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Mantle upwellings drive large-scale surface volcanism and facilitate
continental breakup and ocean basin formation. However, the spatial
characteristics and internal composition of these upwellings alongside

how they are modified by plate tectonics are poorly resolved. Afar, East
Africa, isaclassic triple junction comprising three rifts at various stages of
evolution thought to be underlain by a mantle upwelling or plume, allowing
examination of the controls on the mantle upwelling. Here we present
geochemical data from >130 samples of ‘young’ volcanoes spanning the rifts
defining the triple junction to show that the underlying mantle comprises a
single, asymmetric upwelling. Using statistical modelling to integrate our
datawith existing geochemical and geophysical constraints, we suggest that
Afaris fed by a spatially and chemically heterogeneous upwelling, which
controls the composition and relative abundance of meltin all three rift arms.
Weidentify repetitive signatures in mantle compositions in rift regions,
whose variability is alonger wavelength in faster-extending rift arms. This
suggests more rapid channelized mantle flow occurs where rifting rates

are higher and the plateis thinner, aiding flow of the upwelling towards the
faster-spreading Red Sea Rift. Our findings demonstrate how the evolution of
mantle upwellings is influenced by the dynamics of overriding plates.

The role of mantle upwellings, sometimes interpreted as mantle
plumes, in driving volcanism during continental breakup has long
beendebated (for example, refs.1-4). Moreover, our understanding
of rift—-plume interactions remains incomplete because only a small
fraction of Earth’s upwellings are situated under continents’, and
there are a limited number of upwellings associated with ongoing
continental rifting®. The Afar triple junction—where the Arabian,
Nubian and Somalian tectonic platesintersect—is a ‘classic’example

of magma-assisted continental rifting. Here rifting occurred diachro-
nously with the onset of the Gulf of Aden Rift (GoA) at ~35 million
years ago (Ma) (ref. 7), the Red Sea Rift (RSR) at -23 Ma (ref. 8) and the
Main Ethiopian Rift (MER) at ~11 Ma (ref. 9). Both intraplate stresses
tied to the slab pull effect of Neo-Tethys subduction' and thermal
weakening by amantle upwelling are thought to have drivenrrifting™.
The diachronous onset has led to eachrift (GoA, RSR and MER) being
in a different phase of maturity (ocean formation, proto-oceanic
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Fig. 1| Variation in geochemical and geophysical properties around the

Afar Triangle. a, The GoA, RSR and MER axes (dashed lines) and associated
rifting rates indicated by arrows (from refs. 42,47). The three hypothesized"****’
upwelling locations (yellow stars) and Holocene volcanoes (red triangles) are
shown. Hexmap colours show the density of samples within the hexagon’s

area, with purple representing >12 and yellow showing 1-2. Location of maps
shown on global inset (black rectangle). b, The °°Pb/***Pb variations across the
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study region (dark blue, low *°°Pb/?**Pb—minimal upwelling signature; yellow,
high2°°Pb/***Pb). ¢, La/Sm variations across the study region (yellow, high
La/Sm—low melt fraction; dark blue, low La/Sm—high melt fraction).d, The
3Nd/“*Nd variations across the study region. Yellow indicates a high *>*Nd/**Nd.
The topography shownis fromthelarcsec (~30 mresolution) Shuttle Radar
Topography Mission digital elevation model*.

formation and mature continental rifting, respectively), and all three
rifts are currently volcanically and tectonically active'?, makingit an
ideal location to study the interactions between mantle upwelling
and rifting and how these coevolve.

Thedriver of melt productionin Afar is debated, with some models
suggesting decompression melting with minimal plume involvement”,
whereas others propose the upwelling of hot, deep mantle*" or,
indeed, multiple upwellings'®". While several discrete segments of the
RSR have beenstudied in terms of magma petrogenesis (for example,
refs.16,20),apaucity of high-precision geochemical data has hampered
evaluation of the spatial characteristics of upwelling across the broader

region and rigorous testing of existing models of the links between
tectonics and upwellings.

Inthis Article, weimplement acomprehensive sampling strategy,
targeting evolutionarily young volcanoes spanning the three rifts
(Fig.1). We analyse rocks that are Quaternary in age (less than 2.58 Myr
old) and from volcanoes that have been active during the Holocene,
whichbegan11.7 thousand years ago”. By targeting younger rocks, we
make a direct comparison with geophysical dataacross theregion, ena-
blinganintegrated exploration of mantle petrogenesis and dynamics.
Our approach utilizes statistical methods, including semi-parametric
regression using splines and K-means cluster analysis tointegrate and
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Fig.2|Radiogenicisotope compositions of samples across Afar. a, 2*°Pb/***Pb
versus 2°°Pb/?**Pb. b, “*Nd/**Nd versus ¥Sr/%¢Sr. Samples are classified by their
rift position, indicated by their symbol colour and shape (RSR, blue circles;

MER, green squares; GoA, yellow diamonds). Error bars show the uncertainty
associated. Black error bars are the average uncertainty of the dataset; grey are
the maximum uncertainty. Uncertainties for data pointsin a are smaller than

the symbols. The global mantle endmember compositions (including depleted
mid-ocean-ridge-basalt mantle (DMM) and prevalent mantle (PREMA)) are shown
as fields behind fromrefs. 5,49. The histograms show the distribution of all data
analysedin our study, including our >130 data points.

analyse these geophysical and geochemical data to explore models of
upwelling that can explain our data.

Characteristics of mantle upwellings

Mantle upwellings that originate between depths 0f1,000 and 2,800 km
are anomalously hot zones and/or zones of an enriched composition
thatreduce the solidus temperature of the mantle, enabling increased
partial melting®. Mantle upwellings are widely accepted to contain a
variety of domains of differing proportions (for example, high p (HIMU,
U/Pb), enriched mantle I (EMI), enriched mantle Il (EMII), common com-
ponent (C) and Focus Zone (FOZO) (for example, refs. 5,22-25)). Such
domains typically exhibit anisotopically distinct and enriched compo-
sition (generally low ¥Sr/%¢Sr, high "**Nd/**Nd and high 2°*Pb/***Pb**)
relative to those of bulk silicate Earth (BSE)°. Trace-element ratios
such as Ce/Pb and ANb have previously been used toindicate enriched

upwellings (>30 (ref. 26), >0 (ref. 27), respectively) and La/Sm to suggest
the melt fractionrelative to the study region, with alower-than-average
value suggesting an elevated melt fraction'®. Mantle upwellings are also
commonly associated with reduced (lower) seismic velocities (that s,
shear-wave velocity (v,) and P-wave velocity)***. These reduced seismic
velocities are caused by elevated temperatures and/or the presence of
fluids and partial melt®.

Crustal assimilation, where crust components are incorporated
into the magma, can obscure these geochemical indicators of a deep
mantle plume. However, within the Afar region, crustal contamination
has played a relatively minor role in recent magmatism' compared
with earlier stages of rifting'**° due to the thinning of the present-day
crust and because it has been extensively intruded by mafic melts
along the length of the rift axes. Seismicity analysis indicates that
recent magmatic activity beneath therift axes in Afaris transient® and,
in turn, that magmas are unlikely to reside in crustal reservoirs long
enough to extensively assimilate crustal lithologies. Nevertheless, we
investigate this issue further in our analysis (‘Probing the presence of
mantle upwelling(s) in Afar’).

Probing the presence of mantle upwelling(s)

in Afar

Our study includes over 130 rock samples, with many from previously
unstudied volcanoes, roughly doubling the number of high-quality
analyses from the area (Fig.1). The 79 Afar samplesincluded in our study
were carefully selected from a repository covering the broader Afar
region (detailsinMethods). These were supplemented by 52 additional
samples collected during fieldwork in the MER. To examine spatial
trends in the geochemistry of surface volcanism, we analysed all sam-
ples for major and trace elements alongside radiogenic isotopes (Sr,
Nd, Pb; Methods). We also integrated existing data for 93 rock samples
from the open-source GEOROC datarepository®* (https://georoc.eu/;
see Methods for selection criteria), as well as the classic GoA catalogue
fromref. 19. In addition, we leveraged recent spatial compilations of
geophysical variables, such as the depth of the Mohorovici¢ discontinu-
ity (Moho)* (Methods) and v, at regularly spaced depths (40, 60, 80,
100 and 120 km (ref. 30)) across the region. These variables provide
well-established proxies for the boundary between the crust and mantle
and for the presence and abundance of melt within thelithosphere and
asthenosphere®. Collectively, thisinformation allows us to infer details
aboutthe depth, compositional characteristics and relative abundance
of partial melts distributed across all three rifts.

Onthebasis of these samples, we infer wide geochemical variabil-
ity across the study region (Fig.1). The ANb ranges from —0.26 to 0.94
and the La/Sm ratio ranges from 0.4 to 4.6. The radiogenic isotopes
206pp/204pp, 207ph/204Ph, 28Pb/224Ph, ¥Sr/%°Sr and **Nd/**Nd also dis-
playalargerange (Fig.2 and Extended Data Table 1), with enrichments
relative to BSE occurring in all three rifts. Local variability in these
radiogenicisotopesis observed within some volcanoes, for example,
Boset-Bericha; however, this variability is smaller than the regional
range determined for Afar (Fig.1).

Across the study region, the depth of the Moho varies, being shal-
lowestinthe RSR (-16 km) and deepestinthe MER (31 km). Like the geo-
chemical data, the Vs at 40, 60,80,100 and 120 km depths shows regional
variability: 3.81-4.05, 4.06-4.17, 4.00-4.15, 3.97-4.10 and 4.02-4.10,
respectively (Extended Data Fig. 1). All rifts show zones of high and low
Vs (relative to ref. 30) in the mantle that vary laterally and in depth.

To evaluate the potential influence of crustal assimilation—which
again is considered minor in the Afar region'*—on mantle composition
and upwelling, we assess the correlation between key geochemical and
geophysical indicators (see Fig. 4a) and the depth to the Moho. The
Moho, the boundary between the crust and mantle, serves as a proxy
for crustal thickness, whichis widely thought to influence the degree
of assimilation** (Methods). We found that most indicators, including
Pb isotopes—a reliable indicator of crustal assimilation®**—exhibit
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Fig. 3| Conceptual models of mantle upwellings beneath Afar tested in this
study. The upwelling scenarios for Afar tested in this study. The diagrams (left)
are labelled with the code associated with each model (see Extended Data Table
2 and the ‘Statistical models considered’ section within Methods for further
details). The locations of the purported mantle upwellings are shown by the star

symbol. The number of lines shown on the schematic graphs equals the number
of models that must be fitted for that model variant (linear, dashed; spline,
continuous). Note that each model variant has beenillustrated with an indicator
that decreases withareduction in upwelling proportion. R, rift; U, upwelling.

only aweak, but statistically significant, correlation with Moho depth
(see Fig. 4a). Further, Ce/Pb exhibits a strong negative correlation
(Pearson correlation coefficient of —0.7), indicating that where the
crustis thin, the Ce/Pb values are high, and vice versa. This trend can
be attributed to minimal crustal assimilation across most of the Afar
region, although the degree of assimilation increases as the crust
thickens within the MER.

Overall, our dataset shows geochemical and geophysical variabil-
ity across the study area. The observed variations are consistent with
the presence of an upwelling across all three rifts. The spatial trends
observed in all variables implicate an underlying complexity to the
location of partial melts.

Models of the Afar upwelling

We used our data to test multiple conceptual models of mantle upwelling
dynamics. The initial conceptual model we considered is a simple,
homogeneous mantle upwelling at the triple junction (for example,
ref.19). This model expects variables (geochemical and geophysical)
that indicate deep upwelling to change radially with distance from
the upwelling centre (C1C—one centre, circular, concentric; Fig. 3 and
Extended Data Table 2). Therefore, this model assumes that variables
change linearly from the upwelling centre due to lateral spreading.
Extending this model, we then allow the upwelling to be spatially and
temporally heterogeneous, as reported for the Hawaiian** and Canary

Island* volcanoes. This mechanismyields asimilar patternto the linear
C1C model but accommodates compositional fluctuations over the
radial distance corresponding to achemically pulsed upwelling (Fig. 3).
This modelfits asingle spline per parameter for all data against distance
fromthe upwelling centre (spline C1C). The optimum spline allows for
regional variations to be accounted for while minimizing noise (optimal
smoothing). This approach of both linear and splinefitsis applied to all
further models described inthis section, allowing for homogeneous and
heterogeneous upwelling(s), respectively. Note the starting composi-
tion of the upwelling is not constrained within the model parameters.

We additionally tested whether the spatial geochemical and geo-
physical variations observed (Fig.1and Extended Data Fig. 1) are best
explained through the presence of three small-scale upwellings, which
have been proposed on the basis of geophysics and numerical models
(forexample, ref.36, C3C—three centres, circular, concentric; Fig. 3and
Extended Data Table 1). We tested this model using three upwellings:
onecentredonthetriplejunction, oneinthe northernRSRand onein
the southern MER, with the positions of these lociinformed by previous
models and observations (Methods). This model fits one linear/spline
regression per variable (against distance) from the nearest upwelling
centre and assumes that the upwellings are compositionally identical
and from the same deep source.

Itis plausible that the variable tectonic regime (for example,
extension rate, crustal thickness) between the three rifts”? introduces
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Fig. 4| Statistical analysis of rifting models for the RSR, GoA and MER.

a, Pearson correlation coefficient of each of the selected 13 variables with Moho
depth. Error bars show the 95-percentile error of the coefficient (n = 250) with
the squares representing the mean. Red squares indicate where the correlation
is significant (P< 0.05), and blue squares indicate that the correlations are

not deemed significant (P> 0.05). b, Splines (a smooth, flexible polynomial
curve) of the best overall model—that is, CIC—for selected variables. Symbols
show the data within the study (locations denoted by symbols shown); 95%
confidence intervals are indicated by the shaded background. The numbers of
data observations (n) for La/Sm, **Nd/*Nd, °°Pb/***Pb and v,at 100 km depth

95% confidence interval

95% confidence interval 95% confidence interval

are 269, 218,185and 184, respectively. Uncertainties in data values are shown
by error bars (average in black, maximum in grey). ¢, The mean standardized
RMSEP for each of the models tested. Individual linear model results are shown
by red squares, and the mean of those results is displayed by the dashed red
line. Individual spline results are shown by blue circles, and the mean of those
resultsis shown by ablue line. All models were run for 100 iterations to capture
the probable uncertainty distribution, as shown by the data points. Mean (red
and blue dotted lines) and 95% confidence interval (shaded) of results using
perturbed data (within the uncertainty of each data point) are also shown (300
perturbation runs each using 100 iterations).

further complexity to the geochemical and geophysical signals.
Accordingly, we introduce three further models, C1D, C3D and C3X
(Fig. 3, Extended Data Table 2 and Methods) to account for these
regional differences. Models C1D (one centre, different spreading)
and C3D (three centres, different spreading) consider one upwelling
and three small-scale upwellings, respectively, while allowing for dis-
tinct distance-dependent patterns for each rift, thereby modelling
the distribution of variables across eachriftindependently. Unlike the
other models, C3X (three independent centres, different spreading)
allows each small-scale upwelling to have a distinct signature, as well
as permitting an independent distribution along each rift (Methods).

Spatial characteristics of Afar mantle upwelling
Totestthese models (Fig. 3 and Extended Data Table 2), we identify 14 key
geochemical and geophysical variables (for descriptions, see Extended

Data Table 2) and calculate the distance, using the spherical cosine
law (Methods), between the purported upwelling centre™'**” and each
observation site (Methods). We then apply two-deep cross-validation
(100iterations) to find the optimum linear fit (representing ahomogene-
ous upwelling) and penalized B-splinefit (representing a heterogeneous
upwelling) to each of the variables, using all data points, over a radial
distance of 500 km—the radial limit of samples considered within our
study (Fig.4b and Extended Data Fig. 2). The predictive performance of
eachfitis thenassessed by calculating the mean standardized root-mean
squared error of prediction (RMSEP), where avalue of 1indicates alack of
predictive capability,and O indicates a perfect predictive ability (Fig. 4c).

For all models, we observe the B-spline fit (a class of polynomial
function; Methods) to have the best predictive performance, compared
withalinear fit (Fig. 4c). This indicates that a compositionally hetero-
geneous upwelling in Afar is most probable (Fig. 4b,c).
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Fig. 5| The segments and cluster assignment within the study region.

a, Segments are shown in blue from north to south: Erta Ale Volcanic Segment
(EAVS), Tat’Ale Volcanic Segment (TAVS), Alayta Volcanic Segment (AVS),
Dabbahu Volcanic Segment (DVS), Gabillema Volcanic Segment (GVS), Adda’do
Magmatic Segment (AMS), Fentale-Dofen Magmatic Segment (FDMS), Boset
Magmatic Segment (BMS), Aluto-Gedemsa Magmatic Segment (AGMS) and
Corbetti Magmatic Segment (CMS). Rift axis (dotted line) is shown. b,c, Enlarged

maps of the boxes shownin a. d,e, PCA bi-plot (principal component 1 versus
principal component 2) when considering the six isotopic systems (Extended
Data Table 3) showing the samples and their component scores relative to those
of the mantle endmembers. Values used for the mantle endmembers—Pan-
African Lithosphere, EMI, EMII, DMM and HIMU—are shown in Extended Data
Table 3. The topography shown is from the 1arcsec (~30 m resolution) Shuttle
Radar Topography Mission digital elevation model*.

The analysis indicates that the overall best predictive model is
the B-spline fit of model C1D, wherein asingle, heterogeneous mantle
upwelling is present, albeit with differing distributions of geochemi-
cal and geophysical variables between rift arms (Fig. 3 and Extended
Data Table 2). This model yields a mean standardized RMSEP of 0.59
(Fig. 4c), lower than that of the other models. To further validate our
results, we carried out sensitivity analysis, varying the geochemical
and geophysical dataabout their known uncertainties (Methods). The

results confirm that model C1D remains the most accurate predictive
model (see shaded areas in Fig. 4c).

While the RSR and MER have a high sample density, there is
limited sample availability from the GoA due to poor access.
When excluding the GoA from our analyses, the overall trend
between the models remains effectively the same (Extended Data
Fig. 3b). Although the three rifts share a single, compositionally
heterogeneous upwelling, they appear to behave independently,
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rift. The lines of section X-Y-Zare those shown in panel c. Volcanic segments
areshownand labelled. b, The Afar upwelling showing the dimensions of
channelized flow along the three rifts (dashed lines). ¢, Cross sections along
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the RSR (line section X-¥) and MER (Y-2) showing the distribution of chemical
heterogeneities within the upwelling and how those map to the clusters shown
inFig. 5. Note that the depths of distinct features, including the lithosphere-
asthenosphere boundary (LAB), are not shown to scale.

implying that some feature of their tectonic regime modulates the
observed signals.

Interplay between upwelling and segmentation

Many ofthe optimum splines for eachrift display distance-dependent
sinusoidal patterns (Fig. 4b and Extended Data Fig. 2). Importantly,
our analysisindicatesthat the variability observed for some variables
within the MER exhibits greater amplitude and shorter periodicity
with distance from the centre of the upwelling compared with those
of the RSR (Fig. 4b and Extended Data Fig. 2). Further, the observed
variation in Pb isotopes within the RSR suggests that the upwelling
may be chemically heterogeneous for some elements, whereas oth-
ers show a narrower range in composition (for example, ¥Sr/®Sr is
more heterogeneous than**Nd/**Nd; Fig.1and Extended DataFig. 1).
Although AND values are almost consistently positive (>0) across the
region (exceptaround Boset-Bericha Volcano), we identify small-scale
differencesinLa/Smandv,at100 kmdepth, within the likely melt-rich
zone of the asthenosphere?, with distance to upwelling centre in each
rift (Fig. 4b and Extended Data Fig. 2). These small-scale differences
indicate locally variable degrees of melting across the study region,
agreeing with previous studies that reported low-velocity areas (for

example, refs. 36,38). This raises the question of whether the zones of
locally higher melt fraction, low v;and variable geochemistry observed
inonerift correspond, spatially and compositionally, to those observed
inthe other tworrifts. If so, this could indicate a shared melt source.
To address the spatial heterogeneity patterns observed and
investigate the potential shared melt source, we carried out princi-
pal component analysis (PCA) and K-means cluster analysis using all
variables post-standardization (Methods). Across all variables, the
K-means cluster analysis algorithm seeks to group similar observa-
tions while minimizing the within-cluster total sum of squares for a
pre-specified number of clusters. Our K-means cluster analysis shows
a higher number of clusters that are smaller in geographic size for
the MER (50-100 km length scale; four clusters) compared with the
RSR (150-200 km length scale; three clusters) (Fig. 5 and Methods).
Several clusters (clusters 1-3) are found to co-exist in different rift
arms. For example, samples assigned to cluster 3 are observed in the
distal section of the RSR, as well as in locations closer to the MER rift
centre (Fig.5). The three clusters (1-3) observed across the RSR match
theinitial -200 km clustering sequence observed across the MER. This
sequential repeated clustering may indicate that they are derived
from a shared source melt. However, the sequence of these melts—as
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indicated by clusters—within the MER occurs over a shorter distance
compared with that of the RSR.

The spatial distribution of clusters reflects spatial variations in
the composition and abundance of melt, which share some cursory
similarities to the magmatic segments observed at the surface (Fig. 5).
However, when inspecting in detail, we observe clear differences. For
example, volcanic systems within both magmatic segments and the
adjacentrift flanks are commonly allocated to single clusters, and the
boundaries between clusters and known magmatic segments are typi-
cally mismatched (Fig. 5). In Afar, the length of the region containing
clustersislonger than that of magmatic segments. We therefore infer
that the compositional variability of mantle upwellingis unlikely to be
related to the along-axis segmentation of crustal subvolcanic plumb-
ing systems.

Tectonic control on flow of upwelling

Taken together, our data can be explained through a single upwelling
model with internal heterogeneity between rifts (for example, refs.
31,34,39,40), as shown by the spline model. Crucially, the K-means
cluster analysis indicates the signatures of geochemical variability
(clusters) are repeated across rifts, implicating pulses of upwelling
from the same source, as inferred for other mantle plumes (for exam-
ple, refs. 35,39,40). Rifts act as natural channels for upwelling melt
from deeper mantle sources*. Considering the high extension rate
inthe RSR (10.5-19.5 mm yr (ref. 42)) compared with that of the MER
(~5.2mmyr(ref.42)),itis plausible thatamantle flow rate isimpeded
by the narrowing of the rift in the MER. This process would lead to a‘bot-
tleneck’ effect***** which in turn may resultin a different length scale
of mantle heterogeneity (Fig. 4 and Extended DataFig. 2) between the
RSRand MER (Fig.5). Further, a contrastin crustal thicknessis evident
betweentherifts, withthe MER crust being thicker (25-33 km (ref. 45))
thanthat of RSR (16-25 km (ref. 46); Extended Data Fig.1). Assuming a
correlation between crustal and overall plate thickness, this effect is
expected tointroduce differencesin mantle flow rate along eachriftin
Afar. A progressive thickening of the overlying lithosphere away from
the upwelling centre inthe MER should reduce the volume capacity for
melt,impeding mantle flow. Consequently, the heterogeneous nature
ofthe pulsed upwelling would exhibit amore condensed spatial pattern
within the MER compared with RSR, as we observe (Fig. 5).

We conclude that variations in melt composition and abundance
in and around Afar are best explained by a heterogeneous pulsing
mantle upwelling thatis not symmetrical (Fig. 5) butis instead shaped
bybothvariable lithospheric thinning and extension rates withineach
rift (Fig. 6). While this modelinvestigates principally the likelihood of
asingular or three small-scale upwelling scenarios, our results demon-
stratethat for either option, asingle heterogeneous upwelling provides
the best match to observations in the region. The detected variations
in melt composition and abundance between the MER and RSR imply
that thelengthscale of heterogeneities within magma-assisted rifting
environments may be controlled not only by the upwelling itself, but
also by the extension rate and plate thickness. If this model s correct,
it demonstrates that the evolution of a mantle upwelling can be influ-
enced and shaped by the dynamics of the overriding plates.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
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Methods

Sample selection and processing

All samples and previously published data used in this study must
originate from a volcano that has been active within the Holocene”
(Fig.1), withthe sample estimated to be of Quaternary age (<2.58 Ma).
Anessential criterion was that all samples have a precisely known loca-
tion with accurate coordinates.

Obtaining previously published data

Previously published geochemical data were obtained from
GEOROC"?2., Once downloaded, the data files were filtered to include
only datawithin Ethiopia (including the MER and Afar). These datawere
further filtered using the following criteria:

(1) The values for the sample must relate to whole-rock geochemis-
try as opposed to mineral separates.

(2) Theindividual sample must have major-element,
trace-element, ¥Sr/%¢Sr, **Nd/**Nd, 2°°Pb/***Pb, *’Pb/***Pb and
208pp/204pp isotope values available.

(3) The coordinates must be specific to the individual sample’s
location rather than providing an average coordinate for a
broader study area.

Sampling and sample preparation
Ninety-threelavas, 11 welded tuffs and one pumice sample, from various
volcanoes in Afar (Erta Ale Volcanic Segment, Ayelu, Abida, Yangudi,
Dama Ali,Kerub, Ela, Didoli, Abbahu, Afdera, Tat Aliand Manda Hararo),
wereselected for geochemical analysis*® % The samples were collected
during the CNR/CNRS projects in Afar during the 1960s** and stored
in the Afar Repository at the University of Pisa, Italy (http://reposito-
ries.dst.unipi.it/index.php/home-afar). A further 52 samples from the
Boset-Bericha Volcanic Complex (BBVC) were collected during three
field seasons®*,inNovember 2012, April-May 2015> and February 2017°.

Sample preparation, for major, trace and isotope analyses, was
carried out at the University of Southampton. Samples were cut with
asaw toremove any weathered sections, and cut surfaces were ground
down to reduce any potential contamination by metals from the saw
blade. Rock samples were then crushed using a fly press and placed
in double-layered plastic bags before crushing to minimize metal
contamination during the crushing process.

The crushed material was separated into three size fractions
(>1 mm, 0.5-1 mm, <0.5 mm) using Teflon sieves, retaining the middle
fraction (0.5-1 mm) for analysis. The selected fraction was cleaned by
ultrasonicating in Milli-Q water then dried overnightinan ovenat 85 °C.
The cleaned rock chips were then hand-picked under a microscope to
remove any extraneous (non-rock) material. An aliquot of cleaned chips
was used for Pb isotope analysis. For major-element, trace-element,
3Nd/™*Nd and ¥Sr/3¢Sr isotope analysis, the remaining rock chips
were ground to a fine powder using an agate mortar and pestle, again
to minimize contamination with metals.

Trace-element analysis

Samples were prepared for whole-rock trace-element analysis using
0.05 g (for BBVC samples) or 0.075 g (for all other samples) powdered
sample. The powdered samples were digested in sealed Savillex Tef-
lon vials with 15 drops concentrated HNO; and 2 ml HF on a hotplate
at 130 °C for 24 h (for all samples excluding those from the BBVC) or
with 50 drops HF and 0.2 mI HNO; on a hotplate at 130 °C for 24 h (for
BBVC samples only). The HNO,/HF was evaporated off, and the samples
were refluxed in 6 M HCI for another 24 h on a hotplate at 130 °C. The
6 M HCl was evaporated off, and the samples were redissolved in 6 M
HCI. Mother solutions were prepared by adding 6 M HCI and Milli-Q
water (total 30 ml) to the dissolved samples. Daughter solutions were
prepared using 0.5 ml of mother solution, diluted to 5 mlwith3% HNO,
(containing the internal standards 5 ppb In/5 ppb Re/20 ppb Be), result-
inginan overall dilution factor of ~4,000.

Trace-element analyses of the daughter samples were undertaken
on the Thermo Scientific X Series 2 quadrupole inductively coupled
plasmamass spectrometer (ICP-MS) at the University of Southampton.
Samples and standards were spiked with internal standard elements
and corrected forinterferences and the blank and then calibrated using
asuite ofinternational rock standards. Accuracy was monitored using
reference materials JA-2, BCR-2andJB-2 (Supplementary Tables1and 2).

Pb isotopic analysis

For Pbisotopeanalysis, 0.3 gof cleaned, picked rock chips (0.5-1.0 mm)
were weighed into Pb Savillex Teflon vials and leached on a hotplate
with 4 ml 6 M HCl for 1 h (15 min for obsidian and pumice samples,
to avoid full dissolution of the sample). Samples were rinsed several
times in Milli-Q water then 0.5 ml concentrated HNO; before add-
ing 3-4 ml of concentrated HF. Samples were digested, following the
same procedure as for trace elements, and refluxed on a hotplate at
130 °C for 24 h, before being evaporated to dryness. Then 0.5 ml con-
centrated HCl was added, and the sample was evaporated to dryness.
Then 0.5 ml concentrated HNO; was added and again evaporated to
dryness. The final residue wasreconstituted in 0.5 mIHBr and refluxed
for 1 h. The samples were cooled and centrifuged for 5 min. Pb was
isolated using a single-stage HCl anion-exchange chromatographic
resin separation method”’, with AGX-1x8,200-400 mesh resin. Fol-
lowing this, the Pb isolate was dried down, redissolved in HNO; and
analysed using the double-spike method of ref. 58. The samples were
subsequently analysed on a Thermo Scientific Neptune multi-collector
inductively coupled plasma mass spectrometer (MC-ICP-MS) at the
University of Southampton (UK), achieving an NBS SRM 981 reproduc-
ibility of2°6Pb/2%*Pb = 16.9404 + 24 (142 ppm), 2’Pb/2**Pb = 15.4969 + 26
(168 ppm), 2°8Pb/***Pb = 36.7149 + 66 (180 ppm) (2 s.d.; n =44).Pbiso-
tope measurements of the standard are within error of the accepted val-
ues (°°Pb/***Pb = 16.9412, *’Pb/***Pb = 15.4988, 2°°Pb/***Pb = 36.7233).
Accuracy was 47 ppm for 2°°Pb/?°*Pb, 123 ppm for 2*’Pb/***Pb and
174 ppm for 2°Pb/***Pb.

3Nd/“*Nd and ¥Sr/%¢Sr isotopic analysis

For Srand Nd analysis, the remaining mother solutions from the prepa-
ration of trace-element solutions (see the preceding) were used for all
samples except those of the BBVC. An aliquot of each mother solution
was used togive avolume of liquid containing atleast 1 ug Srand 200 ng
Nd and evaporated to dryness in Savillex Teflon vials on a hotplate at
130 °C. Sample residues were reconstituted in 200 pl 1.75 M HCI. For
the BBVC samples, rock chips were leached in4 ml 6 M HClI for 30 min
in Savillex Teflon vials (obsidian samples for only 15 min to avoid full
dissolution of the sample). The samples were then rinsed with Milli-Q
water and HNO,, and then the same digestion procedure as for the pre-
cedingtrace-element analysis was followed. The final mother solutions
were prepared using HCl and Milli-Q water to 30 ml for felsic samples
and 20 ml for mafic samples.

Allsamples were then passed throughion-exchange column chem-
istry using an AG50-X8200-400 mesh resin cation column to separate
the Srand Nd fractions. The sample fractions were subsequently evapo-
rated to dryness, ready for further column chemistry.

Srwas further isolated through Sr-spec resin columns following
the methodology of ref. 59. Samples were then evaporated to dryness,
dissolved in 1.5 ml 1M HCl and loaded onto outgassed tantalum fila-
ments with 1 pl of Ta-activator. Srisotopic analysis was performed on
athermalionization mass spectrometer Thermo Scientific Triton Plus
at the University of Southampton. Reference material SRM NIST987
(¥Sr/%Sr = 0.710258; GeoREM) was used to monitor accuracy and gave
average ¥Sr/5¢Sr values of 0.710243. All samples were normalized to
NBS SRM-987 ¥Sr/%¢Sr = 0.710248 (ref. 60), while reproducibility was
+0.000020 (28.2 ppm, 2s.d.; n=464). Accuracy was 21 ppm.

TheNdaliquot from the cation column was followed by an Ln-spec
resin (50-100 um) (ref. 59). The samples were then evaporated to
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dryness and 3% HNO; was added to produce a solution of 50 ppb.
Nd/**Nd analyses were undertaken on the ThermoScientific Neptune
MC-ICP-MS at the University of Southampton. Corrected Nd isotopic
compositions were obtained using amethod based onref. 61 through
adjustment to a"*Nd/**Nd ratio of 0.7219 and a secondary normaliza-
tion to > Nd/**Nd = 1.141876. Reference material JNdi-1 was measured
as an unknown (**Nd/**Nd of 0.512124, 2 s.d. (refs. 62,63)), achieving
an average “>Nd/"**Nd of 0.512115 with an external reproducibility of
+0.000008 (2s.d.,15.2 ppm) across six analysis sessions over 2 years.
The total column blanks (when blank acid is run through the column
procedure) were negligible (<20 pg) compared with the total amounts
analysed (1 pug and 200 pg) for Srand Nd, respectively.

v, mapping fromjoint inversion

We use the v, model of ref. 30 for inclusion in our analysis. The
three-dimensional velocity modelis created through ajointinversion of
Rayleigh-wave phase velocities from ambient noise and teleseisms>*°*,
Thev,modelis parameterized every 5 km vertically with 0.1° x 0.1° pixel
size for the upper 50 km. For deeper depths, anirregular spacing was
used, increasing from 10 to 50 km spacings to match that of ref. 38.
For further details on the creation of the velocity model, the reader is
directed torefs. 30,64 and references therein.

Forthe analysisinthis Article, the vy, model wasinterpolatedto1 km
depthusingalinearinterpolation; we then extracted one-dimensional
columns of velocity with depth at the same resolution as our pixel size
(0.1°x 0.1°).

Moho depths

The gridded Moho depth map was produced from the v, maps of ref.
64, described in the preceding. The v, model was interpolated to a
vertical grid spacing of 1 km. A velocity slice at the 3.75km s con-
tour was extracted, which mapped best to previous receiver function
measurements® ™, active source experiments (for example, ref. 45)
and previous S-wave models (for example, ref. 70).

Statistical models considered

Asdescribed in the text, five models were considered (Extended Data
Table 2), with each model being tested using a linear fit and a spline
fit (Fig. 3). We note that a spline fit itself can be linear if that is the
best-fitting line.

Empirical models are estimated for the variation of each of 14 geo-
chemical quantities (each of which is represented generically by ran-
domvariable Y) as a function of distance d € [0, 1,800] km for the five
different models. Models are specified that explore the variation of Y
withdinincreasing complexity. The simplest model (C1C) assumes the
existence of asingle upwelling centre (at11.192° N, 41.784° E; Figs. 1and
3), withrespecttowhichdis defined for all threerifts. The variation of ¥
withdisassumed commontoall rifts. Model C3C assumes the existence
of three upwelling centres (at11.192° N, 41.784° E; 14.008° N, 40.458° E;
and 6.626° N, 37.948° E; Fig. 1) on the basis of ref. 36; observations are
allocated to the nearest upwelling centre, facilitating calculation of a
single d for each observation. Like model C1C, the variation of Y with
dis assumed common to all rifts, regardless of upwelling allocation.
Model C1D assumes one upwelling centre (like C1C) for calculation of
d, but now the variation of Y with d is assumed to be different across
rifts. Model C3D duplicates C3C for estimation of d, but variation of Y
with dis assumed to be different acrossrifts. Finally, inmodel C3X, we
consider the presence of three upwelling centres, with different vari-
ation of Ywith dfor each combination of upwelling and rift.

Data pre-processing

For models C1C and C1D, the distance between each sample and the
upwelling locus centred on Lake Abhe (11.192170° N, 41.783750° E)
is calculated. For models C3C, C3D and C3X, the distance between
each sample and each of the three upwelling locations (Figs. 1and 3)

ismeasured, and then each sampleis assigned toits nearest upwelling
centre. The distance (d) between two locations (upwelling and sample)
is calculated using the spherical cosine law:

d = R(cos™ (cos (a) cos (b) + sin (a) sin (b) cos (C)) ()]

where a is the angle (in radians) from the North Pole to the sample
location, bisthe angle (inradians) from the North Pole to the upwelling
location, Cis the difference (inradians) between the longitude values
of the sample and upwelling, and Ris the radius of the Earth in metres
(6,371x10%).

Penalized B-splines

Foreachmodel, the variation of Ywith dis described using a penalized
B-spline (for example, refs. 71,72), the characteristics of which are
selected to provide optimal predictive performance. First, for alarge
index set of locations equally spaced on the domain of distance, we
calculate a B-spline basis matrix, B (for example, ref. 73) consisting of
p equally spaced cubic spline basis functions. Then the value of Y on
the index set is given by the vector B for spline coefficient vector
to be estimated. The value of p is specified to be sufficiently large to
provide a good description of a highly variable Y. For a given dataset,
we penalize the difference between consecutive values in p using a
roughness penalty, such that the penalized spline exhibits optimal
roughness, providing optimal predictive performance.

Estimating optimal spline roughness and predictive
performance

Forasample of n, training data, consisting of vectors of geochemical
and geophysical quantities (y,) and distances (d,), we first allocate
eachelement of d, toits nearest neighbour intheindex set and hence
construct the appropriate spline basis matrix B, for the sample. We
then assume that y; = B;B + €, where the elements of € are indepen-
dently and identically distributed zero-mean Gaussian random vari-
ables. We penalize the roughness of p using a first-different penalty
AB’'PB, where P = D'D and Dis afirst-difference matrix (with elements
D; = -1ifi=j; =1if j=i+1;and = 0 otherwise (for example, ref. 74).
Foragiven choice of 1, we then find the optimal value of by minimiz-
inglack of fit:

argmin{(y; — B;B)’ (y1 — BiB) + A8'PB}
P)= g )

= (BB, +AP) By, 6)

We canevaluate the predictive performance of the resulting spline
description using a tuning set of n, observations (independent of the
training set) represented by vectors y, and d,. We again start by find-
ing the appropriate spline basis matrix B, for this sample. Then we
can calculate the predictive mean square error for the tuning sample:

MSEyne (A) = nlz(yz — ByB* (V) (v, — BB* (M) @

for each of a set of representative choices of values for . We can then
select the optimal value of Ausing

argmin {MSExypne (1)}

*
A= %)
The value MSEq,, (A*) is a biased estimate of predictive perfor-
mance since the value of 1* was tuned to minimize its value. We can
obtain an unbiased estimate for the predictive performance of the
spline model using a test set of n, observations (independent of the
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training and tuning sets) represented by vectors y; and d; (and corre-
sponding spline basis matrix B;). Then the predictive performance is
estimated using:

MSE ¢, = ,l—l}(yz — BB+ (\)) (y5 — BsB* (\")) ©)

Cross-validation and model comparison
We exploit cross-validation to evaluate MSE . by partitioning the full
sample of data into k> 2 groups at random, withholding one group
for tuning and another group for testing and retaining the remaining
k -2 groups for training. We then loop exhaustively over all possible
combinations of choice of train, tune and test groups, evaluating overall
predictive performance on the test data over alliterations, noting that
eachobservationoccurs exactly onceinthe test set. For models requir-
ing separate model fits to subsets of data (C1D, C3D, C3X), MSE is
estimated using predictions from optimal predictive models foreach
subset. Further, we canrepeat the analysis for differentinitial random
partitioning of observations into k groups to assess the sensitivity of
overall predictive performance to this choice. We are careful to use the
same cross-validation partitions to evaluate each of the five models so
that predictive performances can be compared fairly.

To quantify model performance over all 14 geochemical quantities
(j=12,...,13),we define the overall standardized MSE

3 MSETest, J

SMSE = E
Jj=1 524
J

(7)
where MSE,; is the predictive performance for the jth geochemical
indicator, and s2 is the sample estimate for the variance of that quantity.
Theestimation of the splines and the testing of their predictive perfor-
mance was repeated over 100 iterations. Results from each iteration
and the mean of the SMSE are shown in Fig. 4.

Linear regression

For comparison, we also evaluate linear regression models for the
variation of Ywithd.Inthe currentnotation, these can be thought of as
simple models withbasis matrix B=[1d], wherelis avector of appropri-
atelength with eachelement=1.Binthis caseisa2-vector withelements
corresponding to intercept and slope coefficients. Linear regression
isapproached using penalized B-spline models as the roughness coef-
ficient A > =, That is, linear regression corresponds to a penalized
B-spline modelwith very large A. Therefore, a penalized B-spline model
isguaranteed to perform at least as well as linear regression.

Uncertainty of model performance

To explore the effect of uncertainty on model performance, a pertur-
bation analysis was undertaken. This analysis required the generation
and modelling of ny., new data samples. Each of these data samples
corresponded to a perturbation of the original data sample. A value
of np... =300 was selected to ensure that 95% uncertainty bands for
predictive performance on perturbed data could be estimated with
confidence.

In perturbed sample q, ¢ =1,2, ..., n,,,,, the value Yiq of the ith
observation for variablejwas obtained by perturbing the correspond-
ingvalue y;inthe original datasample, using additive Gaussian noise
e;i» the standard deviation o, of which was informed by the known value
of measurement uncertainty for that observation of the variable.
Mathematically:

Yiig =i + €iig (8)

The complete modelling procedure was thenapplied to each per-
turbed data sample in turn. The predictive performance of different

models was assessed over the n,,, perturbations, asillustrated in Fig. 4,
in terms of 95% uncertainty bands. The figure indicates that model
C1D provides the best predictive performance on perturbed data, as
wellasfor the original unperturbed sample. Note that, since noise has
been added to observations in the perturbation analysis, the overall
performance of models on perturbed datais poorer than on the original
sample, as expected.

Testing the influence of crustal assimilation

We tested the influence of crustal assimilation further by excluding
cases where Ce/Pb values fall below 20 and which could feasibly be
associated with crustal assimilation®**, Using additional analysis, we
confirm that excluding cases in which Ce/Pb <20 does not affect our
overallresults (Extended Data Fig. 3a), suggesting that primary mantle
compositional fluctuations (relative proportions of compositional
mantle endmembers) exert the first-order control on eruptive com-
positions at the surface.

PCA

PCArequires each sample or object to have the same number of values
for each variable, so the dataset was reduced to 94 samples. PCA is
carried out only on radiogenic isotope compositions of the samples
where data are available for the mantle endmembers investigated
(Afar plume, Pan-African Lithosphere, Depleted Mantle, EMI, EMI],
HIMU; Fig. 5 and Extended Data Table 3; ref. 75). While other purely
geochemical studies on Afar (for example, refs. 14,37) have included
sub-crustal components such as the sub-continental lithospheric man-
tle, we decided not toinclude thisendmember as it can sometimes be
indistinguishable from certain mantle endmembers (EM1), especially
in cases where the sub-continental lithospheric mantle is metasoma-
tized. The preferred values used for the endmembersinour models are
providedin Extended Data Table 3. Each object is standardized before
beingincludedinthe PCA:

¥y —J
Vagj = = 5 4 ©)

where y,is the mean of variablej, ands;is the standard deviation of the
variable;:

10)

where N;is the number of objects within variable;.

Approximately 90.5% of the variance is explained within the plane
of the first two eigenvectors, increasing to 95.5% when including the
third eigenvector. The first principal component (PC-1) is most influ-
enced by *’Pb/?°*Pb and *°®Pb/***Pb, whereas the second principal
component (PC-2) isdominantly influenced by °°Pb/2**Pb and ¥Sr/%¢Sr.
The third principal component (PC-3) is dominated by *’Pb/?**Pb and
3Nd/*Nd (Supplementary Table 3).

K-means cluster analysis

K-means cluster analysis’ was carried out on the samples using the 13
standardized variables (excluding Moho depth; Extended Data Table 1;
refs.77-80,75). TheK-means algorithm assigns each object to asingular
cluster that does not overlap with another (partitional clustering),
minimizing the total sum of squared errors from the centre point of
each cluster, known as the centroid, to each data point.

To find the optimum number of clusters (k)—which reduces the
within-cluster total sum of squared errors with the lowest number of
clusters—we run the K-means algorithm specifying k to be 1/20 over
1,000 iterations for each k (Supplementary Fig. 1). We then select four
clusters on the basis of k = 4, reducing the within-cluster total sum of
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squares by 60% from k=1and the range over the1,000 iterations being
minimized when k > 4. The cluster assignments for each object, out of
the1,000 iterations, are selected by finding the iteration number that
isclosest to the mean within-cluster total sum of squares of that kvalue
(shown by the blueline in Supplementary Fig.1).

Data availability

The datasets analysed for the current project are available as Supple-
mentary Information. Some data were obtained from GEOROC'"*>%;
these data are clearly marked in the datafile. The data are freely avail-
ableviafigshareat https://doi.org/10.6084/m9.figshare.28769105 (ref.
81).Source data are provided with this paper.

Code availability
Theinputdata, code and output within this study are openly available
via GitHub at https://github.com/ygraigarw/AfarPlume.git (ref. 82).
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Extended Data Fig. 1| Geochemical and geophysical variations across the ¢, %Sr/3%%Sr of volcanic rocks; d, Shear wave velocity (v,) at 100 km; e, Ce/Pb of
study region. Hexmaps showing the patterns for selected variables across the volcanic rocks; f, Moho depth (km). The topography shown is from the 1arc-sec
study region (see the main paper and Extended Data Table 2 for further details). (~30 mresolution) Shuttle Radar Topography Mission (SRTM) Digital Elevation
a, 2%8Pb/***Pb of volcanic rocks; b, Shear wave velocity (Vs) at 60 km depth; Model (DEM)*,
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Extended Data Table 1| Variables used within the analysis

Variable (s) Observed Details
Range
17.853 to 206pp/204Pp >20 is linked to HIMU, 208Pb/204Pb ranging from 19.2 to
206pp/204Ph 19.608 20.5 indicates a mantle upwelling source (C, FOZO)""1and
206pp/204Pp <17.8 can be related to a depleted mantle
componentl.78l,
207Pp/204Pp 15.448 to 207Pp/204Pp <15.5 is related to a depleted mantle component!’7],
15.697 207Pp/204Pp >15.65 is linked to the HIMU component and
207Ph/204Pp ~ 15.6 indicates a mantle upwelling source (C, FOZO).
A 207Pp/204Ph >15.75 is linked to crustal values!?7 371,
208pp/204Pp 37.984 to 208ph/204Pp <38 is related to a depleted mantle component(’7],
39.420 208pp/204Pp >39.5 is linked to the HIMU component and 208Pb/204Ph
39.2 to 39.5 indicates a mantle upwelling source (C, FOZO). A
208ph/204Pp >39.7 is linked to crustal values/?”: 37,
143Nd/144Nd 0.51259 to A low "#3Nd/"#4Nd (<0.5121) indicates continental crust or Pan
0.51317 African Lithosphere. “3Nd/'*Nd values ~ 0.51285 indicates a
HIMU or upwelling related mantle source. Higher 43Nd/"#4Nd
values (>0.5131) indicate a depleted mantle source (i.e., DMM) 5.
27, 78,79].
87Sr/86Sr 0.70279 to A low 87Sr/88r (0.7040-0.7045) indicates a mantle component that
0.70678 is either depleted (DMM) or a deeper mantle upwelling (HIMU, C).
A higher 87Sr/8Sr (<0.705) indicates the potential influence from
continental crust [ 27, 78,791
Ce/Pb 6.84 t0 48.92 A Ce/Pb >30 is commonly attributed to a recycled mantle source
that has been depleted in fluid mobile elements (i.e., Pb, Ba, Sr, K)
during subduction, therefore resulting in high fluid-immobile-
element to fluid-mobile-element ratios (i.e., Ce/Pb). Typical mantle
has a Ce/Pb value of 255 and crust a value of ~4[331,
La/Sm 04t04.7 (La/Sm) >1 indicates LREE enrichment fractionation (e.g., alkali
basalts or upwelling), and (La/Sm) <1 indicates LREE depleted
(mid-ocean ridge). In general, the higher the La/Sm the lower the
melt fraction!5 191,
ANDb -0.26 t0 0.95 Differentiates between a depleted mantle (ANb <0) and a mantle
upwelling (ANb >0)27. 331,
ANb = 1.74 + log (N—b) —1.92 log (ﬁ)
Y Y
Vs @ 40 km 3.81104.06 Shear wave velocities can be sensitive to temperature, grainsize
Vs @ 60 km 4.06 t0 4.18 and the presence of fluids. A reduction in Vs can indicate a change
Vs @ 80 km 4.00t0 4.16 in mantle composition or an increased proportion of melt to
Vs @ 100 km 3.97 t04.10 hydrothermal fluid®*'l. Here, we used the velocities from 40 km to
Vs @ 120 km | 4.03t0 4.10 120 km depth.
Moho depth 16-30 km Depth to the Mohorovi€i¢ Discontinuity.

Variables used within the analysis summarising the ranges observed and justifying their selection based on arguments made in prior work.
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Extended Data Table 2 | Description of models considered

Model | Summary Description

Name

ci1C 1 upwelling centre, | A singular upwelling centred at Lake Abhe (11.192 °N, 41.784 °E)
circular, concentric | with each rift (i.e., Red Sea Rift, Gulf of Aden rift and Main
spreading Ethiopian Rift) behaving the same (not independently), based on

the theory of refs.[15, 19]. This model fits a single line using all the
data points from each rift. A linear model is used when assuming
the upwelling is homogenous, and a spline is used to allow for
heterogeneities in the upwelling.

C3C 3 identical Three upwellings centred at Lake Abhe (11.192 °N, 41.784 °E),
upwelling centres, and two other points across the region (14.008 °N, 40.458 °E and
circular, concentric | 6.626 °N, 37.948 °E); this model is based on the locations of
spreading previously proposed small-scale upwelling locations through

numerical modelling®¢l. Assumes each rift behaves the same (not
independent of each other) and the upwellings are of the same
composition.

C1D 1 upwelling centre, | A singular upwelling centred at Lake Abhe (11.192 °N, 41.784 °E)
different spreading | with each rift behaving independently. This model fits three lines
in each rift. (i.e., one for each rift) across all data points for the corresponding

rift.

C3D 3 identical Three small-scale upwellings centred at Lake Abhe (11.192 °N,
upwelling centres, 41.784 °E), and two other points across the region (14.008 °N,
different spreading | 40.458 °E and 6.626 °N, 37.948 °E) with each rift acting
in each rift. independently. This model assumes that each upwelling is

compositionally the same and fits three lines (i.e., one for each rift)
across all data points for the corresponding rift.

C3X 3 different Three small-scale upwellings centred at Lake Abhe (11.192 °N,
upwelling centres, 41.784 °E), and two other points across the region (14.008 °N,
different spreading | 40.458 °E and 6.626 °N, 37.948 °E) with each rift and upwelling
in each rift. acting independently. This model plots five lines.

Alternative models considered when assessing the upwelling characteristics in Afar (see Fig. 3 for visual representation). Note that each of these five models is further modelled twice, using a

linear fit (representing a homogenous upwelling), and a spline fit (representing a heterogenous upwelling), giving ten model permutations.
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Extended Data Table 3 | Mantle and crustal end-member compositions

End Member | Afar Depleted | Pan African HiMU EMI EMII
Plume Mantle Lithosphere

206pp/204pp 19.5 17.5 17.85 22 17.4 19.3
207pp/204pp 15.6 15.3 15.75 15.84 15.48 15.64
208pp/204pp 39.2 36.6 39.75 40.75 39.0 39.75
87Sr/%6Sr 0.512875 | 0.51335 0.5121 0.51285 | 0.51235 | 0.51235
143Nd/'44Nd 0.7035 0.7022 0.7075 0.7025 0.7055 0.709
References | [37, 50] [37, 50] [37, 50] [75] [75] [75]

Mantle and crustal end-member compositions used in the principal component analysis.
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