused by shear-driven upwelling, small scale or edge
driven convection, or lithospheric instabilities (e.g., Adams, 2022; Adams et al., 2015; Ballmer et al., 2015; King
and Ritsema, 2000; Meyers et al., 1998; Milelli et al., 2012; Reusch et al., 2010, 2011; for a recent review and
references therein). Although not all of these mechanisms are equally compatible with all geophysical observa-
tions (see Adam, 2022 for a recent review), the continuous channel of slow seismic velocities from Cameroon to
the Mid-Atlantic Ridge may be related to “...hot asthenosphere moving along the gradient of the [shallowing]
oceanic lithosphere—asthenosphere boundary” (Celli et al., 2020).

A different mechanism of mantle upwelling is therefore generally invoked for volcanism on St. Helena Island and
the associated seamounts of the St. Helena Rise, and the Cameroon Volcanic Line. But the result is a chain of
isotopically similar lavas, which raises the question if volcanism along the Cameroon Volcanic Line, to St. Helena
Island and along the St. Helena Rise ultimately relates to mantle with similar origin, and may actually have a simi-
lar geodynamic cause. It should be tested, however, if the isotopic similarity persists when more (Hf) isotope data
become available for lavas from the off-shore Cameroon Volcanic Line and the seamounts of the St. Helena Rise.
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4.4.8. Isotopic “Point Sources”

The t-SNE cluster of Hawaiian lavas (cluster 10, Figures 5b, 6, 8, and 10) indicates that Hawaiian volcanism is
fed by mantle that is isotopically distinct on a global scale. Many local features of volcanism and geochemical
variations in the Hawaiian lavas remain poorly understood (e.g., Ballmer et al., 2013; Bianco et al., 2008, 2011;
Harrison et al., 2017; Jones et al., 2017; Stracke, 2021b; Weis et al., 2020), but in a global context, Hawaiian
volcanism occurs over a classic long-lived, deep “mantle plume” (Morgan, 1971). As such, it is also a “point
source” of isotopically distinct, but heterogeneous mantle feeding volcanism along the Hawaiian-Emperor chain
for >80 Ma (e.g., Clague and Dalrymple, 1989; Shaw et al., 1980). Hence prolonged influx into its deep-mantle
root must have sustained the upwelling (Davaille and Vatteville, 2005) and has led to production of voluminous
intra-plate magmas (e.g., Wessel, 2016).

The Caroline Islands are another point source of intra-plate volcanism in our database that produces isotopically
distinct basalts on a global scale (t-SNE cluster 8, Figures 5b, 6, 8, and 10). Compared to Hawaii, however, the
duration of volcanism appears to be relatively short (ca. 11 Ma, Keating, Mattey, Helsley et al., 1984; Keating,
Mattey, Naughton & Helsley, 1984; Jackson et al., 2017) and thus the mantle upwelling that produced the Caro-
line Islands may be rather short-lived (e.g., Davaille and Vatteville, 2005).

Overall, the t-SNE clusters defined by the Hawaiian and Caroline Islands are the two cases in the investigated data-
base where isotopically distinct intra-plate basalts from one location are connected to a single long or short-lived
transient mantle upwelling, and thus point-sources of isotopically similar mantle. In most cases, however, isotop-
ically similar basalts are much more dispersed geographically, and remarkably, in most cases occur in both ridge
and intra-plate tectonic settings, an aspect that will be discussed in more detail in the following.

4.5. The Isotopic Affinity of MORB and OIB
4.5.1. Temporarily Common Mantle Sources for MORB and OIB

MORB and OIB within any of the composite t-SNE clusters have the same isotopic affinity on a regional scale,
but there is also extensive isotopic overlap between MORB and OIB on a global scale (Section 3.3; Figures 2,
3, and 10-12). As discussed in Section 4.4, the interplay between active mantle upwellings, large-scale mantle
flow and lithosphere thickness (i.e., ridge axis locations and lithospheric structure of the continents) determines
how actively upwelling mantle is dispersed, where it reaches shallow-enough depths to melt and hence, where
surface volcanism occurs, and how it is distributed geographically (e.g., Celli et al., 2021; Dyment et al., 2007;
Ito et al., 2003; Jellinek et al., 2003; Morgan, 1978, 1981; Ribe, 1996; Schilling, 1992; Sleep, 1990, 1997;
Small, 1995; Steinberger et al., 2019; Whittaker et al., 2015). Specifically, the capturing of mantle upwellings
by nearby ridges, either at present, or during the prior evolution of the present ocean basins, and the Atlantic and
Indian Ocean basins in particular (Sections 4.4.3 and 4.4.4), has led to intermittent replacement of pre-existing
asthenospheric mantle under the ridge axes and thus melting of mantle from the same active mantle upwelling
over a large area in ridge and intra-plate tectonic settings (Section 4.4).

Early geochemical models advocate that the actively upwelling mantle (“plume”) “mixes” with or “contami-
nates” the sub-ridge mantle (e.g., Morgan, 1978, Schilling, 1973, 1985, 1991, 1992). Recent geodynamic models
show, however, that “... there is little or no mixing or stirring between the [upwelling] and ambient mantle. The
[actively upwelling mantle] is predicted to spread along the axis and simply push the ambient material away
so that only plume material is present in the melting zone over the whole distance of ridge influenced by the
plume” (Ito et al., 1997, 2003 and references therein; Ito and Bianco, 2015; see also; Bredow et al., 2017; Celli
et al., 2021; Feighner et al., 1995; Kincaid et al., 1995; Ribe, 1996; Steinberger et al., 2019). Hence, a simple,
self-consistent explanation for the large extent of isotopic similarity between MORB and OIB on a regional and
global scale is that, intermittently, the same mantle melts in ridge and intra-plate settings.

4.5.2. Isotopic Differences Between MORB and OIB

Despite the extensive overlap and close isotopic affinity between MORB and OIB on a regional scale, however,
OIBs have higher average Sr and Pb, and lower average Nd and Hf isotope ratios than MORB on a global
scale (Figures 11 and 12; e.g., White, 2010, and references therein). The long-held view is that OIBs sample
a different blend of isotopically discrete components than MORB. Alternatively, and perhaps easier to recon-
cile with the close isotopic affinity of MORB and OIB on a regional scale (Figures 5, 6, 8, 10, and 12) is that
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Figure 11. Histograms showing the distribution of mid ocean ridge and ocean island basalts ¥Sr/*Sr (a), 2°°Pb/?*Pb (b), '“*Nd/'**Nd (c), and '"*Hf/'"’Hf (d) data
compiled for this study (Figures 2 and 3, Table S1).

MORB and OIB sources contain similar ingredients, but partial melting under different P-T conditions and/or
melt extraction through different drainage networks causes systematic differences in the aggregate melts erupted
on the surface (e.g., Armienti and Gasperini, 2007; Ito and Mahoney, 2005; Helffrich and Wood, 2001; Kellogg
et al., 2002, 2007; Kostitsyn, 2007; Meibom and Anderson, 2003; Morgan and Morgan, 1999; Rudge et al., 2013;
Stracke, 2012, 2021a, 2021b; Stracke and Bourdon, 2009; Stracke et al., 1999, 2003a, 2005; Zindler et al., 1979).
Whether source or sampling differences are more important has to be evaluated on a case-by-case basis, and there
may not be a universally applicable answer to this issue. But at least in cases where active mantle upwellings
have been captured by nearby ridges, the same mantle melts in on and off-ridge settings (Section 4.4). In these
instances, isotopic differences between MORB and OIB must originate from sampling differences. Nevertheless,
the systematic offsets in the average Sr-Nd-Hf-(Pb) isotope ratios between MORB and OIB are robust, even when
including MORB produced close to active mantle upwellings in the comparison (Figures 11 and 12).

The prevailing explanation is that the sub-ridge mantle contains a higher proportion of incompatible element
depleted source components than the mantle sources of OIB (e.g., Hofmann, 1997; White, 2010; Zindler and
Hart, 1986). However, the excess buoyancy of the actively upwelling mantle under most OIB locations may,
in part, derive from its residual nature (e.g., Matthews et al., 2016, 2021; Shorttle et al., 2014, 2020; Stracke
et al., 2019), that is, the upwelling mantle contains a large proportion of mantle that has previously been melted
and has thus become very incompatible element depleted, but also less dense (e.g., Afonso and Schutt, 2012;
Schutt and Lesher, 2006). Such residual mantle can still produce considerable amounts of melts (e.g., Byerly and
Lassiter, 2014; Sanfilippo et al., 2021), because incompatible elements are almost quantitatively extracted for
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Figure 12. Box plots showing the range of Sr/%Sr, 20Pb/204Pb, 3Nd/'**Nd, and '"°Hf/'"’Hf variation in each sample group (Figures 2 and 3, Table S1). There is
often nearly complete overlap between MORB and OIB (e.g., '**Nd/'**Nd), but the average mid ocean ridge and ocean island basalts Sr-Nd-Hf-Pb isotope ratios are
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small extents of melts exctraction (~1-5%), but it takes up to 20% of melt etxration to exhaust clinopyroxene, and
thus considerably lower melt producitivity (e.g., Asimow et al., 1997). Hence residual mantle contributes little to
the incompatible element budget, and therefore to the Sr-Nd-Hf-Pb isotope ratios of the erupted melts, which are
a weighted average of melts from all source constituents (e.g., Rudge et al., 2013; Stracke, 2021a, 2021b; Stracke
and Bourdon, 2009; Stracke et al., 2011; Willig et al., 2020). In this case, the incompatible element budget of the
erupted melts will be dominated by the incompatible element enriched, but volumetrically minor source compo-
nents. Compared to MORBs, this effect is exacerbated by the greater mean depth and lower average extent of melt-
ing that is imposed by the thicker lithospheric lid at most OIB locations, particularly if the incompatible element
enriched source components have a lower melting temperature than the residual mantle (e.g., Ballmer et al., 2013;
Bianco et al., 2008, 2011; Hirschmann and Stolper, 1996; Ito and Mahoney, 2005; Kogiso et al., 2003; Lambart
et al., 2016; Morgan and Morgan, 1999; Pertermann and Hirschmann, 2003; Shorttle et al., 2014; Stracke et al.,
1999, 2003a, 2021a, 2021b).

Contrary the common notion, therefore, the actively upwelling mantle under most OIB locations may contain a
greater proportion and/or more incompatible element depleted, residual mantle than the sub-ridge mantle (e.g.,
Stracke et al., 2019; Willbold and Stracke, 2006) in good agreement with the results of recent geodynamic models
(Tucker et al., 2022), which also suggest that the lower mantle, that is, the ultimate root zone for many active
mantle upwellings, is “enriched in highly processed material.”

5. Synthesis

Analysis of multi-variate isotope data with t-SNE is useful for identifying isotopic affinities of oceanic basalts.
The t-SNE map (Figure 5a) confirms some of the isotopic resemblances previously gleaned from inspection
of 2-3D isotope ratios diagrams (i.e., among several of the “EM”-type basalts; e.g., Zindler and Hart, 1986;
Stracke, 2012; Willbold and Stracke, 2010), and also confirms the isotopic distinctiveness of “HIMU”-type
basalts (e.g., Stracke et al., 2005; Zindler and Hart, 1986). But the t-SNE map also reveals isotopic affinities not
previously recognized (discussed in detail in Sections 3 and 4), and shows that inspecting multi-variate isotope
data in 2-3D isotope ratios diagrams can be misleading (e.g., Zindler et al., 1982). In particular, the apparent over-
lap of MORB-OIB data trends in 2-3D isotope space is not present in multi-dimensional isotope space (compare
Figures 1-3, 4e, and 5). The inferred discrete “common component” to most MORB-OIB mantle sources (e.g.,
Farley et al., 1992; Hanan and Graham, 1996; Hart et al., 1992; Zindler and Hart, 1986; Zindler et al., 1982) is
therefore a red herring (Section 4.1.2).

Figure 7 shows that the Sr-Nd-Hf-Pb isotope ratios of basalts from a given locality within each t-SNE cluster
have variable ranges and overlap to different extents with one another and with basalts in other clusters. This
observation suggests that oceanic basalts do not sample a small number of discrete, isotopically homogeneous
components (e.g., equivalent to the number of t-SNE clusters), but rather suggest a stochastic distribution and
sampling of small-scale isotopic heterogeneities (e.g., Stracke, 2021b and references therein). Moreover, the
t-SNE clusters identify latitudinal domains of isotopically similar basalts (Figure 10), reminiscent of large-scale
“isotopic anomalies” postulated previously, namely the so-called “DUPAL anomaly” in the Indo-Atlantic (Dupré
and Allegre, 1983; Hart, 1984) or the “South Pacific Isotopic and Thermal Anomaly” (SOPITA; Staudigel
et al., 1991). The latitudinal domains delineated by basalts in a given t-SNE cluster are not restricted to the
SW Pacific and Indo-Atlantic, however, but are distributed globally (Figure 10 and Figure S8 in Supporting
Information S2).

MORB in both polar regions (t-SNE clusters 6 and 15, Figure 10), for example, form distinct isotopic domains
far from active upwellings (see additional discussion in Supporting Information S2). In the SW Pacific, on the
other hand, the linear chains of intra-plate volcanoes with similar isotopic affinities are produced in a complicated
geodynamic setting where the interplay of passive mantle upwelling driven by lithospheric forces and multiple
active upper mantle upwellings, which probably have a common deep mantle root, results in the complex distribu-
tion of isotopically similar basalts (Section 4.4.5). In the Indian and Atlantic Oceans, isotopically similar basalts
are observed in widely spaced intra-plate, but also near- or on-ridge locations (Sections 4.4.1-4.4.4). Most of the
individual mantle upwellings in the Indian and Atlantic Oceans have, at present or during their prior evolution,
intermittently supplied mantle to ambient ridges, which causes the regional-scale isotopic affinity of MORB
and OIB in these ocean basins. Common to the Pacific and the Indo-Atlantic ocean basins is that the isotopic
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similarity inferred for active mantle upwellings within a given isotopic domain often appears related to subsidiary
upwellings in the upper mantle that rise from a common deep mantle root, leading to volcanism fed by similar
mantle over large surface areas (e.g., Civiero et al., 2021; Davaille et al., 2005; Davaille and Romanowicz, 2020;
Doucet et al., 2020; Flament et al., 2022; French and Romanowicz, 2015; Hassan et al., 2015; Tsekhmistrenko
et al., 2021).

Opverall, the results of the t-SNE analysis define a new basis for relating isotopic variations in oceanic basalts to
mantle geodynamics. Nevertheless, it should be considered that the data analysis presented here, and thus the
identified t-SNE clusters, will likely change to some extent with increasing number of data and isotope ratios
included (e.g., Ce isotope ratio; Israel et al., 2020; Willig et al., 2020; compare the-SNE analysis of the 6D
(Sr-Nd-Hf-Pb) data set, Figures 5-10 with that of the 5D (Sr-Nd-Pb) data set discussed in Supporting Informa-
tion S2, Figures S3—-S8 in Supporting Information S2). It should also be kept in mind that the isotopic variability
of basalts does not correspond in a one-to-one fashion to mantle composition, due to variable mixing of melts
from an unknown number of isotopically different mantle source components during extraction and evolution in
the local melt drainage and storage networks. Hence any analysis of basalt data requires further forensic work to
better constrain the nature and distribution of their mantle source ingredients, from a local to global scale (e.g.,
Stracke, 2021b and references therein).

6. Implications for “Chemical Geodynamics”
6.1. “Chemical Geodynamics” Since the 1980s

Allegre (1982) defined “chemical geodynamics, [as] an integrated study of the chemical and physical structure
and evolution of the solid Earth” resulting in “a unified theory for terrestrial mass transfer phenomena.” Zindler
and Hart (1986) stated that “the two approaches are [...] necessary and complementary to each other, and [...]
will surely flourish in the years to come.” Indeed, both fields, geochemistry and geophysics, have progressed
tremendously since the 1980s.

A vast amount and variety of geochemical data has become available (e.g., Table S1), allowing an increasingly
detailed and precise chemical and isotopic characterization of the accessible Earth. The field of geophysics has
seen several important breakthroughs. The invention of seismic tomography and the increasing extent and reso-
lution of seismology have delivered increasingly detailed “images” of Earth's density structure and thus current
flow field. The latter show that the present Earth operates in a mode of whole-mantle convection, with contin-
uous material exchange between the surface and the inner Earth. Laboratory studies and numerical models of
mantle convection have substantially refined our understanding of mantle flow in the current “plate tectonic
mode” of convection, where self-initiating active thermo-chemical upwellings (“plumes”) and downwellings
(subduction) trigger passive response flows, and govern the distribution and stirring of materials with different
physico-chemical properties (e.g., density and viscosity). Numerical geodynamic models, which were in their
infancy during the 1980s, integrate data from seismology, experiments, and mineral physics, and track how trac-
ers with given geochemical properties develop and distribute in the convective flow field. In theory, numerical
geodynamic models therefore overcome the principal limitation that observational geophysics can only character-
ize the present state of the Earth (e.g., Zindler and Hart, 1986). Taken together, all of these major developments
have fundamentally changed our perception of Earth's inner workings and the geodynamic framework for inter-
preting the geochemical data.

But the field of geochemistry, largely, has struggled to keep pace with the progress in geophysics. This is due,
in part, to often ignoring the cautionary advice not to transpose the 1980s categorization of basalt “pheno-
types” to a small number of mantle components, let alone “reservoirs” (Section 4.1.1; White, 1985; Zindler and
Hart, 1986). As a result, the community inherits an over-simplified, if not dubious view of mantle geochemical
evolution, which has led to a particularly vexing stagnation in the field. Moreover, several simplistic concepts
linger on that are firmly rooted in the 1980s view of a layered mantle with a “primitive,” or “undegassed” lower
mantle and an incompatible element depleted upper mantle, with limited exchange between the two. There is,
for example, the unwarranted notion that high He/*He of many OIB require survival of some remaining fraction
of “primitive” mantle in the lower mantle (e.g., Hilton and Porcelli, 2014). While alternative explanations (e.g.,
Bouhifd et al., 2020; Class and Goldstein, 2005; Gonnermann and Mukhopadhyay, 2009; Olson and Sharp, 2022;
Parman, 2007; Tackley, 2015; Wang et al., 2022) are consistent with mantle geodynamics, the survival of some
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fraction of primitive mantle remains a frequent requirement of geodynamic models (e.g., Jones et al., 2021 and
references therein). In addition there is the ““...widespread notion that the MORB-source mantle is isotopically
nearly uniform, a myth that has persisted through many repetitions in the literature” (Hofmann, 2014), despite
any obvious justification (Figure 2). One consequence has been that mantle geochemistry has disproportionately
focused on investigating the origins of incompatible element enriched mantle components. Although this effort
has resulted in the important insight that re-enrichment of Earth's mantle in incompatible elements is largely
due to recycling of oceanic and continental crust (e.g., Hofmann, 1997; Stracke, 2012; White, 2015; Zindler and
Hart, 1986; and references in these studies), these recycled crustal components probably constitute only a small
part (<10%, e.g., Lambart et al., 2016; Salters and Stracke, 2004; Sobolev et al., 2007; Stracke et al., 2003b) of
Earth's mantle.

Much less attention has been dedicated to investigating the other >90% of the mantle, which is largely the (peri-
dotitic) residuum that is left behind by ocean crust formation (Section 4.5.2). Extraction of the oceanic crust
depletes the residual mantle in incompatible trace elements, and makes it less dense. These density differences
are significant (e.g., Afonso and Schutt, 2012; Schutt and Lesher, 2006), and coupled to variable incompati-
ble element depletions that lead to enormous radiogenic isotope variations with time (e.g., Salters et al., 2011,
Stracke, 2021a, 2021b; Stracke et al., 2011; Willig et al., 2020). This intrinsic coupling between radiogenic
isotope variability, density, and thus seismic properties of the mantle, is a unique link between mantle geochem-
istry and geodynamics that has been little explored, but one that has enormous potential for advancing “chemical
geodynamics” (e.g., Stracke, 2021b; Stracke et al., 2011, 2019).

6.2. “Chemical Geodynamics” in the 21st Century

Billions of years of generating and recycling oceanic and continental crust control the mantle's chemical evolu-
tion. When recycled back into the mantle, the crust is stretched, disintegrated, redistributed, and stirred into the
convective flow. But unless the length scale of the recycled crust is reduced to meters or centimeters, it does not
re-homogenize by solid-state diffusion, or otherwise, with the residual mantle (e.g., Hofmann and Hart, 1978;
Stracke, 2018, 2021a, 2021b; Tackley, 2015; and references in these studies). Earth's mantle has therefore evolved
into a lithologically and chemically heterogeneous agglomerate of variably incompatible element depleted resid-
ual mantle (peridotites) and incompatible element enriched recycled oceanic and continental crust (+ the under-
lying lithosphere and other components).

The critical parameter for generating and destroying mantle heterogeneity therefore is how often mantle gets
processed through melting regions in the shallow mantle, the so-called “mantle processing rate” (e.g., Huang
and Davies, 2007; Stracke, 2018, 2021a, 2021b; Tackley, 2015; Tucker et al., 2022). The mantle processing rate
also scales with the extent of incompatible element depletion of Earth's residual mantle, which has generally
been inferred from the radiogenic isotope ratios of MORB, or mass balances based on a simplistic account of
crust-mantle complementarity, that is, effectively assuming that only the present mass of the continents has
been produced. Both approaches essentially ignore the continental return flux into Earth's mantle and there-
fore underestimate the average extent of incompatible element depletion of the residual mantle, and hence the
mantle processing rate (see detailed discussion in Stracke, 2021b). Much higher Nd-Hf isotope ratios than in
MORB are found in abyssal peridotites (Cipriani et al., 2004; Salters and Dick, 2002; Stracke et al., 2011; Warren
et al., 2009) and melt inclusions (Stracke et al., 2019). These isotope signatures are a smoking gun that parts
of Earth's mantle have evolved with higher extents of incompatible element depletion than previously thought,
for several 108-10° years prior to sampling today. This implies that the rate of mantle processing (oceanic crust
production), mantle-crust cycling, continent formation and destruction, and the vigor of mantle convection may
be underestimated (e.g., Stracke, 2021a, 2021b; Stracke et al., 2011, 2019).

Notably, the chance for survival of some fraction of “primitive,” that is, previously unmelted mantle, decreases
with increasing mantle processing rate. But trapped in the 1980s concept of a lower, mostly “primitive” (“unde-
gassed”’) mantle and the alluring prospect of discovering a sample of “bulk silicate Earth” (geochemistry's “holy
grail”), geochemists are hesitant to give up the hope that such “primitive” mantle exists. Presently available
mantle samples, however, provide no chemical or isotopic evidence for any truly “primitive” mantle. More-
over, preventing mantle from being cycled through melting regions for 4.56 billion years is only feasible if it
became considerably more dense and/or viscous than the remainder of the mantle (e.g., Becker et al., 1999;
Davaille et al., 2003; Deschamps et al., 2011; Gurnis, 1986a, 1986b; Manga, 2010; McNamara and Zhong, 2004;
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van Keken et al., 2014). Geochemical “box-models” or numerical geodynamic models set up to preserve some
fraction or “primitive” mantle (e.g., Jones et al., 2021 and references therein) should therefore be viewed as
end-members of a spectrum of models with more flexible boundary conditions. Widening the parameter space
of geochemical “box-models” (e.g., Gonnerman and Mukhopadhyay, 2009; Kellog et al., 2002, 2007; Kumari
et al., 2016, 2019; Paul et al., 2002; Rosas and Korenaga, 2018; Rudge et al., 2005; Tucker et al., 2020) or
numerical geodynamic models with integrated chemical tracers (e.g., Brandenburg et al., 2008; Christensen and
Hofmann, 1994; Davies, 2002; Jones et al., 2019, 2021; Tucker et al., 2022; Xie and Tackley, 2004) to allow for
faster mantle processing rates without the need to preserve some fraction of “primitive” mantle may therefore
open up fundamentally new perspectives on the “chemical geodynamics” of the silicate Earth.

Deciphering the vigor and complexities of convective mantle flow is not only key for assessing if some “prim-
itive” mantle has become stranded and thus preserved for billions of years. More generally, it allows assessing
how the diverse materials with different origin, age and size spectra are dispersed and transported throughout the
mantle. Among the principal driving forces of mantle flow are active thermo-chemical upwellings (‘“plumes”),
transient mantle currents with complex shapes and sizes rising from a thermal boundary layer, most likely the
core-mantle boundary (e.g., Ballmer et al., 2015; Davaille and Limare, 2015; Davaille and Vatteville, 2005;
Davaille et al., 2003; Farnetani and Samuel, 2005; Jellinek and Manga, 2004; Koppers et al., 2021; Kumagai
et al., 2008; Loper and Stacey, 1983; Olson and Singer, 1985; Ribe et al., 2007). Deep-rooted thermo-chemical
upwellings, probably triggered by episodic aggregation and disaggregation of materials at the core-mantle bound-
ary (Davaille and Romanowicz, 2020; Flament et al., 2022; Davaille et al., 2005; Jellinek and Manga, 2004; Li
and Zhong, 2009; McNamara, 2019; Steinberger and Torsvik, 2012) may change their flow pattern and direction
(e.g., Ballmer et al., 2013; Bredow et al., 2017; Celli et al., 2021; Davaille et al., 2002; Gassméller et al., 2016;
McNamara and Zhong, 2004; Steinberger, 2000; Tan et al., 2002), and get captured by ridges in the upper mantle
(e.g., Cellietal., 2021; Dyment et al., 2007; Ito et al., 2003; Jellinek et al., 2003; Morgan, 1978, 1981; Ribe, 1996;
Schilling, 1992; Sleep, 1990, 1997; Small, 1995; Steinberger et al., 2019), which in some instances produces
large oceanic plateaus (e.g., Celli et al., 2021; Sager et al., 2019; Steinberger et al., 2019; Whittaker et al., 2015).
Deep-rooted mantle thus melts and gets sampled by volcanism in both intra-plate and ridge settings. After locally
overtaking the global stream of mantle flow on its way up, however, active upwellings reintegrate and get stirred
back into the global mantle flow on their way down.

To what extent deep-rooted active upwellings therefore sample a different population of mantle materials than
ambient lower mantle, and especially the passively upwelling upper mantle under MORBSs, depends largely
on viscosity-related differences in stirring effciency between the upper and lower mantle. The lower mantle
is probably 1 or 2 orders of magnitude more viscous than the upper mantle (e.g., Hager and Richards, 1989;
Lithgow-Bertelloni and Richards, 1998; Mitrovica and Forte, 2004; van Keken et al., 2014), which causes less
effective disaggregation, deformation and stirring of heterogeneous materials than in the upper mantle (e.g.,
Brandenburg and van Keken, 2007; Christensen and Hofmann, 1994; Davies, 2002; Farnetani and Samuel, 2003;
Gurnis, 1986a, 1986b; Loper, 1985; Manga, 1996, 2010; Olson et al., 1984; Stegmann et al., 2002; Tackley, 2015;
van Keken et al., 2014). Deep-rooted thermo-chemical upwellings may therefore transport a less efficiently
stirred assemblage of similar materials, or an altogether different population of materials to the surface. Contrary
to the long-held notion, however, such deep-mantle assemblages may contain a greater proportion and/or more
depleted residual mantle than the sub-ridge mantle (e.g., Stracke et al., 2019; Tucker et al., 2022), which is
consistent with the isotopic differences between average MORB and OIB (Section 4.5.2), their excess buoyancy
(King and Adam, 2014; Sleep, 1990), and relatively moderate excess temperature (e.g., Green, 2015; Green and
Falloon, 2015; Herzberg et al., 2007; Putirka, 2008), as well as recent geodynamic models (Tucker et al., 2022).

Much remains to be learned about the origin, residence time, distribution, and size spectrum of the different
materials in the mantle. The latter is not only critical for assessing the mantle “provenance” of MORB and OIB
sources, but also for how melting conveys mantle composition to the erupted melts. Generally, the composition of
individual source components is suppressed by mixing with melts from other source components. Hence, melting
blurs mantle heterogeneity and identifying the amount and composition of individual source components from
the isotopic composition of the lavas presents a major challenge (e.g., Stracke, 2021b and references therein).

Overall, unraveling the chemical evolution of the solid Earth necessitates a sound understanding of the governing
physical processes and their underlying driving mechanisms. But connecting geochemical information to the
underlying geodynamics also requires accepting the inherent limitations of both disciplines. Geochemistry, for
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example, “is inherently weak in terms of providing 3D information” (Zindler and Hart, 1986). That is, the averag-
ing effect of melting makes it difficult, if not impossible, to relate the isotopic variability of basalts to the spatial
distribution of individual materials in their mantle source in any simple fashion. Naive views, which postulate
a one-to-one correspondence between isotope variations in lavas and the spatial distribution of materials in the
underlying mantle source (or even beyond), should therefore not become constraints for geophysical models.

To some extent, these inherent limitations of the geochemical investigation of lavas can be avoided by studying
actual mantle rocks, peridotites. The scarcity, small-scale, and multi-step evolution of peridotites —they have all
melted to variable extents previously, reacted with traversing or trapped melts and seawater— makes deducing
their pristine chemical and isotopic composition an intricate task (e.g., Bodinier and Godard, 2014; Brunelli
et al., 2006; Dick, 1989; Hellebrand et al., 2002; Johnson et al., 1990; Seyler et al., 2007; Stracke et al., 2011;
Warren, 2016). Nevertheless, isotopic data on abyssal peridotites offer complementary insights and perspec-
tives on mantle evolution that are not available from the lavas, and are therefore key for further improving our
understanding of the mantle's geochemical evolution (e.g., Alard et al., 2005; Brandon et al., 2000; Brunelli
et al., 2018; Cipriani et al., 2004; Day et al., 2017; Harvey et al., 2006; Lassiter et al., 2014; Liu et al., 2008;
Paquet et al., 2022; Salters and Dick, 2002; Snow et al., 1994; Stracke et al., 2011; Warren, 2016).

The main limitation of geophysics is that “by its very nature, geophysics can only characterize the present state
of the Earth” (Davaille and Vattewille, 2005; Zindler and Hart, 1986). This makes it exceedingly difficult to
relate present geophysical observations to geochemical information about Earth's mantle, which is all gathered
on materials (peridotites and their melts, i.e., the ocean crust) that have been transported to the shallow mantle
by past mantle flow. “Images” of the present seismic structure, and thus flow field of Earth's mantle, for exam-
ple, are only the final frame of a long, unseen convection “movie”. The prior tracks and ultimate “provenance”
of the MORB and OIB sources in the shallow mantle are therefore notably disconnect from the present seis-
mic “images” of the mantle (e.g., Davaille and Vatteville, 2005; Stracke, 2021b), which must be considered in
attempts to relate geochemical and geophysical observations (Section 4.4). At least in theory, however, numerical
models add a time dimension to geodynamics, can incorporate geochemical “tracers,” and they are thus a unique
tool that bridges the gap between geochemistry and geophysics.

Ultimately, connecting geochemical observations to geodynamics requires a direct link between the parameters
used in both fields. This link is the intrinsic coupling between increasing depletion in incompatible elements and
iron of Earth's residual mantle and the associated density decrease caused by multiple cycles of mantle melting
(Sections 4.5.2 and 6.1, see also Stracke, 2018, 2021a, 2021b; Stracke et al., 2019). Better constraining the
extent of chemical depletion of Earth's residual mantle and how this affects first-order physical properties such
as density, seismic wave speed, and perhaps also viscosity, is therefore key for better understanding the internal
distribution of different materials (stirring) and convective vigor of Earth's mantle. Eventually, the latter also
controls the rate of mantle-crust interaction and continent formation. Better constraining how continuous melt
extraction has affected the geochemical and geophysical properties of Earth's residual mantle, which constitutes
the vast majority of Earth's mantle, may therefore change our perception of silicate Earth evolution, and may
launch a 21st century era of “chemical geodynamics”.

Data Availability Statement

All calculations were made with Python 3.9. A Jupyter notebook with the underlying data analysis is available
from the authors upon request. Figures were made with Matplotlib (Hunter, 2007), available under the Matplotlib
license at https://matplotlib.org/, or seaborn (Waskom, 2021). All complied and newly reported MORB-OB data
presented in this study are included in Excel format as supplementary tables (Tables S1 and S2) and available
from the GEOROC Data Repository: Table S1: Stracke, Andreas; Willig, Michael; Genske, Felix; Béguelin,
Paul; Todd, Erin, 2022, “Major and trace element concentrations and Sr, Nd, Hf, Pb isotope ratios of global
mid ocean ridge and ocean island basalts," https://doi.org/10.25625/0SVW6S, GRO.data, V1. Table S2: Stracke,
Andreas; Willig, Michael; Genske, Felix; Béguelin, Paul; Todd, Erin, 2022, “Chemical and radiogenic isotope
data of ocean island basalts from Tristan da Cunha, Gough, St. Helena, and the Cook-Austral Islands," https://doi.
org/10.25625/BQENGN, GRO.data, V1.
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