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Volcanism records plate thinning driven
rift localization in Afar (Ethiopia) since
2-2.5 million years ago
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Magma-rich continental rifting and breakup commonly show complex distributions of volcanism,
potentially due to both plume andrifting controls. As such, interpreting the main controls on the spatial
evolution of magmatism is debated, as is the point at which continental rifting transitions to oceanic
spreading. Here we present new argon-argon dating of 16 lava flows from the Stratoid and Gulf series
of the Afar rift. We reconstruct the spatio-temporal evolution of the rift from widely distributed to
localised along narrow magmatic segments (i.e., rift localisation). Our results rule out an ocean
spreading-like style of rifting. We show that over 2-2.5 million years since the early Pleistocene, the rift
progressively narrowed by asymmetric in-rift localisation and propagated along-rift. Concurrently, the
mantle partial melting and the crustal magmatic system shallowed. While mantle plume-related
elevated temperatures influence overall melt volumes, our results suggest that the rapid and localised
changes in plate thinning caused by rifting are the primary control on the spatio-temporal distribution

of volcanism.

Magma-rich continental rifts are characterised by large volumes of intruded
and erupted igneous rock'”, in part because rifting and break-up can be
associated with a mantle plume’™. Since mantle melting can result from
plume-related thermal anomalies and mantle flow*”, as well as rift-related
decompression melting beneath thinning lithosphere'*", the evolution of
magmatism in space and time is typically complex'*". Specifically, it has
proven challenging to identify when and how highly localised magma
intrusion and the associated volcanic systems, typical of the mid-ocean ridge
plate boundaries, form during rifting. Consequently, the role played by
mantle plumes and plate motion in controlling magmatic activity is still
unclear.

To address these questions, the Afar depression represents a unique
place where the spatial and temporal evolution of magmatism during rift
evolution can be studied. Rifting in Afar initiated in the Oligocene, toward
the end of the Ethiopian-Yemen Flood Basalt volcanism (~31-29 Ma'>'®),
and the magmatic record of the rift evolution, up to the ongoing activity, is
currently exposed within the depression (Fig. 1). The older rift products are
the 20-10 Ma silicic Mabla series and 10-4 Ma mainly mafic Dalha and
Dalhoid series, outcropping only at the Afar margins'’ (Fig. 1). The central

areas of the depression are instead dominated by the widespread Stratoid
series (Fig. 1), consisting of sequences of mostly mafic lava flows reaching
1 km in thickness. In particular, South Afar is dominated by the Lower
Stratoid series (LS; 4.5—2.57 Ma'®) while Central Afar by the Upper Stratoid
series (US; 2.87—0.88 Ma'*"). In Central Afar, the US was followed by the
mostly mafic Gulf series (Gu; 1.11—0.32 Ma®*; Fig. 1), which erupted
principally along the main graben faults” and marked a decrease in volume
with respect to the uUs”. Broadly at the same time, several silicic central
volcanoes formed throughout Afar (CV; ~2—0.5 Ma™**). The ongoing,
localised Axial series (Ax; <1.09 Ma®') shows both mafic to silicic central
volcanoes and mafic fissural eruptions (Fig. 1), the latter exemplified by the
2005-2010 rifting episode at the Dabbahu-Manda Hararo (DMH) mag-
matic segment.

The Afar triple junction is formed by the divergent motion between the
Arabian, Nubian, and Somalian plates (Fig. 1a). NE-directed rifting between
the Arabian and African (ie, Nubian and Somalian) plates began at
~29-25 Ma'*”, forming the Gulf of Aden-Red Sea system and causing
extension in Afar’. Since at least 11 Ma™"** the rifting has been occurring at a
relatively constant rate (16-20 mm/year) and led to the formation of the
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Fig. 1 | Age distribution of the samples

across Afar. a Multi-Directional Hillshade map of
Afar with magmatic segments of the Red Sea, Gulf of
Aden, and East African Rift, respectively, in red,
yellow, and orange. Black arrows represent the
spreading vector with respect to a fixed Nubian
plate. The black box encloses Southern and Central
Afar represented in (b). EA Erta Ale, Al Alayta,
T-DMH Tendaho-Dabbahu Manda Hararo, As
Asal, MER Main Ethiopian Rift, NMER North Main
Ethiopian Rift. b Elevation map of Southern and
Central Afar (image source: ESRI) with Multi-
Directional Hillshade map in the background
(image source: ESRI). On top of the elevation map is
shown the geological map of Central and Southern
Afar from Tortelli et al.”. All dated samples are
coloured based on their age and the new dated
samples presented in this work are identified by
white rims. The legend in the top right corner refers
to (b). The white box identifies the Tendaho-DMH
area, enclosing the samples plotted onto across- and
along-rift sections (respectively the dashed lines A-
A’ and B-B’) and reported, respectively, in

Figs. 2 and 3. New data are provided in Supple-
mentary Data 1 while literature data'®-**3¢6497:105107
are in Supplementary Data 2.
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onshore magmatic segments of the Gulf of Aden (e.g, Asal and Manda
Inakir magmatic segments) and Red Sea (e.g., DMH and Erta Ale magmatic
segment) rifts, as well as the development of large en-echelon grabens within
Central Afar” (Fig. 1). Rifting between the Nubian and Somalian plates led
instead to the formation of the younger East African Rift (~11 Ma™), which
is currently accommodating extension at ~7 mm/year’ in a near E-W
direction (Fig. 1a).

The crust in Afar is transitional between continental and oceanic in
type. It is generally around 25-30 km thick, but locally thins to 15-20 km
beneath the current magmatic segments, where substantial melt accumu-
lation occurs™” (e.g, DMH). Extension in Afar started at ~29-25 Ma,
leading to the development of rift margins and marginal basins, marked by
the eruption of the Mabla, Dalha, and Dalhoid series (combined during
~20—4.5Ma)'*"7**. Subsequently, extension has instead been loosely
interpreted to be associated with the eruption of the Stratoid series within
the depression (~4.5-1.1 Ma)*. The Stratoid series has been described as a
pulse of volcanism moving north®, broadly associated with the transition
from continental rifting to break-up*”, or to the first stage of oceanization™.

There are clear age™ and petrological’” variations between the LS and US,
which have been linked to different extensional events'’, most likely related
to a sudden shift (or jump) of extension from South to Central Afar’”.
Within the US, however, there is ongoing debate regarding their temporal
and spatial distribution and link to rift evolution. For example, Stab et al.
interpret the broad US spatial distribution to be associated with equally
broad extension in Central Afar*, only followed by rift localisation with the
onset of the Gu at 1.1 Ma”. In contrast, other authors have recognised
younging of the Stratoid toward the centre of the Tendaho graben® and
magnetic stripes akin to classic mid-ocean ridge patterns”, implying a
steady-state, ocean spreading-like scenario during which nearly all the
extension is accommodated by magmatic accretion. At the same time, a
progressive northward propagation of the Stratoid spreading axis has been
suggested based on the ages of the Central Afar silicic activity™. In addition
to a tectonic control leading to decompression melting'"'>*’, a number of
studies have suggested that the Afar plume” controls the volcanic activity
and rift evolution® ™. As such, the spatial and temporal distribution of the
US and how it relates to the rifting process is still unclear. The lack of a
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detailed tectonic framework has also hindered the interpretation of controls
on the geochemistry of the US, such as the evolution of the mantle source
and subvolcanic plumbing system. Therefore, the mechanisms controlling
the spatio-temporal evolution of magmatic activity during rifting in Afar
remain poorly resolved”.

To address these issues, we provide new *’Ar-*’Ar data for 16 LS, US,
and Gu lava samples from South and Central Afar. We reconstructed the
distribution in space and time of the volcanic activity during rifting in Afar.
By comparing our observations with models of magma distribution during
ocean spreading-like rifting (i.e., the width of the extension zone do not
change through time and the magmatism gets progressively younger toward
the rift centre at the same rate as rift extension) and rift localisation (i.e., the
magmatism youngs toward the rift centre at a faster rate than rift extension
due to the width accommodating the extension progressively narrowing
through time), we ruled out an ocean spreading-like scenario for the US and
identified an asymmetric localisation of the rift in Central Afar. From an
initially wide area accommodating diffuse extension (hereafter referred to as
Plate Boundary Zone (PBZ)) (i.e., US eruption), the rift became progres-
sively narrower and moved laterally to the current DMH magmatic segment
position over the last 2-2.5 Myr. Using geochemical and petrological lit-
erature data, we identify a thinned lithosphere associated with a shallower
and complex magmatic system for the localised phase. Finally, by com-
bining our reconstruction with chemical data, we suggest that the spatio-
temporal distribution of the volcanic activity during rifting is mainly driven
by the divergent motion of Arabia and Nubia rather than being plume
controlled.

Results

“OAr-**Ar geochronology

Our “Ar-*Ar dating indicates that the LS ranges from 4.85+0.06 to
2.89 +0.03 Ma, the US from 2.58 +0.04 to 1.88 +0.02 Ma while the Gu
spans from 1.07 + 0.03 to 0.34 + 0.13 Ma (Supplementary Fig. 1 and Sup-
plementary Data 1). Our analyses extend the lower limit of the known LS
range'® by ~350 kyr. The new ages for the US are also broadly consistent
with the literature (2.87—0.88 Ma; Supplementary Data 2), but with our new
samples allowing us to redefine the age of the US activity near the Tendaho
graben. Our ages of the uppermost (~1250 m) and lowermost (~500 m)
flows of the Tendaho graben range from 2.58 +0.04 to 2.02 + 0.02 Ma.
These ages indicate the US activity south of Tendaho began earlier than
previously thought (2.14 + 0.06 Ma™; Supplementary Note 1) and ceased
around 2 Ma despite continuing elsewhere until 1.18 +0.08 Ma'®. The
determined ages of Gu agree with the literature data (1.11—0.32 Ma; Sup-
plementary Data 2). Overall, our new analysis together with literature data
(Fig. 1) indicates that the eruptive activity of the last 5 Myr in South and
Central Afar was continuous, without a marked temporal gap or overlap
between the series.

Temporal evolution models

During rift evolution, the total area accommodating the extension can vary
in space and strongly influence the architecture of the rift*. Weakness in the
lithosphere due to pre-existing structures®® or thermo-mechanical
perturbations™' (ie, magma intrusions) can drive strain localisation,
causing a decrease in the width of the deformed area accommodating the
extension”. In contrast, in an ocean spreading-like scenario the area
accommodating the extension remains the same through time.

Assuming that each lava sample was emplaced near their eruptive
centres, the age variation of the lavas in space can be to a first order indicative
of the area accommodating the extension (i.e., PBZ or magmatic segment)
and therefore the temporal and spatial evolution of rifting can be evaluated
(i.e, ocean spreading-like rifting or rift localisation). This approach has
commonly been applied in other magma-rich rifts such as Iceland™***, much
of the mid-ocean ridge system™, and other regions of the East African
Rift™*”’. To define how strain and volcanism evolved in Central Afar, we
analysed the ages and spatial distributions of the US, Gu and Ax eruptive
products in the Tendaho-DMH area (white box in Fig. 1) where a wide suite

of dating information is now available. Regarding the literature data used in
this work, we selected only lava flow samples with an age error smaller than
+0.5Ma and with a well-constrained sample location (Supplementary
Data 2). We excluded the analyses of Barberi et al.** due to discrepancies
between some of their ages and ours (see Supplementary Note 1 for a
detailed explanation). Furthermore, given the thick exposures of the US and
the associated age variation (2.58-2.02 Ma), for the temporal evolution
models we selected only the US samples from the uppermost lava flows to
avoid age variations related to sampling at different stratigraphic height.
Regarding our dataset, the selection was based on our sampling locations,
whereas for literature data, it was determined by information provided in
the respective manuscripts (Supplementary Data 1 and 2). New and lit-
erature analyses were plotted onto two sections, respectively across
(Figs. 1(A-A’) and 2) and along-rift (Figs. I’(B-B’) and 3), to evaluate the age
distribution of lava samples with respect to the DMH magmatic segment.
Overall, the volcanic activity gets younger toward the centre of the graben™***
(Fig. 2a) and also toward the NW, where mainly the <1.1 Ma Gu and Ax
outcrop (Figs. 1 and 3).

Using the distribution of lava ages across the rift, we evaluate the
mechanisms responsible for riftward younging of the volcanic activity. To
do this, we calculate the rate at which volcanism gets younger towards the
rift centre and compare it with what is expected from ocean spreading-like
extension (Fig. 2b) and from rift localisation”>” (Fig. 2c), both modelled
assuming a constant extension rate over time. For uniform ocean spreading-
like rifting, the position and width of the area accommodating the extension
(ie., the magmatic segment) remain constant through time while the vol-
canic lavas of the eruptive centre spread away at half of the extension rate
equally on both sides of the rift (Fig. 2b). The rate at which the age of volcanic
lavas change away from both sides of the rift centre will therefore be the
same and their sum equal to the extension rate. Unequal rates between rift
sides yet yielding the full extension rate, implies asymmetric ocean
spreading-like rifting (Fig. 2b). However, if the observed rate is greater than
that expected from ocean spreading-like extension, then localisation from
initially broad to more localised volcanism is required (Fig. 2¢). In a uniform
localisation scenario, as the area accommodating the extension narrows
(transitioning from a broad rift to narrow magmatic segment; Fig. 2¢) the
distance between the volcanic lavas of the older, and spatially wider eruptive
products and those of the younger, narrower one increases beyond what is
expected from the extension rate alone. As a result, the calculated rate at
which the age of the volcanism changes will exceed the extension rate, and its
magnitude will depend on the initial width of volcanism and the rate of
narrowing. In this scenario, unequal rates between rift sides exceeding the
full extension rate imply asymmetric rift localisation (Fig. 2c).

The lavas on the NE side of the Tendaho-DMH area (pale blue crosses
in Fig. 2a) have erupted progressively closer to the DMH magmatic segment
during the last 2-2.5 Myr, at a rate of 26.7 + 2.3 mm/year, considerably
faster than the half extension rate in Central Afar of ~10 mm/year’. On the
SW side of the Tendaho-DMH area (purple crosses in Fig. 2a), the rate is less
with respect to the NE side, 11.5 + 1.5 mm/year, comparable but still slightly
higher than the half extension rate of ~10 mm/year. This pattern argues for a
localisation of the magmatism that occurred asymmetrically, from NE to
SW during the last 2-2.5 Myr. Furthermore, boreholes within the Tendaho
graben®"* drilled the young Ax and Gu activity on top of the US, further
arguing against an ocean spreading-like scenario. This east-to-west locali-
sation indicates that, at least part of the US PBZ, had to be located east with
respect to the DMH magmatic segment. Accordingly, the Moho depth
estimates™ (Supplementary Fig. 2) projected on the same across-rift
profile show a thinning of the crust coherent with the younging of the
volcanic activity (i.e., toward the centre of the Tendaho graben; Fig. 2a).

Concurrently, all the series plotted on the along-rift profile show
younging of the erupted products toward the north during the last
2-2.5 Myr (Fig. 3), indicating that the rift propagated north while localising
in-rift. Accordingly, our US ages at the Tendaho graben (lowermost and
uppermost flow, 2.58—2.02 Ma) are ~250 kyr older with respect to the
northern Dobi graben (intermediate and uppermost flow, 1.93—1.76 Ma™),
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Fig. 2 | Across-rift age distribution of observed and modelled magmatic activity.
Observed (a) and modelled (b, ¢) magmatic activity distribution across rift. a The top
image represents the topographic profile of the A-A’ across-rift profile (Fig. 1). The
middle image shows the ages of the dated samples projected along the A-A’ across-
rift profile. The colours identify the samples used to fit the linear regression model
(solid lines), purple and pale blue crosses are respectively used for the samples
located on the SW and NE side of A-A’ across-rift profile while the black crosses had
been used for both sides. The dashed lines identify the 95% confidence interval of the
linear regression. The calculated rates are 11.5 + 1.5 and 26.7 + 2.3 mm/year,
respectively, for the SW and NE sides. The inclination of each one of the shaded areas
identifies half of the Central Afar extension rate (~10 mm/year) spanning broadly
the Manda Hararo magmatic segment width. The bottom image shows the estimated
Moho depths with the errors projected along the A-A’ across-rift profile”” (Sup-
plementary Fig. 2). The estimated depths have been fitted by a polynomial curve (red
line) to show the crustal thickness variation. b, ¢ Schematic representations of the

V (") = spreading rate V (_-”) > spreading rate

distribution of the eruptive centres areas for both ocean spreading-like rifting (b)
and rift localisation (c). Each coloured box indicates the areas accommodating the
extension (i.e., the eruptive centres) during a given time period with the total
extension rate being kept the same for all the models and through time (the top boxes
represent the initial stage while the bottom boxes represent the final stage). Below
each one of the box models, a graph shows the hypothetical spatial distribution of
eruptive centres at their final stages (bottom boxes of each model) to compare them
with the real case (a). b For the uniform ocean spreading-like rifting the width and
position of the magmatic segment are fixed. To have asymmetric ocean spreading-
like rifting, different spreading rates for the two sides are needed (in the example, it is
greater on the right side with respect to the left side). ¢ For the uniform localisation,
the width of the Plate Boundary Zone gets narrower toward its centre throughout
time. To have asymmetric localisation of the PBZ, different spreading rates are
needed (in the example, it is greater on the right side with respect to the left side). See
the text for discussion.

indicating that the northward propagation was already occurring during the
Upper Stratoid activity. The propagation is also confirmed by boreholes TD-
1 and TD-2 of the Tendaho graben®"* where the volcanic deposits are
topped by 600/700 m of sedimentary succession while at the borehole TD-3
along the Manda Hararo segment, the volcanic deposits have been found
overall continuously up to the surface. This suggests that the magmatic
activity ceased at some point after the end of the Upper Stratoid eruption
south of Manda Hararo while continuing up to the present day along the
magmatic segment itself.

Geochemistry

Changes in the mantle source and in the crustal magmatic system of
Tendaho-DMH magmatic activity during rift localisation are investigated
using the geochemical composition of both the dated samples (this work
and literature data) and the entire suite of the Tendaho-DMH chemical
analysis (Fig. 4, Supplementary Fig. 3 and Supplementary Data 2).

Partial melting in the deeper, garnet-bearing portions of the mantle can
be identified with respect to the upper, spinel-bearing portions using the
highly compatible HREE in garnet” (ie., Tby/Yby) for the mafic rocks
(MgO >4 wt%). Melting of a garnet-bearing lower crust or garnet and
amphibole fractionation can also influence Tby/Yby. However, these pro-
cesses can be excluded due to the low crustal thickness of Central Afar’*® and
to the absence of garnet and amphibole in the series lavas™**®. The effect on
Tbn/Yby due to mantle source heterogeneity can also be ruled out con-
sidering the similarity of the trace elements patterns, all corresponding to
magma type 3 of Rooney'” (Supplementary Fig. 4). Changes in Tby/Yby are
therefore related to changes in the depth of melting”’. We relate the depth of
melting to the lithospheric thinning and exclude the role of mantle potential
temperature since no correlation is observed between temperature and Tby/
Yby”"®. The three series show a clear distinction in the Tby/Yby for both the
whole dataset and the group of dated samples only (Fig. 4a). The US ranges
mainly at 1.7-1.9, the Gu at 1.6-1.7 and the Ax at 1.3-1.5, indicating a
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Fig. 3 | Along-rift age distribution of the observed magmatic activity. Topo-
graphic profile (top) and sample ages (bottom) of the Tendaho-DMH area projected
along the B-B’ along-rift profile (Fig. 1). The samples are colour coded according to
their series as in Fig. 1b. Overall, a decrease in age toward north-west for each series is
observed.

shallowing of the partial melting column, and therefore a thinning of the
lithosphere, from the US to Gu to Ax.

The degree of magmatic evolution of the samples (i.e., MgO wt%) and
the overall stationing depth of the magma of the three series have been used
to reconstruct the changes of the magmatic system architecture during
rifting. In order to focus on the variations of the fissural magmatic activity
systems, we did not take into consideration analyses of the central volcanoes
(i.e, Dabbahu). A variation of the MgO content between the series is
observed for both the whole dataset and the group of dated samples (Fig. 4b).
The US have a unimodal distribution of moderately evolved lavas (4-6 MgO
wt%) while the Gu are dominated by a slightly more mafic composition (5-7
MgO wt%) with respect to the US (Fig. 4b). The Ax have instead a clear
bimodal distribution with mafic (8-9 MgO wt%) and moderately evolved
(5-6 MgO wt%) lavas (Fig. 4b). Furthermore, these variations are associated
with changes in the stationing depth. Along the magmatic segments, the Ax
plumbing system is arranged in stacked sills and vertical dikes**”” from the
Moho level™® to the upper crust’*” (up to 2 km depth) while US and Gu
are stationed mainly in the middle-lower crust”® (10-18 km). These
observations indicate a transition from a deep and overall stable magmatic
system buffering the moderately differentiated US composition to a more
complex one for the Ax, where magma can either reach and differentiate at
shallower levels or more rapidly rise to the surface emplacing more
primitive lavas.

Discussion

The spatio-temporal reconstruction of the volcanic activity carried out in
this work indicates that, over the last 2-2.5 Myr, the rift in Central Afar
asymmetrically localised in-rift (Fig. 2) while propagating toward the
NW (Fig. 3), marking the progressive transition from the initially
widespread US eruptions to the current narrow magmatic segment. This
suggests that the rift localisation process was more protracted than
previously thought and started well within the US period, rather than
being limited to the most recent Gu and Ax periods. We therefore
interpret that the US volcanism is strongly linked to rifting and tracks the
progressive localisation process of the rift. Our reconstruction indicates
that the US are associated with continental rifting”** as their spatio-

temporal distribution is not consistent with an ocean spreading-like style
of extension”. Furthermore, the US distributes in space and time
coherently with the subsequent Gu and Ax activity, identifying a pro-
gressive localisation process and arguing for a similar mechanism con-
trolling the evolution of the volcanic activity. We therefore suggest that,
as for the more recent volcanic activity’™”, the distribution of the US
eruption is controlled by the locus of plate thinning caused by the rifting
of Arabia and Nubia rather than by a major plume control.

The interpretation of rift focusing is fully consistent with geochemical
evidence for progressive shallowing of the melting column interpreted as
thinning of the lithosphere (Fig. 4a) together with the development of a
complex magmatic system (Fig. 4b) forming shallow magma chambers™*”*
in a thinned crust”® (Fig. 2a). The deeper partial melting and magma
storage of the US with respect to the Gu and Ax suggests the US are
associated with continental rifting, as these depths are not consistent with an
ocean spreading-like scenario”’. During rifting, the effect of
magmatism”””, stretching”” and metasomatism"* can weaken the
lithosphere'* while melt and volatiles rising from the mantle can weaken the
crust®*, explaining the observed shallowing of partial melting and magma
chambers™. We therefore suggest that, during continental rifting, at least
part of the shallowing of partial melting occurs during the rift localisation
with broadly simultaneous changes in the crustal structure.

Seismic images of the mantle beneath East Africa suggest the mantle
plume is spatially much broader than the rift, as it is clearly imaged
beneath the adjacent Ethiopian and Arabian plateaus™, with back
simulation of mantle convection through time showing limited change
on the scale of Afar over the last 5Myr”. While the elevated mantle
temperatures associated with the mantle plume”® help to facilitate
mantle melting, petrological models of melt production show that the
rift-related plate thinning is still likely required for the upwelling asth-
enosphere to cross the solidus and produce a substantial amount of
partial melt”. We therefore interpret the plume to be a ubiquitous feature
of the wider region, but with the rifting above it being the primary control
on the locus of magmatism. Such an interpretation is consistent with
Afar mantle chemistry and mantle potential temperature. The US has
indeed a mantle source very similar to the older LS, Dalhoid and Dalha
series'” and to the younger Gu and Ax series'"*”, with little variations of
the Afar plume component"’ occurring during partial melting. Similarly,
the mantle potential temperature remains similar for LS, US, Gu and
Ax"" indicating no thermal perturbation of the mantle source. We
therefore suggest the US eruption is not related to an increase of the
plume activity with respect to the more recent volcanic activity as var-
iations in a rising plume would have led to marked variations in both
mantle temperature and chemistry’"”.

Our reconstruction agrees with analogue and numerical models of rift
evolution showing alternating periods of rift propagation and localisation™,
narrowing of the volcanic activity"** and progressively shallower depths of
sill emplacement™ while the rift matures. Geological and geophysical
observations in Afar also corroborate our model, such as magmatic seg-
ments propagating NW>****%, the Manda Hararo segment shifting
westward”’, the presence of the young Ma’ Alalta magmatic segment NW of
DMH" and the deeper melting column in the earlier stage of the rift'"’. The
divergent motion between Arabia and Nubia advocated in this work as the
main driver of rift localising agrees with numerical models showing that
asymmetric plate motion above a waning mantle plume can lead to
migration of the locus of extension”. Moreover, our reconstruction is
consistent with the Stratoid being associated to extensional events'””” and
the primary control on volcanism being rift related adiabatic decompression
melting""'*.

The north-westward evolution of the rift pointed out in this study is
coherent with the en-echelon distribution of grabens caused by the counter-
clockwise rotation of the Danakil Block in Central Afar”. Our reconstruc-
tion, along with the associated graben distribution, supports the linkage of
the Gulf of Aden-Red Sea system taking place in Central Afar'”'. Further-
more, the observed northward propagation of the rift in Central Afar oppose
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Fig. 4 | Chemical variations of the Afar magmatic activity according to their ages.
Mantle- and crustal-related chemical variations of the lava flow samples erupted in
the Tendaho-DMH area. a The Tb/Yb normalised to the chondritic values (McDo-
nough and Sun, 1995)"" for the mafic samples (MgO >4 wt%) has been used as a
proxy of the depth of the melting column. The upper figure represents the normalised
kernel density estimation of all samples according to their respective series while

below are reported only the dated samples. The samples are colour coded according
to their series as in Fig. 1b. b Same as (a) using the MgO wt% of the samples to
evaluate changes in the melt degree of evolution and therefore variations in the
magmatic system architecture among the series. See the text for discussion. New data
are provided in Supplementary Data 1 while literature data'®*>"7*$57111-114
plementary Data 2.

in Sup-

to the southward propagation of the offshore Red Sea rift, arguing in favour
of the regional-scale distinction between the onshore rift of Central Afar (ie.,
the Afar rift”’) and the offshore Red Sea rift*.

This work provides precise temporal constraints regarding the process
of rift localisation which can help to improve the still poorly defined tem-
poral reconstruction of the rift to drift transition'”'” (<10 Ma). In parti-
cular, during magma-rich rifting, the transition from broad to narrow rifting
and consequent formation of a magmatic segment takes place relatively
rapidly (2-2.5 Myr). Furthermore, this work provides insight into the long-
standing debate regarding the role of mantle plume vs plate tectonics during
rifting'**"'**'%. We showed that, while the elevated temperature associated
with the mantle plume can favour melt generation, variations in the dis-
tribution and volumes of the volcanic activity during rift evolution, up to
small-scale flood basalts-like eruptions, are primarily controlled by tectonic
processes such as localised thinning of the lithosphere.

Methods

Sampling

Sixteen lava flow samples (4 LS, 9 US and 3 Gu; Fig. 1) from a sampling
campaign in 2020 and the Afar Repository of the University of Pisa were
selected based on their petrographic and geochemical analysis”"* in order to
avoid any evidence of alteration. The selection of samples aimed to cover as
much of South and Central Afar as possible, and to temporally constrain the
eruptive period of the LS and US lava flows by dating the visible lowermost
flows of the Dulul and Tendaho graben escarpments. The “’Ar-’Ar dating
was carried out on the groundmass for all samples and on plagioclase
phenocrysts for the silicic sample (AF20-69a; Supplementary Data 1).
Samples preparation and analyses were carried out at the NEIF Argon
Isotope Laboratory at the Scottish Universities Environmental Research
Centre (SUERC).

Sample preparation

Initially, heavily weathered outer portions of each sample were removed
using a Controls 32-D0536/A saw and the relatively fresh interiors were
screened using a petrographic microscope to identify any signs of alteration
in the groundmass and to evaluate the feasibility of analysis. Suitable whole

rock samples were then crushed in a Pulverisette 1 jaw crusher producing
fragments ~1-5 mm, which were then fed into a Pulverisette 13 disc mill to
further reduce the size before finally being sieved to produce a 250-500 pm
separate. A hand magnet was used to remove any metal particles left over
from the crushing process, before being rinsed in deionized water to remove
any adhering dust and other loose fragments. The separates were then
leached in an ultrasonic bath, for 20-30 min in a 2.5 M HNOj solution to
remove alteration phases which is then followed by a 3 M HCl solution to
remove olivine phenocrysts. These leaching steps are repeated as many
times as is necessary to remove the unwanted materials. The samples were
then cleaned in deionized water to remove dust, dried at temperature <75 °C
and sieved to remove possible fragments created by comminution during
leaching. By repeated passage in a Frantz Isodynamic Magnetic Barrier
Separator, non-magnetic phenocrysts and alteration products were sepa-
rated from the magnetic lava groundmass, and feldspar phenocrysts were
separated from the lava groundmass. Lastly, each lava sample has had
~400 mg of homogenous and unaltered groundmass hand-picked under a
binocular microscope. For the feldspar separates, once obtained, they were
further processed with the Frantz to isolate any remaining melt inclusion-
rich feldspar grains and magnetic groundmass from the non-magnetic, melt
inclusion-free, feldspar grains. The selected feldspar grains were then further
leached in a 1 M HF solution for 3-5 min to remove adhering glass, cleaned
in deionized water and dried at temperature <75 °C. The last step was to
ensure all the feldspar grains were inclusion-free by hand-picking under a
binocular microscope.

Sample analysis

Lava groundmass and feldspar samples and neutron flux monitors were
packaged into 7-pit Al discs, sealed and then stacked in quartz tubes with the
relative positions of packets precisely measured for later reconstruction of
neutron flux gradients. The sample package was irradiated in the Oregon
State University Triga reactor’s Cadmium Lined In-Core Irradiation Tube
(CLICIT) facility. The international “Ar-*’Ar standard, Alder Creek sani-
dine, 1.1891 + 0.0008 Ma (+10'*°) was used to monitor *’Ar production and
establish neutron flux values (J) for the samples. Gas was extracted from
samples in a step-wise fashion, heated using a Teledyne-Cetac Fusions mid-

Communications Earth & Environment| (2025)6:395


www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-02356-4

Article

infrared (10.6 pm) CO, laser with a non-Gaussian, uniform energy profile
and a 3.5mm beam diameter. The samples were housed in a doubly
pumped ZnS window laser cell and loaded into a copper planchette con-
taining four 2.6 cm” square wells. Liberated argon was purified of active
gases, (e.g., CO,, H,O, H,, N,, CH,) using three Zr-Al getters; one at 18 °C
and two at 400 °C. Data were collected on a Thermo Scientific ARGUS VI
multi-collector mass spectrometer in static collection (non-peak hopping)
mode. Time-intensity data are regressed to f, with second-order polynomial
fits to the data. Blank corrections employed the average value and standard
deviation of multiple blanks bracketing and interspersed with sample and
air standard runs. Mass discrimination was monitored daily, both between
and within sample runs, by comparison to running-average values of an air
standard. All data are blank, interference and mass discrimination corrected
using the MassSpec software package (MassSpec, authored by Al Deino,
Berkeley Geochronology Centre, Version 8.149). Decay constants and
corrections (Supplementary Data 1) were selected after Renne et al."”.

Most of the samples were run in duplicate and a plateau age calculated
for each analysis. Age and uncertainty were calculated using the mean
weighted by the inverse variance of each step. The isochrons were calculated
using the plateau steps to determine the composition of the trapped com-
ponent and isochron age. The plateau age was accepted if (I) it consists of at
least five consecutive age steps indistinguishable within 20 uncertainty, (II) it
comprises a minimum of 60% of the total **Ar released, (III) it is concordant
with the isochron age at the 20 level, and (IV) has a **Ar-*Ar trapped
component indistinguishable from air (298.56 +£0.62) at the 20 level
(Supplementary Data 1). A number of analyses show a small excess of ““Ar*,
i.e.,a non-atmospheric trapped component. In these instances, the isochron
age is preferred as the best estimate of the timing of emplacement and may
be interpreted as a maximum age (see Supplementary Note 2 for details).
The replicated plateau ages overlap in age at the 20 level. However, in many
cases, combining plateau steps from replicates to calculate a composite
plateau generated excess scatter such that mean square weighted deviation
exceeded the critical value at a given N. It is for this reason that we choose the
most precise determination in a set of replicated analyses that satisfy the
plateau acceptance criteria above as the best estimate of emplacement age.
All the data are provided in Supplementary Data 1 and Supplementary
Fig. 1. All ages are presented herein at 20 uncertainty level.

Data availability

All data that support the findings of this work are presented in the paper
and/or in the Supplementary Material and deposited in Zotero public
repository at: https://doi.org/10.5281/zenodo.15197563.
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