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1. Introduction
Mid-ocean ridges are a major source of crust-mantle differentiation on Earth, through the processes of partial 
melting, melt transport and reaction, and fractional crystallization in the crust and uppermost mantle (Kelemen 
et al., 1997). Abyssal peridotites provide direct samples of oceanic upper mantle and are important for under-
standing mantle chemistry and how oceanic lithosphere develops (e.g., Bonatti, 1968; Dick, 1989; Niu, 2004).

Abstract We analyze a large database of abyssal peridotite clinopyroxene compositions using log-ratio 
transformation, principal component analysis (PCA) and k-means clustering, to better understand clinopyroxene 
compositional systematics in abyssal peridotites. We combine this analysis with open-system melting 
models to investigate the potential sources of compositional variation. PCA shows that 84% of the variation 
in clinopyroxene compositions can be represented using only 2-dimensional information. We use k-means 
clustering to classify clinopyroxene compositions into four clusters. Clusters 1–3, representing 85% of the data, 
show progressive depletions in LREE/HREE, and are associated with decreases in Na2O in clinopyroxene, 
and general increases in Cr# of spinel. We interpret peridotites with clinopyroxene compositions from clusters 
1–3 to represent residues of partial melt extraction. The degree of melt extraction increases from cluster 1 to 
3, and exerts a primary control on compositional variations. The presence or absence of garnet-field melting 
prior to spinel-field melting and the retained melt fraction during partial melting exert secondary controls 
on clinopyroxene compositions. Cluster 4 clinopyroxenes, representing show less fractionated LREE/HREE 
with low-HREE abundances, elevated Sr, and depleted signatures in their host peridotites. Clinopyroxene 
compositions in cluster 4 cannot be modeled by melt depletion alone. Instead, they are only reconstructed in our 
models where melt-rock interaction, suggesting that peridotites with cluster 4 clinopyroxenes have experienced 
both of these processes. Clusters 1–4 are observed in most ridges, reflecting compositional heterogeneity on 
each ridge. This variability reflects variations in the degree of partial melting, amount of garnet-field melting, 
retained melt fractions, and melt-rock interaction.

Plain Language Summary “Abyssal peridotites” are rocks that come from the Earth's mantle, 
beneath the oceanic crust. They are exposed on the seafloor near mid-ocean ridges, the sites at which new 
oceanic crust forms by melting the mantle below. We analyzed a large database of chemical analyses of 
the mineral “clinopyroxene” from these abyssal peridotites using statistical methods, to try and understand 
what controls their chemical compositions. Our results simplify the complex chemical variations in these 
clinopyroxenes to just two main variables, and allow us to divide the compositions into 4 groups. The first 
three groups (85% of the clinopyroxene database) can be explained by forming in mantle rocks that melted by 
varying amounts, during the melting process that leads to the formation of oceanic crust. The last group (15% 
of the clinopyroxene database) cannot be explained by simple melting processes. Instead, these mantle rocks 
were first partially melted, and then reacted with melts that originated deeper in the mantle and passed through 
them. All clinopyroxene groups are present in most mid-ocean ridges, showing that the composition of abyssal 
peridotites is extremely variable even on each ridge.
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Partial melting of the upper mantle beneath mid-ocean ridges depends on the chemical composition of the mantle, 
including water content, and the potential temperature (Asimow et al., 2004). Partial melt forms at grain bound-
aries and begins to move when they are connected, resulting in the separation of melt and solid phases (e.g., 
Toramaru & Fujii, 1986). The degree of mantle depletion generally increases with decreasing depth due to greater 
decompression melting toward the top of the triangular melting region (e.g., Langmuir & Forsyth, 2007).

Residual peridotites formed by this decompression melting may react with upwelling melts, forming olivine 
at the expense of pyroxenes and producing dunite channels (Kelemen et al., 1995). Rare-Earth element (REE) 
abundances in clinopyroxenes have been used to estimate the degree and conditions of partial melting and reac-
tions with melts (Johnson et al., 1990; le Roux et al., 2014). Despite these advances, and the existence of large 
databases of clinopyroxene chemistry (Warren, 2016), systematic, statistically rigorous analyses of clinopyroxene 
compositional variation have not yet been attempted.

Data analysis using statistical and machine learning methods has recently been applied to the Earth sciences, 
showing great promise in classifications of geochemical data (Itano et al., 2020; Iwamori et al., 2017; Jorgenson 
et al., 2022; Lawley, 2016; Lawley et al., 2022; Ueki et al., 2018; Yoshida et al., 2018). However, its application to 
ultramafic rocks is relatively rare (Lawley et al., 2018, 2020; Qin et al., 2022). We present new compositional data 
analysis (CoDA) including PCA and k-means clustering on a large database of abyssal peridotite clinopyroxene 
compositions and combine this with a series of melting models, to better understand clinopyroxene compositional 
systematics in abyssal peridotites.

2. Methods and Data
2.1. Trace Element Compositions of Clinopyroxene From Residual Abyssal Peridotites

We collated mineral chemistry data (n = 1,162; Figure S1 in Supporting Information S1 and the database is 
available (https://doi.org/10.5281/zenodo.6791966) in additional supporting information) from abyssal perid-
otites, combining the data set of Warren (2016) with recent data (Birner et al., 2018, 2021; Frisby et al., 2016; 
Grambling et al., 2022; Harigane et al., 2016, 2022; Hesse et al., 2015; Li et al., 2017; Seyler & Brunelli, 2018; 
Silantyev et al., 2011, 2015; Urann et al., 2020; Wang et al., 2019). The database includes mineral chemistry from 
residual spinel-bearing harzburgite, lherzolite, and unclassified peridotite. Plagioclase-bearing peridotites and 
gabbro/pyroxenite/dunite vein-bearing peridotites were excluded on the basis that they likely underwent meta-
somatic modification due to melt infiltration (Tamura et al., 2008; Warren, 2016). The database was screened 
to include only samples with clinopyroxene trace element data for the elements Ce, Nd, Sm, Eu, Dy, Er, Yb, Ti, 
Sr, and Zr, because CoDA cannot be performed on a data set with missing values. Where Ti (ppm) values were 
missing, TiO2 (wt.%) was converted to Ti ppm and used in its place.

This screening results in a data set of 267 samples (Figure 1). Of these 100 clinopyroxenes are from lherzolites, 
114 are from harzburgites, and 53 are from peridotites for which lithology was not described. The majority of 
clinopyroxenes (68%) are from the Southwest Indian Ridge (SWIR; n = 124) and Mid-Atlantic Ridge (MAR; 
n = 57), with additional data from the American-Antarctic Ridge (AAR; n = 9), Central Indian Ridge/Carlsberg 
Ridge (CIR; n = 18), East Pacific Rise (EPR; n = 8), Gakkel Ridge (GAK; n = 25), and Lena Trough (LT; n = 25) 
(Figure 2).

2.2. Compositional Data Analysis (CoDA)

Compositional data consist of a matrix of nonnegative, relative values with a constant sum (Aitchison, 1982; 
Egozcue et al., 2003; Greenacre, 2018). In the Earth sciences, whole-rock and mineral chemical compositions 
are compositional data, and relevant for this study. Trace element compositions of clinopyroxenes are the parts 
of compositional data which is called subcomposition. Concentrations of various elements within a mineral are 
dependent on the concentrations of other elements in the mineral, because the compositional data has a constant 
sum (i.e., values must sum to 100 wt.%). Therefore, n-dimensional data (where n = number of elements) are 
plotted on an n−1 dimensional space, as the concentration of one element is not an independent variable, and the 
potential for pseudo-correlations should be considered.

https://doi.org/10.5281/zenodo.6791966
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2.2.1. Centered Log-Ratio Transformation

The filtered abyssal peridotite clinopyroxene trace element data (n = 267) were converted using centered log-ratio 
(CLR) transformation to conduct statistical analysis. Log-transformed ratios are key for the compositional and 
subcompositional data (Aitchison, 1982), as they emphasize relative magnitudes and variations in components 
rather than absolute values.

The CLR is performed by normalizing (centering) the log-transformed parts for each sample by its geomet-
ric mean. The log-transformation transforms compositional data (relative values with a constant sum) into 
multi-dimensional real space (Aitchison,  1982; Lawley,  2016), whereas normalizing to the geometric mean 
ensures that higher concentration elements (e.g., Ti in clinopyroxene) are not over-emphasized in further statis-
tical analysis.

Given an element, xi, within a total number of elements, D, geometric mean, g(x), the ith centered log-transformed 
data point zi is calculated as follows:

𝑧𝑧𝑖𝑖 = ln
𝑥𝑥𝑖𝑖

𝑔𝑔(𝑥𝑥)
 (1)

and geometric mean, g(x) is defined as the root of a total number of elements of the product of all elements as 
follows using the same notation as for Equation 1:

𝑔𝑔(𝑥𝑥) =
(

Π𝐷𝐷

𝑖𝑖
𝑥𝑥𝑖𝑖

)

1

𝐷𝐷 =
𝐷𝐷
√

𝑥𝑥(𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒)1 × 𝑥𝑥2⋯ × 𝑥𝑥𝐷𝐷
 (2)

2.2.2. Principal Component Analysis

Principal component analysis (PCA) reduces the dimensionality of a data set while preserving as much infor-
mation as possible (Greenacre, 2018). This is a commonly used method for determining the uncorrelated base 
vectors (i.e., combination of various CLR-transformed elements) that effectively account for the data by maxi-
mizing the variance along with the principal components. We conducted PCA on the log-transformed data to 
reduce the dimensionality of the data and chose PC1 and PC2 because the majority of the data can be described 
by only these two output vectors (PC1 and PC2) as described and discussed below. PCA on log-transformed data 
allows for identification of different groups of clinopyroxene compositions using k-means clustering. As a test for 

Figure 1. Global distribution of screened residual abyssal peridotites (n = 267). Ridge abbreviations are American-Antarctic 
Ridge (AAR), Central Indian Ridge/Carlsberg Ridge (CIR), East Pacific Rise (EPR), Mid-Atlantic Ridge (MAR), 
Gakkel Ridge (GAK), Lena Trough (LT), and Southwest Indian Ridge (SWIR). The topographic map is from (Amante & 
Eakins, 2009). Global distribution of un-screened residual abyssal peridotites (n = 1,162) is shown in Figure S1 in Supporting 
Information S1.



Geochemistry, Geophysics, Geosystems

NISHIO ET AL.

10.1029/2022GC010472

4 of 19

the necessity of performing CLR, we also applied PCA to the raw trace element data. This did not provide useful 
principal components as the concentration of Ti dominated the variance.

2.2.3. K-Means Clustering

K-means clustering is a classification method that divides multi-variate data into a set of subgroups or clusters, 
where k is the number of clusters. Its objective is to minimize the average degree of scatter in each cluster, by 
minimizing the sum of squared distance of each data point from its cluster centers, starting from randomly 
assigned cluster centers. This method is an unsupervised approach solely based on a data set, and does not require 
prior information to identify the clusters.

We conducted k-means clustering using the PC1 and PC2 values derived from PCA. The number of clusters 
was chosen using the “elbow method” (Thorndike, 1953). The variation (sum of squared distance from cluster 
centers) generally decreases as the number of clusters increases. However, there is an inflection point at which the 

Figure 2. Variations in clinopyroxene trace element concentrations (REE, Sr, Zr and Ti) plotted by ridge for residual peridotites. All data (n = 267) are in situ analyses 
of clinopyroxene, normalized to primitive mantle (Sun & McDonough, 1989).
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rate of decrease in variation falls with increasing clusters—the so-called elbow. For our data set, this inflection 
point corresponds to k = 4 (Figure S2 in Supporting Information S1), and so four clinopyroxene compositional 
groups are used. The results of k-means clustering are sensitive to the random starting assignments, so the process 
was repeated with 100 different random starting assignments. The result with the lowest sum of squared distance 
was selected to define clinopyroxene compositional groups.

2.3. Clinopyroxene Trace Element Modeling

We modeled clinopyroxene compositions using open-system melting (Ozawa, 2001; Ozawa & Shimizu, 1995) 
to evaluate the multiple factors that can affect their geochemistry (Table 1 and Figure S3 in Supporting Infor-
mation S1) (e.g., Warren, 2016). The models were used to generate clinopyroxene compositions produced by 
fractional melting, nearly fractional melting, melt extraction followed by melt-rock reaction, and melting with a 
contribution from the garnet-stability field. The starting composition for all models was depleted MORB mantle 
(DMM) (Workman & Hart,  2005). Partition coefficients are from Kelemen et  al.  (2003) and Ozawa  (2001) 
throughout. Melting modes and changes in the proportion of constituent phases from garnet-peridotite to 
spinel-peridotite follow Morishita et al. (2018).

Melting models applied to abyssal peridotites indicate that abyssal peridotites experience nearly fractional melt-
ing with low melt fractions retained in the source, rather than pure fractional melting (Brunelli et  al.,  2006; 
Ozawa, 2001). We modeled melt extraction using a variable retained melt fraction, α, using α = 0.001, 0.005, 
0.02 after Brunelli et al. (2006), in addition to one model using α = 0, corresponding to pure fractional melting 
(Table 1).

Compositions of some abyssal peridotites are also consistent with some melt extraction in garnet-field melting 
prior to spinel-field melting (Hellebrand et al., 2002). Following this, we modeled varying extents of garnet-field 
melting (0%, 1%, 5%, and 10%) prior to the onset of spinel-field melting.

Melting model Model Melt fraction (α) Spl-field melting (up to X%) Grt-field prior to spl-field melting

Model1 Fractional melting 0 8 0

Model2 Nearly fractional melting 0.001 8 0

Model3 Nearly fractional melting 0.005 10 0

Model4 Nearly fractional melting 0.02 16 0

Model5 Nearly fractional melting 0.001 8 1

Model6 Nearly fractional melting 0.02 14 1

Model7 Nearly fractional melting 0.001 8 5

Model8 Nearly fractional melting 0.02 14 5

Model9 Nearly fractional melting 0.001 6 10

Model10 Nearly fractional melting 0.02 14 10

Melt-rock reaction 
model Melt composition Starting material

Degrees of spl-melting of starting 
material

Degrees of grt-melting of starting 
material

Melt-rock1 All-MORB DMM 0 0

Melt-rock2 All-MORB Model2 8 0

Melt-rock3 All-MORB Model4 10 0

Melt-rock4 All-MORB Model5 8 1

Melt-rock5 Enriched Melt Model2 8 0

Melt-rock6 Enriched Melt Model4 10 0

Melt-rock7 Enriched Melt Model5 8 1

Melt-rock8 Enriched Melt Model7 8 5

Table 1 
Melting Conditions for Partial Melting Models and Melt-Rock Reactions Models
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We also modeled clinopyroxene compositions in peridotites which both undergo partial melting and react with 
melts, using parameters from Brunelli et al. (2014). We describe these models as melt-rock interaction models 
because the inducing melt reacts with the peridotite and causes further melting and depletion of the peridotite. We 
distinguish this from metasomatism (cf. Warren, 2016), because it results in a net depletion of fertile components, 
rather than a net addition of melt components. We modeled the reaction of peridotites after varying degrees of 
melt extraction in the spinel- and garnet-field with both All-MORB (Gale et al., 2013) and enriched melt compo-
sitions (formed by 1% partial melting in the garnet stability field).

3. Results
3.1. PCA & K-Means Clustering

The results of PCA are presented in Table 2. 84.2% of the variation in the data set is covered by the PC1 (57.9%) 
and PC2 (26.3%) values (Figure 3a). High PC1 values are generated primarily by high concentrations of the 
HREE and Ti, whereas PC1 generally decreases with increasing Ce, Zr, Nd, and Sr. High PC2 values are gener-
ated by high Sr, whereas low PC2 values correspond to high MREE (Sm and Eu). Clinopyroxene from harzbur-
gites have greater compositional variation than those from lherzolites and peridotites, with higher maximum PC1 
and PC2 values compared to lherzolite and peridotite (Figure 3b).

Samples from the EPR are characterized by high PC2 values, which are distinctive from other ridges (Figure 3c). 
Quartile and median values (Table 2) show that clinopyroxenes from AAR, SWIR, LT, and GAK have lower PC1 
values compared to those of CIR and MAR. Clinopyroxenes with high PC1 values (>6) are observed in GAK 
(D’Errico et al., 2016) and MAR (Harigane et al., 2016); clinopyroxenes with high PC2 values (>5) are observed 
in CIR (Hellebrand et al., 2002) and MAR (Seyler et al., 2007).

Sixty eight percentage of data are in clusters 2 & 3. Clusters 2 and 3 have similar PC2 values but cluster 2 has 
lower PC1 (Figure 3d). Cluster 1 (17% of data) is low in PC1 with relatively variable PC2. Cluster 4 (15% of data) 
is characterized by high PC2 values.

PC1 PC2

n Min 1st Qu Median Mean 3rd Qu Max Min 1st Qu Median Mean 3rd Qu Max

All 267 −6.92 −1.16 0.39 0.00 1.67 6.23 −2.98 −1.15 −0.34 0.00 0.74 7.55

Lithology

 Harzburgite 114 −6.92 −1.02 0.71 0.30 2.07 6.23 −2.34 −0.61 0.42 0.79 2.01 7.55

 Lherzolite 100 −6.67 −1.97 −0.26 −0.55 1.12 4.65 −2.98 −1.44 −0.90 −0.70 0.09 2.31

 Peridotite 53 −6.79 −0.12 0.84 0.40 1.87 3.81 −1.79 −1.31 −0.50 −0.38 0.34 2.28

Ridge

 AAR 9 −2.45 −1.94 0.24 −0.13 1.37 2.16 −2.12 −1.16 −0.31 −0.37 0.03 1.54

 EPR 8 −2.44 −0.77 −0.32 −0.37 0.34 1.36 1.22 2.19 3.04 2.76 3.17 4.15

 CIR 18 −2.60 1.23 2.17 1.85 3.04 3.67 −1.33 −0.70 0.70 0.72 1.67 5.18

 MAR 58 −3.50 0.40 1.55 1.23 2.20 6.23 −2.59 −1.11 −0.12 0.27 0.79 7.55

 SWIR 124 −6.92 −1.81 0.35 −0.28 1.36 4.03 −2.83 −1.36 −0.71 −0.32 0.45 3.74

 LT 25 −6.22 −2.62 −0.68 −1.49 −0.27 1.16 −1.62 −1.28 −0.45 −0.43 0.17 1.58

 GAK 25 −6.26 −2.85 −1.12 −1.15 −0.52 6.05 −2.98 −0.50 0.40 0.11 0.81 2.69

Cluster

 cluster 1 51 −6.92 −4.45 −3.58 −3.83 −2.85 −1.58 −2.83 −0.80 0.43 0.36 1.02 4.14

 cluster 2 95 −2.21 −0.98 −0.28 −0.36 0.37 0.86 −2.59 −1.32 −0.86 −0.76 −0.26 1.22

 cluster 3 80 0.94 1.37 1.88 2.16 2.35 6.23 −2.98 −1.43 −0.59 −0.69 −0.01 1.08

 cluster 4 41 −1.33 0.48 1.49 1.39 2.48 3.67 1.02 1.80 2.25 2.69 3.13 7.55

Table 2 
Results of Principal Component Analysis (PCA)
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3.2. Correlations Between PCA & K-Means Clustering and Clinopyroxene Trace Element Compositions

Clusters 1–3 show similar variations in HREE abundances as shown. For example, by the interquartile ranges 
(IQR) of Yb from clusters 1–3 are between 0.60 and 1.38 ppm. However, they show different LREE abundances, 
demonstrating that LREE variations are the primary driver of variations in PC1 between clusters 1–3. For exam-
ple, mean Ce values decrease from cluster 1 (1.08 ppm), to cluster 2 (0.12 ppm), to cluster 3 (0.02 ppm). Cluster 
4 has a similar mean Ce concentration (0.02 ppm) to that of cluster 3. However, the mean Sr and Yb in cluster 4, 
are higher than and lower than that of cluster 3, respectively.

Correlations between PC1&2 values and clinopyroxene trace elements compositions are shown in Ce/Yb ratio 
and Sr/Nd ratio against PC1 & 2 values plots, respectively (Figure 4). PC1 value shows a negative correlation 
with Ce/Yb ratio (Figure 4a). Ce/Yb ratio falls from cluster 1 to cluster 3 but cluster 4 has a similar ratio to cluster 
3. PC2 value shows a positive correlation with Sr/Nd ratio (Figure 4b). Cluster 4 has a high Sr/Nd ratio and PC2 
value. Clusters 2 & 3 have similar Sr/Nd ratios and ratios are lower than that of cluster 4. Sr/Nd ratio of cluster 
1 tends to be between those of cluster 4 and clusters 2 & 3. Variations in LREE(Ce)/HREE(Yb) ratios, HREE 
abundances, and Sr anomalies are therefore the primary drivers of PC1 and PC2 variation between the various 
clusters, and the clusters can be discriminated on a Sr/Nd against Ce/Yb plot (Figure 4c).

When plotted on primitive mantle (Sun & McDonough, 1989) normalized trace element patterns, clear differences 
can be seen between the groups defined by PCA and k-means clustering (Figure 5). Cluster 1 clinopyroxenes have 

Figure 3. Principal component analysis (PCA) for clinopyroxene trace elements from residual abyssal peridotites. (a) Density plot of clinopyroxene PCA data. 
Remaining figures are PCA binary plots with samples grouped by (b) lithology, (c), ridges, and (d) k-means clustering. The ellipses in (b) are 68% (∼1σ) confidence 
intervals.
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Figure 4. Primitive mantle (PM) normalized (Sun & McDonough, 1989) Ce/Yb ratio of clinopyroxenes versus PC1 value, 
(b) PM normalized Sr/Nd ratio of clinopyroxenes versus PC2 value, (c) Discrimination diagram for clinopyroxene trace 
elements compositions. PM normalized Sr/Nd ratio versus Ce/Yb ratio of clinopyroxenes from abyssal peridotites.
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high LREE/HREE ratios corresponding to flat trace element patterns. Cluster 2 has a moderate LREE/HREE 
ratio and shows more LREE-depleted patterns. Cluster 3 has a low LREE/HREE ratio and strong negative Zr 
anomalies. Cluster 4 shows distinctive patterns to all the other clusters, with low HREE abundances, positive Sr 
anomalies, and moderate LREE/HREE ratios.

We are careful to stress here that the variations between the groups are gradational, and the boundaries between 
the groups should not be interpreted as hard boundaries. For example, there are very clearly continuous changes 
between groups 1–3, and a few of the group 1 compositions have high PC2 values, showing some similarities 
to group 4. However, the k-means clustering provides an independent basis for grouping clinopyroxene compo-
sitions from a large, “noisy” data set. These clusters have distinct trace element patterns with a good degree of 
coherence within each cluster (Figure 5), and form the basis for further analysis (see Section 4).

Figure 5. Primitive mantle normalized (Sun & McDonough, 1989) trace element patterns of clinopyroxenes in clusters 1–4 (a–d).
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3.3. Modeled Clinopyroxene Compositions

Clinopyroxene compositions calculated from the partial melting models were plotted using the principal compo-
nents derived from the natural clinopyroxene data (Figure 6). The modeled compositions produced by simple melt-
ing models without melt-rock reaction cover a similar area in PC1 and PC2 space to that of clusters 1–3. Degrees of 
partial melting positively correlate with PC1, due to the association of PC1 with LREE/HREE ratios (Section 4.1). 
Variations in the melt fraction retained in the source for near-fractional melting models generate variations in both 
PC1 and PC2, which increase at higher degrees of partial melting. Models with lower retained melt fractions (α = 0, 
0.001–0.005) show larger changes in PC1 for a given degree of melting, with decreasing PC2 with increasing partial 
melting (Figure 6a). However, PC1 increases less, and PC2 components are more constant with increasing degrees 
of melting when melt fractions are high (α = 0.02). This decrease in PC1 variation corresponds to reduced LREE/
HREE fractionation when retained melt fractions are high (Figure S3 in Supporting Information S1), as the style of 
melting modeled tends away from pure fractional melting and more toward batch melting.

Garnet-field melting prior to spinel-field melting increases PC1 at the onset of spinel-field melting, but PC2 
values are the same as for models without garnet-field melting (Figure 6b).

Figure 6. Principal component plots of modeled clinopyroxene compositions using the principal components derived from the natural clinopyroxene data. (a) Modeled 
clinopyroxene compositions obtained by spinel-field melting. Black numbers (e.g., 2%) show the degrees of melting and thick numbers show melt fraction α, (b) garnet-field 
melting prior to spinel-field melting. Thick black numbers show the degrees of melting in garnet-field prior to spinel-field, (c) modeled clinopyroxene compositions obtained 
by MORB melt-rock reactions. Starting materials are shown as larger circles, and (d) enriched melt-rock reactions. The setting of models is described in Table 1.
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Melt-rock interaction models are characterized by high PC2, similar to clinopyroxenes from cluster 4 (Figures 6c 
and 6d). PC1 and PC2 are both higher when the starting materials (perodotites before melt-rock reaction) are 
more depleted. When the same starting material reacts with enriched melt, it generates lower PC1 and higher 
PC2 than for reactions with MORB. PC1 and PC2 converge as reactions progress, as the reacting melt exerts an 
increasingly strong control on the modeled clinopyroxene compositions.

3.4. Correlations Between Clustering and Mineral Mode and Major Element Compositions

We investigate whether clusters based on clinopyroxene compositions can be linked to differences in the major 
element and mineralogical composition of their host peridotites. Below, we focus on mineralogical and geochem-
ical variables which have been used as indicators of the degree of partial melting (e.g., Arai,  1994; Hellebrand 
et al., 2001).

Median modal clinopyroxene contents decrease in clusters 2–4 (Figure 7a). Cluster 4 has noticeably lower modal 
clinopyroxene than the other clusters, with a median value lower than any of the first quartiles for other clusters. 

Figure 7. Correlations between clustering and mineral mode and major element compositions. Box plots showing variations 
in (a) Modal clinopyroxene, (b) Na2O in clinopyroxene, (c) TiO2 in orthopyroxene, and (d) Cr# of spinels from clusters 1–4. 
The upper and lower sides of each box represent the third and first quartiles of the observed values, with the median value 
shown as the horizontal line dividing the box. The vertical height of the box is the interquartile range (IQR).
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Cluster 1 shows a wide range of modal clinopyroxene contents but the maximum and third quartile values are 
higher than those of other clusters.

Median and quartile values for Na2O in clinopyroxene systematically fall from cluster 1 to cluster 4 (Figure 7b). 
Concurrent with this decrease, the absolute compositional range in each cluster also decreases, as shown by 
falling IQRs.

Median TiO2 in orthopyroxene also falls from clusters 2–4 (Figure 7c). Similar to modal clinopyroxene contents, 
TiO2 in orthopyroxenes in cluster 1 shows a similar median value to that of cluster 2, but has a larger IQR and 
higher third quartile value.

Cr# of spinels shows the opposite relationship to the variables considered above, showing a systematic increase in 
median and quartile values from clusters 2–4 (Figure 7d). Cluster 4 has a larger IQR compared to other clusters. 
Cluster 1 has higher median and quartile values than those of cluster 2 and its IQR is also larger than those of 
clusters 2 and 3. A traditional Fo# olivine against Cr# of spinel plot therefore shows moderate correlations, Fo# 
and Cr# tend to be higher in cluster 4 followed by clusters 3 and 2 (Figure S4 in Supporting Information S1).

Because the cluster analysis was performed on PC1 and PC2 data, the systematic variations observed in geochem-
ical and mineralogical indicators of melting are linked with correlations between PC1, PC2, and these melting 
indicators. Modal clinopyroxene contents and incompatible elements (TiO2, Na2O, Al2O3) tend to show negative 
correlations with PC1 (Figure S5 in Supporting Information S1). Spinels Cr# and olivine Fo# show positive 
correlations with PC1, although data for cluster 1 is widely scattered. Al2O3 contents in orthopyroxene show 
negative correlations with PC2 components, with cluster 4 showing the highest PC2 and lowest Al2O3.

Yb in clinopyroxene shows a correlation with Cr# of spinel (Figure 8), but Ce in clinopyroxene does not correlate 
with Cr# of spinel (Figure 8b) which are consistent with the results of previous studies (Hellebrand et al., 2001; 
Warren, 2016). As the correlation between clusters and Cr# is shown in Figure 6d, cluster 4 has high Cr# of 
spinel and low Yb in clinopyroxene followed by clusters 3 and 2. Cluster 1 shows variable compositions among 
the trend.

A Ce in clinopyroxene against Cr# of spinel plot shows clear compositional differences among clusters. Ce in 
clusters 2&3 clinopyroxenes tend to show a negative correlation with Cr#. Clusters 4 has high Cr# of spinel but 
Ce in clinopyroxenes are similar to those of cluster 3. Cluster 1 clinopyroxenes have high Ce abundances but 
spinels have a large range of Cr#.

4. Discussion
To summarize our results, clusters 1–3 (n = 226, 84.6% of the data) show progressive depletions in LREE/HREE 
(increasing PC1; Figure 5), and are associated with progressive decreases in modal clinopyroxene abundance, 
Na2O in clinopyroxene, and TiO2 in orthopyroxene their host peridotites (Figure 7). We therefore interpret that 
peridotites with clinopyroxene from clusters 1–3 are residues after partial melt extraction. However, peridotites 
with clinopyroxene from cluster 4 are the exception to a number of these trends. For example, cluster 4 clino-
pyroxenes show less fractionated LREE/HREE (Figure 5) than cluster 3 despite much higher spinel Cr#, lower 
modal clinopyroxene abundance, Na2O in clinopyroxene, and TiO2 in orthopyroxene in their host peridotites 
(Figure 7). They also have high PC2, which is otherwise only observed in our models involving melt-rock interac-
tion (Figures 6c and 6d). We therefore interpret peridotites with clinopyroxene from cluster 4 to have experienced 
both partial melting and melt-rock interaction.

4.1. Controls on Composition of Cluster 1–3 Residual Peridotites

A comparison between the modeled clinopyroxene compositions and clinopyroxene clusters 1–3, shows that the 
majority of clinopyroxene compositions can be explained by spinel-field melting with retained melt fractions 
varying between α = 0.001 and α = 0.02 (Figure 6a) (Brunelli et al., 2006). However, some cluster 3 clino-
pyroxenes have particularly high PC1 at moderately high PC2, which may require that their host peridotites 
experienced some partial melt extraction in the garnet stability field. Spinel-field melting from DMM cannot 
reach such high PC1 and moderate PC2 without unreasonable amounts of melt extraction (F > 16%) because 
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clinopyroxene is exhausted after around 18% melt extraction. Cluster 3 clinopyroxenes with the highest PC1 
components (>6) were collected from GAK (D’Errico et al., 2016) and MAR (Harigane et al., 2016) and those 
show lowest REE abundances with negative Zr anomalies. We interpret these peridotites as the most depleted 
residues that only experienced garnet- and spinel-field melting and this is consistent with the results of complex 
geochemical models (Harigane et al., 2016).

In summary, the variations in clinopyroxene composition in clusters 1–3 can be explained by differences in the 
degree of partial melting, the presence or absence of garnet-field melting prior to the onset of spinel-field melt-
ing, and the retained melt fraction during partial melting, as suggested by previous studies (Brunelli et al., 2006; 
Hellebrand et al., 2001, 2002; Johnson & Dick, 1992; Warren, 2016).

Mineral modes and mineral major element compositions show large compositional variations within each group 
(Figure 7), potentially suggesting that they are less sensitive to the degree of partial melt extraction and melt 
fraction compared to clinopyroxene trace elements, or affected by different processes. However, Na2O contents in 
clinopyroxenes appear similarly sensitive to the degree of partial melt extraction as clinopyroxene trace elements, 
as median and quantile values decrease in clusters 1–4.

4.2. Controls on Composition Cluster 4 Depleted Peridotites

Clinopyroxene compositions in cluster 4 are characterized by high PC2 at moderately high PC1, which corre-
sponds to high LREE/HREE ratios for their level of HREE depletion, and positive Sr anomalies. The only models 
which produced such high PC2 values were melt-rock interaction models, so we infer that cluster 4 peridotites 
experienced melt-rock interaction.

A wide range of compositions can be produced by melt-rock reaction models using different degrees of melt 
depletion and different reacting melt compositions (Seyler & Brunelli,  2018; Seyler et  al.,  2007). Melt-rock 
reaction models between DMM that has not undergone melt extraction and MORB, show that it is difficult to 

Figure 8. Correlations between Cr# of spinel and clinopyroxene trace elements compositions from clusters 1–4. Cr# of spinel versus (a) primitive mantle normalized 
(Sun & McDonough, 1989) Yb values, (b) PM normalized Ce values, The blue line was obtained by least-squares linear regressions (regression parameters shown in 
the upper right-hand corner).
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reach simultaneously high PC1 and PC2 values without extensive partial melt extraction before melt-rock interac-
tion (Figure 6c). This suggests that cluster 4 clinopyroxenes may require partial melt extraction prior to melt-rock 
interaction to explain their compositions.

Differences in depletions and melt compositions are supported by mineral major elements. Cr# of spinels and 
Yb in clinopyroxenes show a negative correlation across all samples (Figures 8a and 9a) and these elements 
have been used as indicators for degrees of meltings (Hellebrand et al., 2001). Na2O contents in clinopyroxenes 
are relatively constant with increasing spinel Cr# until spinel Cr# = 40 which supports differences in depletions 
(Figure 9b). High Cr# (>40) peridotites show various clinopyroxene Na2O compositions. Na2O contents in melt 
are high after low degrees of melting because most of the incompatible elements are partitioned into the first 
small melt fraction (Langmuir & Forsyth,  2007; Seyler & Brunelli,  2018). Therefore, wide ranges of Na2O 
contents support requirements of different reacting melt compositions.

Cluster 4 clinopyroxenes show positive Sr anomalies which we cannot reproduce in any of typical melting models 
(Figure 10a). One possible explanation arises from the serpentinized nature of abyssal peridotites, as serpenti-
nization enriches fluid mobile elements such as Sr and Li (Morishita et al., 2009). However, consistent positive 
Sr anomalies are not observed in any of the other clusters, despite the presence of serpentinized samples in 
these clusters. Alternatively, clinopyroxene with low HREE abundances, positive Sr anomalies and high LREE/
HREE ratios are observed in forearc peridotites (Figure 10b) (Birner et al., 2017; Parkinson et al., 1992). Clino-
pyroxene compositions from forearc peridotites from the Izu-Bonin-Mariana (IBM) arc were plotted using the 
principal components derived from the abyssal clinopyroxene data. IBM clinopyroxenes share the characteristics 
of high PC2 with cluster 4 (Figure 10c). We therefore speculate that cluster 4 peridotites could be recycled arc 
mantle materials (Urann et al., 2020), interacted with hydrous melts, and/or experienced hydrous melting at the 
mid-ocean ridge.

Figure 9. Correlations between Cr# of spinel and clinopyroxene major and trace elements compositions from cluster 4. Cr# of spinel versus (a) primitive mantle 
normalized (Sun & McDonough, 1989) Yb values, (b) Na2O. The blue line was obtained by least-squares linear regressions (regression parameters shown in the upper 
right-hand corner).
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4.3. Effects of Cryptic Metasomatism and Refertilization

A potential objection to our interpretation of the cluster 4 clinopyroxene reflecting the effects of melt rock reac-
tion is that their elevated Sr contents might reflect “cryptic” plagioclase metasomatism (Tamura et al., 2008; 
Warren & Shimizu, 2010). However, cluster 4 peridotites lack positive Eu anomalies which appear inconsistent 
with cryptic plagioclase metasomatism. To test this, we plotted data from metasomatized abyssal rocks including 
plagioclase impregnated peridotites (Warren, 2016) using the principal components derived from the residual 
abyssal clinopyroxene data. Clinopyroxene compositions from plagioclase impregnated peridotites and other 
metasomatized rocks (Warren, 2016) tend to overlap clusters 1 and 2, or even plot outside the PC field defined by 
residual peridotites. This is largely due to their negative Sr anomalies and elevated LREE concentrations.

Critically, none of the metasomatized peridotite data show elevated PC2 values comparable to group 4 clinopy-
roxenes, in sharp contrast to forearc peridotites (Figure 10c). We therefore conclude that an origin as recycled arc 
mantle materials (Urann et al., 2020), interactions with hydrous melts, and/or the presence of hydrous melting at 
the mid-ocean ridge are the most likely explanations for cluster 4 clinopyroxenes.

Cluster 1 peridotites show large variations in mineral major element compositions (Figure 7) and Yb in clinopy-
roxenes negatively correlates with Cr# of spinel (Figure 8a). PC plots of clinopyroxene compositions from the 
metasomatized peridotites overlap cluster 1 clinopyroxenes (Figure 11). This large range of compositions and 
relative depletion of compatible elements suggests a potential role for refertilization (Warren, 2016).

Figure 10. Comparisons of primitive mantle-normalized clinopyroxene trace elements compositions between (a) cluster 
4 abyssal peridotite clinopyroxenes, (b) forearc peridotites from Izu-Bonin-Mariana arc (Parkinson et al., 1992), and (c) 
principal component plots of clinopyroxene from Izu-Bonin-Mariana forearc peridotite using the principal components 
derived from the abyssal clinopyroxene data.
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4.4. Unique Characteristics of Peridotites From the Fast Spreading 
East Pacific Rise?

Only depleted peridotites and chromitites have been sampled from the EPR 
(Arai & Matsukage, 1998; Dick & Natland, 1996). The Cr# of spinel from 
35 EPR peridotites samples are available in our unscreened database (from 
Terevaka transform fault, Garrett transform fault and Hess Deep) and show 
depleted signatures, with median (Cr# = 52.5) and quartile values are much 
higher than those from other ridges (Figure 12). Furthermore, clinopyrox-
ene from EPR peridotites has consistently high PC2, with the majority of 
samples falling in cluster 4 (Figure 3c). Although cluster 4 clinopyroxenes 
are observed in most ridges despite their different spreading rates (Figure 
S6 in Supporting Information S1), the EPR is unusual in having such a high 
proportion of cluster 4 clinopyroxene. The few EPR samples in clusters 1 and 
2 may reflect issues with separating groups from gradational data by k-means 
clustering, as these lie close to the boundaries between groups 1, 2, and 4.

Our modeling suggests that EPR clinopyroxene underwent high degrees 
of partial melting and melt-rock interaction as characterized by low HREE 
abundances and enriched LREE and Sr compared to the mantle beneath 
other ridges. Because amounts of clinopyroxene trace elements data are very 
limited (n = 8, 3% of the data), it remains unclear if these peridotites repre-
sent the composition of EPR mantle as a whole or an endmember composi-

tion of depleted peridotites that experienced melt-rock interaction. Further sampling of EPR abyssal peridotites 
is necessary to resolve the question, and establish how depleted typical mantle is beneath fast-spreading ridges.

4.5. Heterogeneous Oceanic Lithosphere

Clusters 1–4 are observed in most ridges (Figure S6 in Supporting Information S1), consistent with composi-
tionally heterogeneous abyssal peridotites on each ridge, as suggested in previous studies (Paquet et al., 2022; 
Rampone & Hofmann,  2012; Warren,  2016). The MAR consists of 56.5% (n  =  657) of the unfiltered data 

(n = 1,162), and has a Cr# range that covers the entire compositional range 
of other ridges (Cr# = 10–65) (Figure 12), potentially suggesting that the 
degree of compositional heterogeneity at ridges other than MAR is under-
estimated due to undersampling. Cluster 4 is not observed in GAK, though 
clinopyroxene-rare, low-HREE, and high LREE/HREE ratio harzburgites 
which are similar to characteristics of cluster 4 and have experienced simi-
lar melt-rock interactions are observed (D’Errico et  al.,  2016). Therefore, 
significant variability exists within each ridge, representing heterogeneities 
controlled by variable retained melt fraction, degree of partial melting, and 
melt-rock interaction.

5. Conclusions
We collated large database (n = 1,162) of abyssal peridotite compositions 
and analyzed the clinopyroxene trace element data (n = 267) using statistical 
methods, CoDA and combined open-system melting models to investigate 
clinopyroxene compositional variation in abyssal peridotites.

Principal component analysis shows that 84.2% of the variation in the data 
set is covered by the PC1 (57.9%) and PC2 (26.3%) values and most abyssal 
clinopyroxene compositions from abyssal peridotites can be explained by the 
only 2-dimensional information. Ce/Yb ratio and Sr/Nd ratio are respectively 
primary drivers of PC1 and PC2 values.

Figure 11. Principal component plots of clinopyroxene from metasomatized 
abyssal rocks (Warren, 2016) using the principal components derived from the 
abyssal clinopyroxene data.

Figure 12. Boxplot of Cr# of spinel from the unfiltered abyssal peridotites 
database (n = 1,162).
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K-means clustering using the PC1 and PC2 values classified clinopyroxene compositions into four clusters. 
Clusters 1–3, 84.6% of the data, show progressive depletions in LREE/HREE (increasing PC1), and are associ-
ated with decreases in modal clinopyroxene abundance, Na2O in clinopyroxene, and TiO2 in orthopyroxene and 
increases in Cr# of spinel their host peridotites. Cluster 4 clinopyroxenes, 15% of data, show less fractionated 
LREE/HREE, with low-HREE abundances and positive Sr anomalies. Peridotites with cluster 4 clinopyroxenes 
also show the most depleted signatures in their host peridotites, with the lowest modal clinopyroxene contents, 
Na2O in clinopyroxene, and TiO2 in orthopyroxene, and the highest spinel Cr#s.

We interpret that peridotites with clinopyroxene from clusters 1–3 are residues after partial melt extraction. The 
compositional variations in clusters 1–3 can be explained by differences in the degree of partial melting, the pres-
ence of absence of garnet-field melting prior to the onset of spinel-field melting, and the retained melt fraction 
during partial melting. But cluster 1 peridotites showing large variations in mineral major element compositions 
and Yb in clinopyroxenes negatively correlates with Cr# of spinel suggests a potential role for refertilization.

Clinopyroxene compositions in cluster 4 cannot be modeled by melt depletion alone, and are only reconstructed 
in our models involving melt-rock interaction and suggest that the peridotites with clinopyroxene from cluster 
4 have experienced both partial melting and melt-rock interaction. Positive Sr anomalies shown in cluster 4 
clinopyroxenes cannot be reproduced in any of our melt-rock reaction models using reactions between variably 
depleted peridotites and either MORBs or enriched melts. However, low HREE abundances, positive Sr anoma-
lies and high LREE/HREE ratios are observed in forearc peridotites, where they indicate fluid involvement. We 
therefore speculate that cluster 4 peridotites could be recycled arc mantle materials that interacted with hydrous 
melts, and/or experienced hydrous melting at the mid-ocean ridge.

Although clinopyroxene trace element data for East Pacific Rise samples are very limited (n = 8, 3% of the data), 
the majority of these peridotites contain cluster 4 clinopyroxene and show high Cr# of spinel (median = 52.5). 
The limited data availability means that it remains unclear if entire EPR mantle underwent similar depletion and 
melt-rock interaction or if this represents an endmember composition.

Cluster 1–4 clinopyroxenes are observed in most ridges, indicating significant compositional heterogeneity in 
abyssal peridotites on each ridge. Samples from the MAR comprise the majority of our data, and this ridge 
shows the greatest variability in Cr#, covering the entire compositional range of other ridges (Cr# = 10–65). This 
suggests that the degree of compositional heterogeneity at other ridges may be underestimated due to undersam-
pling. The significant compositional variability within each ridge likely represents variations in the degree of 
partial melting, amount of garnet-field melting, retained melt fraction, and melt-rock interaction.

Data Availability Statement
Compiled data of abyssal peridotites are available and R script that allows new data to be applied to CoDA are 
available at Zenodo via https://doi.org/10.5281/zenodo.6791966.
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