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Abstract

The South Atlantic is a classic region of hotspot volcanism, with numerous intraplate mag-
matic structures, such as the Walvis Ridge, Rio Grande Rise, Fernando de Noronha Ridge,
and Victoria-Trinda Ridge. These structures record mantle plume activity and plate tec-
tonics since the breakup of the South America—Africa continent, but the spatiotemporal
correlations of mantle end-members among different hotspot systems remain unclear.
This paper uses the Unified Manifold Approximation and Projection Algorithm (UMAP)
and Hierarchical Agglomeration Clustering Algorithm (HAC) to perform dimensionality
reduction and cluster analysis on 288 basalt Sr-Nd-Pb isotope data from 12 major hotspot-
derived seamount chains/rises in the South Atlantic, identifying three types of mantle
end-members: EM-type, HIMU-type, and PREMA/FOZO-type. The results show that
HIMU-type end-members are mainly distributed in St. Helena Island and its associated
Guinea seamount chain; EMI-type end-members dominate the Walvis Ridge basement,
Rio Grande Rise, and discovered seamount chain; and PREMA/FOZO-type end-members
are mainly distributed in the Brazilian continental margin seamount chain. In terms of
time series, EM-type magmatic activity began in the Early Cretaceous (~132 Ma), while
HIMU-type hotspot activity appeared later (~82 Ma), and both were vertically superim-
posed on the Walvis Ridge basement. Based on the spatiotemporal distribution character-
istics of mantle end-members in hotspots in the South Atlantic and Indian Oceans, this
paper proposes a two-stage magmatism model for hotspots at the African margin: in the
early stage, EM-type material, associated with continental delamination and ancient lith-
osphere recycling, preferentially melted, forming large-scale submarine plateaus or sea-
mount chains; in the later stage, HIMU-type material, associated with the reactivation of
subducted oceanic crust or Archean carbonated subcontinental lithospheric mantle
(SCLM), melted and rose in weak areas of mature oceanic crust, forming smaller sea-
mounts. This study provides a new perspective on the unified genetic mechanism of mul-
tiple hotspots in the South Atlantic and offers a reference for understanding the genera-
tion, evolution, and magmatic activity of hotspots during the breakup of Gondwana.
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1. Introduction

Mid-ocean ridges and hotspot volcanic activity are the main causes of submarine
topographic anomalies. The former gave rise to the main body of the oceanic crust, while
the latter formed intraplate submarine plateaus/seamount chains [1-4]. Among them,
hotspot volcanic activity has preserved information on the heterogeneity of the mantle
source region and plate tectonics [5,6]. There are several hotspot volcanic activities in the
South Atlantic, including St. Helena, Trindade, Tristan-Gough, Discovery, Meteor, and
Shona [1,2]. These hotspots formed iconic submarine plateaus and seamount chains on
both sides of the mid-ocean ridge, such as Walvis Ridge, Rio Grande Rise, and Discovery
Seamounts, which record the evolution of deep mantle material and its magmatic activity
history during the South America—Africa rifting process since the Early Cretaceous [3,4].
Previous studies have identified several deep mantle end-members in the Atlantic region:
HIMU (high p-value) represented by St. Helena Island [7-9], enriched mantle (mainly
EMI) represented by Gough Island, Walvis Ridge, and Tristan Island [10-18], and a few
FOZO/PREMA reports [19-27].

In recent years, extensive research has been conducted on the spatiotemporal distri-
bution, geochemical characteristics, and evolutionary models of hotspot products in the
South Atlantic [2,4,8]. Homrighausen et al., through a systematic study of Walvis Ridge,
discovered EM-I basement volcanic activity, followed by late-stage magmatic activity
with an age lag of approximately 30-40 Ma and significant HIMU characteristics super-
imposed on the basement. This “heterogeneous superposition” phenomenon challenges
the traditional view of a single vertical mantle conduit in hotspots [2,4]. Comparing the
petrogeochemical characteristics of the products of the Tristan-Gough and Discovery
hotspots reveals that hotspots located close to each other exhibit spatial heterogeneity in
geochemistry [16,17]. Based on the geochemical characteristics and spatiotemporal distri-
bution of the Walvis Ridge, it is believed that EM-I hotspots are concentrated at the edge
of the LLSVP in Africa, while HIMU hotspots originate from within the LLSVP [18]. How-
ever, systematic summaries of different hotspots in the South Atlantic are still lacking, and
the temporal and spatial correlations among multiple hotspots remain unclear, limiting
the overall understanding of the genesis and evolution of South Atlantic hotspots.

This study selected 12 basaltic geochemical datasets from submarine plateau/sea-
mount chains, introduced the Unified Manifold Approximation and Projection Algorithm
(UMAP) [28,29] to perform dimensionality reduction on 288 sets of basaltic Sr-Nd-Pb iso-
tope data, and combined the Hierarchical Agglomeration Clustering Algorithm (HAC) to
perform cluster analysis on the dimensionality reduction results [30]. Based on Local Out-
lier Factor Analysis (LOF) [31], the Mutual Information Value (MI) [32,33], SHAP Inter-
pretability Analysis [34] and the Multi-Indicator Kriging (MIK) Spatial Interpolation Tech-
nique [35,36], the following research was carried out: (1) the mantle end-member types of
South Atlantic hotspot products were identified, and the UMAP dimensionality reduction
method was used to analyze their key isotopic control elements; (2) the spatial partition
map of South Atlantic mantle end-members was reconstructed, and their relationship
with deep mantle anomalies (such as LLSVP and DUPAL anomalies) was analyzed; and
(3) the temporal evolution sequence of hotspots was plotted, and a unified spatiotemporal
evolution model for South Atlantic hotspots was proposed.

2. Geological Background

Hotspots are distributed on both flanks of the South Atlantic Mid-Ocean Ridge, with
fewer on the western flank, mainly consisting of the Brazilian continental margin sea-
mount chain, the Rio Grande Rise, and the Eras-Ocadas Rise. On the eastern flank, from
north to south, are the Cameroon-Guinea seamount chain, the Walvis Ridge, and the
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southern seamount group, including the Discovery Seamount Chain, the Agulhas Ridge,
the Meteor Rise, and the Shona Ridge (Figure 1). Because the dataset does not include Sr-
Nd-Pb isotope records for the Ocadas Rise, the Cameroon Volcanic Line, and the Guinea
seamount chain, these two regions will only be discussed for their geological background
without further data analysis.

2.1. Brazilian Marginal Volcanic Chains

A series of seamount chains extending nearly east-west or northwest-southeast
along the Brazilian continental margin has developed, including the Fernando de Noro-
nha Ridge (FNR), Pernambuco Seamounts (PS), Bahia Seamounts (BS), and Vitéria-Trin-
dade Ridge (VTR). The FNR, located between the Fernando de Noronha hotspot and the
South American continent, is a nearly east-west-trending seamount chain approximately
550 km long. Magmatic activity lasted for about 15-0 Ma, and its formation is believed to
be related to plate-driven small-scale upper mantle convection, rather than classic mantle
plumes [19-21]. The geochemical composition of the FNR exhibits multi-end-member
mixing characteristics, evolving over time from EM-I to HIMU and depleted mantle
(DMM) [22,23]. PS is located east of Recife, Brazil, and extends in a northwest-southeast
direction, with a total length of about 350 km [5,20].

The source region of PS basalts is a mixture of depleted mantle (DM) and HIMU,
containing a small amount of EM-I or EM-II components. Its activity period is about 81—
79 Ma, and it may have been formed by extinct pairs of hotspots or small-scale upper
mantle convection [20]. BS is located about 300 km south of PS and consists of three par-
allel seamount chains in a near-northwest—southeast direction, with a total length of about
600 km and a width of about 200-300 km. It has been active since 78 Ma [5]. Most of the
volcanic rocks in the northern part of BS were formed by HIMU materials, with no obvi-
ous Dupal anomaly [24]. VIR is located about 700 km south of BS and has a total length
of about 1200 km. It is believed to be related to the activity of the Trindade hotspot. Its
volcanic rocks are mainly alkaline basalts formed by low-degree partial melting (<3%)
[25,26]. VIR seamount chains range in age from approximately 30 to 0 Ma, with mantle
end-members predominantly of the EMI type, and are associated with metasomatism re-
lated to deep mantle plumes [25-27].

2.2. Guinea Region and St. Helena Hotspot Track

The Gulf of Guinea region contains two major tectonic lines. One is the Cameroon
Volcanic Line (CVL), which is about 1600 km long and extends from the African continent
to the St. Helena hotspot in a southwest direction. Magmatic activity has continued from
about 42 Ma to the present, and there is no obvious age gradation pattern [5]. The Guinea
Seamount Chain (GSC) is located in the southwest extension direction of the CVL and is
2000 km long. It is the trajectory of the St. Helena hotspot on the African Plate, and its age
gradually becomes younger from the northeast (82 Ma) to the southwest (2.6 Ma) [5]. St.
Helena Island at the southwestern end of the GSC is the most typical HIMU-type mantle
end-member representative on Earth. The extreme radiogenic Pb isotope ratio (2Pb/2Pb
>20.5) indicates that the source region contains an ancient recirculating ocean [7-9].

2.3. Walvis Ridge and Rio Grande Rise

The Walvis Ridge (WR), stretching over 3000 km in length, extends southwestward
from the southwestern continental margin of Africa to the South Atlantic Mid-Ocean
Ridge. It represents the trajectory of the Tristan-Gough hotspot on the African Plate, with
ages ranging from ~115 Ma to 0 Ma from northeast to southwest [12-14]. The WR termi-
nates at Tristan Island and Gough Island, considered the current active center of the Tris-
tan-Gough hotspot [6].

https://doi.org/10.3390/jmse14131217


https://doi.org/10.3390/jmse14131217

J. Mar. Sci. Eng. 2026, 14, 1217

4 of 19

Its conjugate, the Rio Grande Rise (RGR), is approximately 1000 km long and located
on the eastern margin of the South American Plate, with ages ranging from 88 to 47 Ma
[6,15]. Both are characterized by typical EM-I mantle end-members and exhibit a strong
Dupal anomaly. Notably, some late-stage seamount volcanic activity has been discovered
on the older basement of the WR, showing certain HIMU characteristics, suggesting ver-
tical superposition or later disturbances in the source region [1,4].

2.4. Southern South Atlantic Hotspot-Related Ridges and Rises

The southern South Atlantic, near the southern end of the South Atlantic Mid-Atlan-
tic Ridge, features a series of hotspot-associated seamount chains and rises, including the
Discovery Seamounts (DS), Agulhas Ridge (AR), Meteor Rise (MR), and Shona Ridge (SR).
The DS, located north of the Falkland—Agulhas Fault Zone, can be subdivided into north-
ern and southern branches, with ages of approximately 41-23 Ma, and is associated with
the Discovery hotspot [17,18]. The northern DS exhibits Gough-type EM-I mantle end-
member characteristics, while the southern DS displays the most extreme DUPAL anom-
aly in the South Atlantic, with an isotopic composition closer to the EM-II mantle end-
member, showing higher 5r/%Sr and lower *Nd/"*Nd and 206Pb/24Pb [17,18].

The AR system extends along the Falkland—-Agulhas fault zone. The MR system and
the Erasus—Ocadas Rise (IOR) are a pair of conjugate rises, which separated around 62-59
Ma due to a mid-ocean ridge jump. All three are generally associated with Shona hotspot
activity [37,38]. The SR system, located south of the MR system and dating from approxi-
mately 44 to 14.5 Ma, is also a product of the Shona hotspot [37,38]. The basement of the
Shona hotspot system is dominated by Gough-type EMI mantle end-members, with local-
ized late-stage HIMU volcanic activity [4,38].
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Figure 1. Map showing the topography and geomorphology of the South Atlantic and the distribu-
tion of Sr-Nd-Pb isotope sampling locations. Topographic data are from NOAA ETOPO [39,40],
Mollweide projection, with the central meridian at 15° W. Circular sample points represent basalt
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from submarine plateaus/seamount chains; the color of the sample points represents different sub-
marine plateaus/seamount chains (the boundary of the submarine plateau is the -3000 m isobath).
The map indicates the age range of the data points/regional data: FNR—Fernando de Noronha
Ridge, PS—Pernambuco Seamount Chain, BS—Bahia Seamount Chain, VTR —Victoria-Trinidad
Ridge, RGR—Rio Grande Rise, IOR—Ocadas Rise, CVL —Cameroon Volcanic Chain, GSC—Guinea
Seamount Chain, WR—Wolvis Ridge, TCS—Tristan da Cunha Islands, GI—Goff Island, DR—Dis-
covery Rise, AR— Agulhas Ridge. MR —Meteor Rise, and SR—Shona Ridge; CVL, IOR, and GSC are

shown as the geological background of the region.

3. Data and Methods

The data for this study originated from the global geochemical databases GEOROC
and PetDB. Whole-rock and glass geochemical data of basalts from major hotspot-derived
seamount chains, rises, and islands along the South Atlantic Mid-Atlantic Ridge were sys-
tematically collected. The integrated dataset contains 288 records (Table S1). After LOF
outlier filtering, 272 samples were retained for subsequent clustering and spatial interpo-
lation. Because the SOURCE field in the database may contain hotspot names and names
of submarine plateaus/seamount chains, the sample location statistics were uniformly di-
vided and summarized using the names of vector regions, rather than using SOURCE
labels. The study area encompasses the Walvis Ridge, Rio Grande Rise, Fernando de No-
ronha Ridge, Pernambuco Seamount, Bahia Seamount, Victoria-Trinidad Ridge, Came-
roon Volcanic Chain, Guinea Seamount Chain, Discovery Seamount Chain, Agulhas
Ridge, Meteor Rise, and Shona Rise.

To identify the intrinsic differentiation structure of Sr-Nd-Pb isotopic composition
in samples from the Atlantic seafloor plateau, intra-oceanic seamounts, and related vol-
canic rocks, and to characterize their spatially continuous variation, this paper, based on
the multi-parameter optimized UMAP-HAC dimensionality reduction and clustering
analysis framework, further introduces outlier identification (LOF), feature importance
analysis (MI and SHAP), and spatial interpolation (MIK) steps to jointly analyze multi-
source isotopic data [28-36]. The overall technical approach includes data preprocessing
and standardization, manifold structure identification and dimensionality reduction, out-
lier identification and classification, feature importance analysis, sensitivity analysis, and
spatial reconstruction and result interpretation based on multi-indicator kriging (MIK).

3.1. UMAP-HAC Dimensionality Reduction

We selected 8Sr/86Sr, 143N d/144Nd, 206Pb/204Pb, 207Pb/204Pb, and 28Pb/204Pb as the core

isotopic features. Because these variables differ in scale and numerical range, all raw data

were standardized prior to analysis to avoid bias introduced by scale effects:
P

xi.z
J

O;
J

M

where x;; is the original value of the j-th variable for the i-thsample, u; and o; arethe
mean and standard deviation of that variable, and x;; is the standardized value. After
standardization, all variables were placed on the same scale and could be used compara-
bly in subsequent analyses. The standardized five-dimensional isotope matrix was then
used for UMAP dimensionality reduction, HAC clustering, LOF outlier detection, and
feature importance analysis.

To determine whether high-dimensional isotopic data possess a manifold structure
suitable for low-dimensional representation, this paper first conducts a preliminary as-
sessment of data complexity through intrinsic dimension estimation. The results show
that the samples exhibit significantly low-dimensional organizational features in the high-
dimensional feature space. Therefore, a nonlinear dimensionality reduction is further per-
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formed using Uniform Manifold Approximation and Projection (UMAP). UMAP projects
the standardized 5-dimensional isotope matrix onto a two-dimensional space while pre-
serving local neighborhood relationships and first-order topological structure [28,30].

The neighborhood parameter n_neighbors, the minimum distance parameter
min_dist, and the number of clusters k are evaluated through a grid search. Then, the
Ward minimum variance connectivity criterion (HAC) is applied to the two-dimensional
UMAP embedding, which minimizes intra-cluster variance during clustering [29]. The
number of clusters is not determined solely by visual inspection of the two-dimensional
UMAP projection. Instead, we systematically evaluated the clustering results from k = 2
to k =6 using the silhouette coefficient [41], Calinski-Harabasz index [42], Davies-Bouldin
index [43], and an equally weighted composite score. The silhouette coefficient assesses
intra-cluster cohesion and inter-cluster separation; the Calinski-Harabasz index assesses
the ratio of inter-cluster dispersion to intra-cluster dispersion; and the Davies—Bouldin
index assesses the average inter-cluster similarity. Larger silhouette coefficient and Ca-
linski-Harabasz index values indicate better clustering, while smaller Davies-Bouldin in-
dex values indicate better separation.

For each clustering result, we normalized these three internal metrics and combined
them into an equally weighted composite score:

Sei" + Scu” + Spg”
Swmp — sil C:)I)‘I DB (2)

where Sg;" and Scy" are the min—-max-normalized Silhouette and Calinski-Harabasz
scores, respectively, and Spp* is the reversed min-max-normalized Davies—Bouldin
score.

In addition to evaluating the clustering performance of UMAP-HAC, this paper also
performed original space validation, that is, projecting the clustering labels obtained by
UMAP-HAC back to the original 5-dimensional Sr-Nd-Pb isotope space and recalculating
the silhouette coefficient, Calinski—-Harabasz index, and Davies—Bouldin index. The
UMAP-HAC projection showed the strongest separation at k = 2, indicating a significant
isotope-2 classification trend in the dataset. However, under the optimal UMAP parame-
ters (n_neighbors = 36; min_dist = 0.01), k = 3 achieved high clustering performance in the
UMAP space and obtained the highest overall score for the original 5-dimensional valida-
tion among all test schemes (Table 1).

Table 1. Comparison of clustering results under optimal fixed parameters (n_neighbors = 36;
min_dist =0.01).

MAP- D Ca-
. Calinski- Davies- - 5D Silhou- -2 % 5D Davies- 5D Compo-
k Silhouette . Space Com- linski- . .
Harabasz  Bouldin . ette Bouldin site Score
posite Score Harabasz

2 0.795 1173.222 0.194 0.667 0.548 301.371 0.459 0.667

3 0.741 3269.048 0.296 0.631 0.492 437.412 0.716 0.677

4 0.675 4807.24 0.468 0.45 0413 399.394 0.923 0.24

5 0.677 5183.291 0.439 0.518 0.416 378.234 0.852 0.247

6 0.606 5153.731 0.491 0.331 0.432 391.523 0.852 0.319

3.2. LOF Outlier Detection

A small number of obvious anomalous records exist in the original samples. For ex-
ample, the 20Pb/2“Pb values of some samples are higher (>20.3), and the 8Sr/%Sr values
are also significantly higher (>0.704). In addition, some samples show a composite anom-
alous feature of simultaneously higher 8Sr/%Sr and *Nd/'*Nd. In order to reduce the
interference of anomalous samples on the cluster boundary and subsequent spatial inter-
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polation results, this paper uses the Local Anomaly Factor (LOF) algorithm [28] to identify
outliers. LOF compares the local density of a sample with the density of its nearest neigh-
bor sample to identify samples located in a relatively sparse local neighborhood. In this
workflow, LOF is applied to a normalized five-dimensional isotope matrix, where
n_neighbors = 20 and contamination = 0.05. Samples marked as Is_Outlier = TRUE are
excluded from the main UMAP-HAC clustering, spatial interpolation and geochemical
interpretation. The Appendix provides a summary of provincial LOFs, and a complete list
of outliers can be found in the Supplementary Materials (Table S2).

3.3. Sampling Imbalance Sensitivity Analysis

To assess whether the UMAP-HAC clustering results with k = 3 are affected by sam-
ple imbalance, two complementary sampling imbalance sensitivity analyses were con-
ducted. First, a down-sampling test was performed on Walvis Ridge, as it is the most
densely sampled submarine plateau/seamount chain in the retained dataset. In this test,
30%, 50%, and 70% of the Walvis Ridge samples were randomly retained, while samples
from all other submarine plateaus/seamount chains remained unchanged. Each retention
percentage was repeated 100 times.

Second, a balanced-cap test was conducted across the entire region to assess the im-
pact of sample imbalance across the entire coordinate-defined submarine plateau and sea-
mount chain. In this test, the number of samples per geological province was randomly
limited to a maximum of 5, 10, 20, or 30 samples. Submarine plateaus/seamount chains
with fewer samples than this upper limit remained unchanged. Each upper limit level was
repeated 100 times. This balanced-cap test was used to assess whether the classification
results with k = 3 remained stable when the data volume of all submarine plateaus/sea-
mount chains with relatively large sample sizes was reduced.

For each repeated test, UMAP-HAC clustering was performed repeatedly with k = 3.
The resulting labels were compared with the full-data baseline labels using the Adjusted
Rand Index (ARI) and Adjusted Mutual Information (AMI):

ARI = RI —E(RD)
RI= max(RI) — E(RI) ®)

where RI is the Rand Index, and E(RI) is its expected value under random labeling. ARI
values close to 1 indicate strong agreement with the baseline clustering after correcting
for chance.

AMI was used as a complementary information-theoretic measure:

MI(U,V) — E[MI(U, V)]
avg(HW), H(V)) — E[MI(U, V)] (4)

AMI(U,V) =

where U and V are two clustering label assignments, MI(U,V) is their mutual infor-
mation, H(U) and H(V) are their entropies, and avg(H (),H (V)) is the entropy nor-
malization term. AMI values close to 1 indicate strong similarity between the resampled
clustering result and the full-data baseline solution.

The Walvis Ridge down-sampling test showed high stability (Table 2). When retain-
ing 30%, 50%, and 70% of the samples, the average ARI values were 0.929, 0.948, and 0.960,
respectively. The corresponding average AMI values were 0.919, 0.937, and 0.950. These
results indicate that the structure of the k =3 dimensionality-reduced clustering results is
not entirely controlled by the Walvis Ridge samples.

The full-region balance cap test further demonstrates that the clustering structure is
not merely an artifact caused by regional sample imbalance (Table 2). When the number
of samples per seamount/seamount chain was limited to 20 and 30, respectively, the clus-
tering results remained highly consistent with the full data baseline, with average ARI
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values of 0.870 and 0.913, and average AMI values of 0.866 and 0.903, respectively. The
cap = 10 test also showed relatively high stability, with average ARI and AMI values of
0.835 and 0.830, respectively. In contrast, the test stability with cap =5 was lower, with an
average ARI of 0.637 and an average AMI of 0.652, indicating that drastically reducing the
number of samples removes too much regional and isotopic information and cannot reli-
ably reproduce the clustering structure of the complete data.

Table 2. Sensitivity analysis of the k =3 UMAP-HAC solution under targeted Walvis Ridge down-

sampling and whole-region balanced-cap resampling.

Experiment Setting Total n I;I){I Mean * 15?11;/[ I'Mean x Interpretation
Walvis Ridge 30% retained 206 0.929 £0.025 0.919+0.022 Stable
down-sam-  50% retained 229 0.948 £0.034 0.937+£0.031  Stable
pling 70% retained 252 0.960 +0.047 0.950+0.043  Stable

cap=>5 54 0.637 £0.108 0.652+0.090  Extreme reduction
Whole-region €aP = 10 95 0.835+0.105 0.830+0.098  Moderately stable
balancedcap o, 20 148  0.870+0.033 0.866+0.028  Stable

cap =30 188 0.913+0.028 0.903+0.025  Stable

The symbol n represents the total number of samples used in the calculation, SD represents the

standard deviation of the calculated data.

3.4. Mutual Information and SHAP Feature-Importance Analysis

To interpret the isotopic controls on the clustering, two complementary feature im-
portance methods were used: mutual information (MI) and SHAP. MI evaluates the sta-
tistical dependence between an individual feature X and the cluster label Y [32,33]. For
a continuous isotope feature and a discrete cluster label, MI can be expressed as

p(x,y)
1X,Y) = Z [ peetogl S 6)

where p(x,y) is the joint probability distribution of X and Y, and p(x) and p(y) are
their marginal distributions. MI is a univariate measure; it evaluates how much infor-
mation each isotope ratio contains about the cluster labels without explicitly accounting
for feature interactions. Therefore, MI is useful for identifying isotope ratios that inde-
pendently discriminate the clusters.

SHAP was used as a multivariate model interpretation method [34]. A tree-based
classifier was trained to predict the UMAP-HAC cluster labels from the original isotope
ratios, and SHAP values were calculated to quantify each isotope’s contribution to the
model prediction. For feature j, the SHAP value is defined as

S|t (M —|S] = 1!
0, = Y ot (xsugn) = 5G] ©
SEF{j}

where F is the full feature set, S is a subset of features excluding feature j, M is the
total number of features, fs(xs) is the model output using feature subset S, and @; is
the contribution of feature j to the prediction. For multi-class classification problems,
SHAP values are evaluated both as the total original impact value and as the contribution
value for a specific class. The original SHAP values obtained in this study were not nor-
malized and are consistent with the direct model output used in the final SHAP plot.
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In addition to class-specific SHAP analysis, regression-based independent SHAP
analysis was used to evaluate the impact of each isotope ratio on the UMAP-1 and UMAP-
2 coordinates. This analysis correlates the original isotope space with the reduced-dimen-
sional embedding space and helps determine which isotope ratios control the position of
samples along the UMAP axis. The MI results show that 206Pb/204Pb is the most informa-
tive feature distinguishing UMAP-HAC cluster labels. In contrast, SHAP analysis shows
that 8751r/865r makes the largest total contribution to the model predictions (Table 3).

Table 3. Mutual information and raw SHAP total-impact values for isotope features.

Feature Mutual Information Raw SHAP Total Impact
87Sr/86Sr 0.726548 3.49
1Nd/"*Nd 0.64331 1.82
206Ph/204Pb 0.786131 1.94
207Pb/204Pb 0.54049 1.73
208Ph/204Ph 0.626855 0.36

3.5. Exploratory MIK Spatial Probability Mapping

Multiple indicator kriging (MIK) is a standard geostatistical method for spatial inter-
polation of multi-class discrete variables. It is achieved by performing MIK interpolation
on each class separately [35,36]. In this study, for each reduced-dimensional clustering
classC(C = 1,2,3), an indicator variable I;(X;) is defined. If the clustering class of the i-
th sample pointis C, the value is 1; otherwise, it is 0:

1,if sample i belongs to class C,

le(X) = { 0, otherwise. (7)

where X; = (lon;,lat;) are the latitude and longitude coordinates of the i-th sample
point, and the spatial distance is calculated using the great circle distance (Haversine for-
mula). Considering the geological characteristics of the influence of hotspot magmatism,
which gradually decreases from the center outwards and has no obvious abrupt boundary,
this study prioritizes using an exponential model to fit the indicator variogram of each
end-member [35].

For each grid node, the three estimated class probabilities correspond to three clus-
ters. The final displayed categories are assigned based on the highest estimated probabil-

ity:
C(X,) = arg cé?1a2X3}P(C|X°) (8)

The MIK results are interpreted only as an exploratory spatial probability visualiza-
tion of the clustered regions, and not as independent evidence of mantle structure, mantle
tomography, or geodynamic flows. Therefore, the interpolated probability field is used
for a regional interpretation of the UMAP-HAC dimensionality reduction clustering re-
sults, rather than for defining deterministic mantle end-member boundaries. Cross-vali-
dation and category probability output results are shown in the Supplementary Material
(Figure S1).

4. Results

In the dimensionality reduction and clustering process of the South Atlantic hotspot
data, 16 outlier records were identified. After removing these outliers, three stable classi-
fication categories were obtained. Category 2 differed significantly from categories 1 and
3 in its projection on the UMAP-1 axis; category 1 was clearly distinguishable from cate-
gories 2 and 3 in the UMAP-2 direction (Figure 2a). Overall, the three categories formed
independent, non-overlapping dense clusters with no significant cross-over, indicating
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that UMAP dimensionality reduction effectively captured the geochemical differences be-
tween different OIB populations, and the clustering results showed good spatial separa-
bility.

For UMAP-1, the main isotopic characteristic of its influence is 8Sr/%Sr, and its SHAP
value has the widest distribution range, with a maximum value of 6, indicating that a high
87Sr/86Sr ratio corresponds to a high UMAP-1 value. This directly corresponds to the dis-
tribution pattern of Cluster 2 in the high-value region of UMAP-1. ¥Nd/"*Nd and
206Pp/24Pb also contribute to UMAP-1. For UMAP-2, the dominant isotopic influence is
206Pp/204Pb, with a SHAP value as low as —7.8. This indicates that a high 26Pb/2Pb ratio
corresponds to a lower UMAP-2 value, directly explaining the differentiation between
Cluster 1 in the high-UMAP-2 region (low Pb ratio) and Cluster 3 in the mid-to-low-value
region (high Pb ratio). Furthermore, *Nd/'*Nd and 8Sr/%5Sr also influence UMAP-2 (Fig-
ure 2b).

SHAP analysis of different cluster categories revealed that 8Sr/%Sr has the most sig-
nificant impact on cluster labels, with a SHAP value far exceeding that of other isotopes,
making it the core geochemical indicator for distinguishing the three sample types.
206Pb/24Pb and “Nd/**Nd were the next most significant contributors, with 206Pb/204Pb
making the strongest contribution to category 3, while **Nd/**Nd dominated the contri-
bution to category 2. Since 27Pb/2Pb and 25Pb/*Pb are highly positively correlated with
206Pp/204PDb, their influence on cluster labels is masked by 206Pb/2*Pb (Figure 2c).
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Figure 2. Dimensionality reduction clustering results and feature importance interpretation of Sr-
Nd-Pb isotope data from South Atlantic Submarine Plateau/Seamount Chain Basalts. (a) UMAP-
HAC clustering results using n_neighbors = 36, min_dist =0.01, and k = 3. The number of data points
in each cluster is as follows: Cluster 1, n = 160; Cluster 2, n =48; and Cluster 3, n = 64. (b) Contribution
of each isotopic feature to the dimensionality reduction. (c¢) Discriminative importance of each iso-

topic feature to the cluster category.
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5. Discussion

5.1. Correspondence Between Dimensionality Reduction Clustering Results and Mantle End-
Members

Three categories were identified through dimensionality reduction clustering of iso-
topic data from basalts in the South Atlantic submarine plateau/seamount chain. Category
1 is similar to conventional enriched mantle end-members (EM-I and EM-II), character-
ized by low 26Pb/2¢Pb (<19.0) and high 8Sr/#Sr (>0.7045), and is distributed in the Agulhas
Ridge, Goff Island, Walvis Ridge, Rio Grande Rise, Meteor Rise, Discovery Seamount
Chain, and Tristan da Cunha Island. Category 2 is similar to conventional HIMU mantle
end-members, characterized by high 206Pb/2#Pb (>19.5) and low #Sr/%Sr (<0.704), and is
distributed in St. Helena Island, Walvis Ridge, and Agulhas Ridge. Category 3 exhibits
PREMA (C/FOZO) characteristics: moderate 206Pb/204Pb (18.8-19.5) and low 8Sr/8Sr
(0.703-0.704), distributed in the Agulhas Ridge, Bahia Seamount Chain, Fernando de No-
ronha Ridge, Meteor Rise, Pernambuco Seamount Chain, Shona Ridge, Victoria—Trinidad
Ridge, and Walvis Ridge (Figure 3).

(a) DMM, ___. (b) ‘ B

0.5130-’:" e 1 o 21.04y ', HIMU

2051 " ?
\ * "‘
0.5128] 200{ ¥ ___ oy PREMA/C/FOZO
o S S .
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Z ! z 195
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%().5126- C/FOZO é‘:— 19.0
2 185

051241 ' Cruster 1 18.0

Cluster 2 . | * 175
- Cluster 3 S EMH > iz ’ .
0.5122 Bt = ¥ - — Z
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O Agulhas Ridge O Fernando de Noronha [> Rio Grande Rise A Gough Island Yo Walvis Ridge
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O Discovery Seamounts <] Pernambuco Seamounts gp St. Helena Island €3 Vitoria-Trindade Ridge

Figure 3. Two-dimensional isotopic distribution characteristics of South Atlantic hotspot products.
The two-dimensional plots illustrate the correspondence between UMAP-HAC clusters and tradi-
tional mantle end-member reference fields defined or synthesized by Zindler and Hart [44], Stracke
et al. [45], Weiss, et al. [46], Jackson and Dasgupta [47], and Worner et al. [48]. (a) 8 Sr/%Sr—
1Nd/1*Nd isotopic plot; (b) #Sr/%Sr—20Pb/?4Pb isotopic plot. DMM is shown in the figure as a

classic mantle end-member for reference; however, the data do not fall within this region.

5.2. Spatial Distribution Characteristics of Mantle End-Members in South Atlantic Hotspots

To characterize the continuous spatial evolution of discrete categories, this paper at-
tempts to use the multi-indicator kriging method (MIK) to spatially interpolate and recon-
struct the classification results and draw probability distribution maps [35,36]. Simultane-
ously, the boundaries of the partitions are adjusted with reference to important fault lines
in the South Atlantic, resulting in spatial partitions of the mantle end-members in the
South Atlantic region. Hotspot mantle end-member types are mainly divided into three
regions: the HIMU-type is distributed in the Guinea seamount chain, St. Helena Island,
and Walvis Ridge; the EM-type is distributed in the Walvis Ridge, Gough Island, Tristan
da Cunha Island, Rio Grande Rise, Discovery Rise, Agulhas Ridge, Meteor Rise, and
Shona Ridge; and the PREMA/FOZO-type is distributed in the Fernando de Noronha
Ridge, Pernambuco seamount chain, Bahia seamount chain, Victoria—Trinidad Ridge, Me-
teor Rise, Walvis Ridge, and Agulhas Ridge (Figure 4).
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The South Atlantic is divided by the Rio Grande Fracture Zone and the South Atlantic
Mid-Ocean Ridge. Its hotspot mantle end-members generally exhibit a spatial distribution
characterized by “north—-south zonation” and “east-west partitioning.” The southern part
of the Rio Grande Fracture Zone is dominated by the EM type, while the northern part is
mainly composed of the HIMU- and PREMA/FOZO-type. Specifically, the eastern flank
of the northern mid-ocean ridge is dominated by the HIMU type, while the western flank
is dominated by the PREMA/FOZO-type. Combining the distribution of the DUPAL
anomaly and LLSVP in the South Atlantic region, the mantle end-members of South At-
lantic hotspot products generally exhibit a quadrant distribution characteristic. Further-
more, combining the LLSVP and DUPAL anomaly regions, it was found that EM-type
data in the South Atlantic region are mainly distributed within the DUPAL anomaly re-
gion, while HIMU-type data are distributed above the LLSVP [18,49-52]. Since this study
did not quantitatively calculate A7/4 and A8/4, nor did it perform geophysical modeling
of the mantle structure, the relationships between isotope type distribution, DUPAL
anomaly, and LLSVP are spatial correlations for comparison, rather than direct mantle
dynamic constraints.
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1 1 1 |
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0°— _Cameroo] ® PREMA/FOZO-typel_
FNR L 0o ~— 0 id-ocean Ridee
@ Femando < * id-ocean Ridge
do Norona ’ LLSVP
ion
CVL
. PS Dupal anomaly
.. | S [JLand
BS
South America ATican
20°S— L2008
40°S - 4005
) Bouvet
43
60°S - N — 60°S

T T T
60°W 20°W 0° 20°E 40°E

40°W

Figure 4. Exploratory MIK spatial probability map of UMAP-HAC cluster distributions in South
Atlantic hotspot-related volcanic systems. Supporting probability and cross-validation diagnostics
are provided in the Supplementary Materials (Figure S1). The abbreviations for submarine plateaus
and seamount chains are the same as in Figure 1. Fracture zones: RFZ, Romanche Fracture Zone;
RGFZ, Rio Grande Fracture Zone; AFFZ, Falkland—-Agulhas Fracture Zone. The map shows the
highest-probability cluster at each grid node and should be interpreted as a probability visualization

rather than a deterministic mantle-source boundary.
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5.3. Time Series of Major Hotspot Products in the South Atlantic

To gain a more comprehensive understanding of the evolution of hotspot mantle
end-members in the South Atlantic region over time, this paper classifies all submarine
plateau/seamount chains according to their associated hotspot systems, resulting in four
major hotspot systems and one independent hotspot product: the Tristan—-Gough hotspot
system, the Discovery hotspot system, the Shona hotspot system, the Trindade hotspot
system, and the St. Helena hotspot (Figure 5a).

Among them, the largest, the Tristan—-Gough hotspot system, is a common origin of
the Walvis Ridge and its southern flank, Gough Island and Tristan da Cunha Island, as
well as the conjugate Rio Grande Rise on the western Atlantic side [1-4,12-16]. Its geo-
chemical partitioning is characterized by Gough-type EM-I mantle end-members distrib-
uted along both sides of the trajectory and Tristan-type relatively depleted EM-I mantle
end-members [2,12,16]. In contrast, the Shona hotspot system produced volcanic bodies
tectonically separated by the Agulhas-Falkland fault zone, including the Shona Ridge,
Agulhas Ridge, and Meteor Rise [37,38]; the basement of this system is predominantly
Gough-type EM-type, but HIMU-type signals appeared during later volcanic activity
[4,38].

In the eastern South Atlantic, the Discovery hotspot system formed the Discovery
Seamount Chain, with its northern seamounts exhibiting Gough-type EM-I composition,
while the more enriched EM-II composition appears in the southern seamounts [17,18].
The Vitdria-Trindade Ridge, located on the South American Plate, is the surface manifes-
tation of the Trindade hotspot system, with its source region characterized by a long-term
homogeneous EM-I isotopic composition [25-27]. Furthermore, St. Helena Island, a classic
HIMU mantle end-member, represents a product of the St. Helena hotspot system, with
its extremely high 20¢Pb/2Pb ratio attributed to deep, ancient, recirculated oceanic crust
[7-9]. Notably, the Bahia Seamounts and Pernambuco Seamounts in the Brazilian Basin
are interpreted as possibly formed by extinct paired hotspot activities, their isotopic com-
positions characterized by the PREMA/FOZO-type, not directly attributed to any of the
aforementioned specific hotspot trajectories [5,20,24].

The earliest hotspot record in the South Atlantic is the Parand—Etendeka igneous
province, formed around 132 Ma from the Tristan Goff hotspot [13,14]. Subsequently, EM-
type magmatic activity continued to construct the Walvis Ridge (~115-0 Ma) and the Rio
Grande Rise (~88—-47 Ma) [6,15]. Around 82 Ma, HIMU-type magmatic activity associated
with the St. Helena hotspot began at the northeastern end of the Guinea seamount chain
and propagated southwestward to St. Helena Island and the present-day hotspot location
[5]. Since ~44 Ma, the Discovery and Shona hotspots have formed a series of EM-type
seamount chains in the southern South Atlantic [17,18,37,38]. From ~30 Ma, the Fernando
de Noronha Ridge and the Victoria-Trinidad Ridge began to be active, with
PREMA/FOZO-type volcanic activity continuing to this day [19,25-27]. In terms of the
overall time series (Figure 5b), EM-type magmatic activity started early (132 Ma) and
lasted the longest; HIMU-type activity started later (from 82 Ma) but continues to this day;
and PREMA/FOZO-type is in the middle series (from 80 Ma).
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Figure 5. Temporal sequence of different mantle end-member-like components in South Atlantic
hotspot-related volcanic systems. (a) Evolutionary sequence of mantle end-member-like compo-
nents in different hotspot-related systems in the South Atlantic. (b) Time-series diagram of different
mantle end-member-like components in the South Atlantic. The temporal trends are based on avail-

able samples with reported ages and should be interpreted cautiously in sparsely sampled regions.

5.4. Magmatic Models in African Marginal Hotspots

The mantle end-members of hotspots in the South Atlantic exhibit a spatial distribu-
tion characterized by both north-south zonation and east-west partitioning. The southern
region is dominated by the EM-type, while the northern region is primarily composed of
the HIMU- and PREMA/FOZO-type. Specifically, the eastern flank of the mid-ocean ridge
is dominated by the HIMU-type, while the western flank is dominated by the
PREMA/FOZO-type. Temporally, EM-type magmatic activity began earlier (approxi-
mately 132 Ma) and continues to the present; HIMU- and PREMA/FOZO-type magmatic
activity began later (approximately 82-80 Ma), and HIMU-type magmatic activity can su-
perimpose on the early EM-type basement [1,4,18]. South Atlantic HIMU-type magmatic
activity is generally closer to the African continental margin, which aligns with the distri-
bution characteristics of mantle end-members in Indian Ocean hotspots [18,50-54]. The
mantle end-members of Indian Ocean hotspot products generally exhibit east-west parti-
tioning, with the western region near Africa being the HIMU-type partition, the eastern
region being the EM-type partition, and the PREMA/FOZO-type partition located in the
central region. Similarly, temporally, HIMU-type hotspot products are generally younger
than EM-type hotspots.

Based on this, this paper proposes a two-stage magmatism model of multiple
hotspots along the African margin (Figure 6): The first stage, ~135-132 Ma, involved the
delamination of the ancient lower continental crust or lithosphere during the breakup of
Gondwana, which altered or formed EM-type hotspot materials, resulting in the Parana—
Etendeka igneous province, the Mozambique submarine plateau, and the Naturaliste sub-
marine plateau, among others. Subsequent continuous activity led to the formation of EM-
type products such as the Walvis Ridge, the Rio Grande Rise, the Kerguelen submarine
plateau, the Broken Ridge, and the 90° E Ridge.
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The second stage, in its later stages, saw the formation of a series of HIMU-type
hotspot products in the weak zones of the mature oceanic crust along the African margin,
such as the Guinea seamount chain and St. Helena Island, the late Walvis seamounts, the
Comoros Islands, and the West Croze submarine plateau. Research by Homrighausen et
al. indicates that global HIMU end-members may have formed in the Archean (>2.45 Ga),
related to the exfoliation of the subcontinental lithospheric mantle (SCLM) during carbon-
atization metasomatism, rather than a simple cycle of young oceanic crust [8,55-57]. Ka-
wabata and Blusztajn et al., using Sr-Nd-Pb and TI isotope constraints, also support the
inclusion of ancient recycled oceanic crust in the HIMU-type source region of St. Helena,
with a formation time of 1-2 Ga [17,37]. Therefore, these HIMU-type anomalous materials
may be related to the recycling of ancient carbonated SCLM or ancient oceanic crust. These
materials are preserved in the deep mantle for a long time, and the magmatic activity
signals are covered by early EM-type until the later EM-type magmatic activity weakens,
and HIMU-type hotspots are characterized by small-scale, sporadic seamount occur-
rences.

W E M000km

Figure 6. Schematic synthesis of the temporal expression of EM-type, HIMU-type, and
PREMA/FOZO-type components in hotspot-related volcanic systems along and near the African
margin. (a) By approximately 100 Ma, EM-type hotspot-related magmatism was already widely ex-
pressed in major volcanic ridges, plateaus, and large igneous provinces associated with the early
evolution of the South Atlantic. (b) At 0 Ma, EM-type, HIMU-type, and PREMA/FOZO-type com-
ponents are all represented in South Atlantic and adjacent hotspot-related volcanic systems. HIMU-
type signatures are represented by St. Helena and locally superimposed late-stage volcanism on
older EM-type edifices. The diagram is conceptual, not to scale, and does not imply that the depth,
geometry, or continuity of mantle reservoirs is independently constrained by the present clustering
analysis. The mantle structure is drawn with reference to Homrighausen et al. [12] and Dongmo
Wamba et al. [36].

6. Conclusions

Dimensionality reduction, clustering and spatiotemporal analysis of Sr-Nd-Pb iso-
topic data of South Atlantic hotspot-derived seamount chains/rise basalts identified three
types of mantle end-members: EM-type, HIMU-type, and PREMA/FOZO-type. These
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end-members exhibit a spatial pattern of “north-south zonation” and “east-west parti-
tioning”: the south is dominated by the EM-type, while the north is dominated by the
HIMU- and PREMA/FOZO-type. The eastern flank of the mid-ocean ridge is concentrated
with the HIMU-type, while the western flank is dominated by the PREMA/FOZO-type.
The EM-type is primarily located in the Dupal anomaly region and at the edge of the Af-
rican LLSVP, while the HIMU-type is concentrated above and within the LLSVP, and the
PREMA/FOZO-type is far from the influence of the LLSVP. Temporally, the EM-type
magmatic activity began earliest (approximately 132 Ma) and continues to the present,
while the HIMU-type appeared later (approximately 82 Ma) and can form vertical super-
positions on the EM-type basement. Based on the tectonic evolution of the South Atlantic
and Indian Oceans, this paper proposes a two-stage magmatism model with multiple
hotspots along the African margin: early magmatism, associated with the breakup of
Gondwana, primarily resulted in the formation of large-scale EM-type submarine plat-
eaus and seamount chains (such as the Walvis Ridge, Rio Grande Rise, and Kerguelen
Plateau). This lower crustal delamination mainly occurred beneath the continental mar-
gins of Africa and South America. Later magmatism, associated with Archean carbonated
subcontinental lithospheric mantle (SCLM) or the reactivation of ancient recycled oceanic
crust, involved HIMU-type material that melted and rose at weak points in the mature
oceanic crust, forming scattered small-scale seamounts (such as the Guinean seamount
chain, St. Helena Island, Late Walvis seamounts, and the Comoros Islands). Archean
HIMU-type source material mainly remains within the LLSVP region of Africa.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/jmse14131217/s1. Table S1: Retained sample numbers for co-
ordinate-defined South Atlantic hotspot-related provinces after LOF outlier screening; Table S2:
LOF outlier summary; Table S3: Sampling imbalance sensitivity results; Table S4: UMAP-HAC clus-
tering results for the dataset after outlier removal. Figure S1: MIK interpolation result and maximum

probability distribution map.
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