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Understanding the process of continental break-up requires knowledge of the geodynamics of mature 
rift systems close to the point of plate rupture. In Ethiopia, late-stage continental rifting occurs in a 
magma-rich setting where extensional processes correlate closely with magmatic and volcanic activity. 
Unravelling the role that mantle and lithospheric dynamics play in sustaining rifting in Ethiopia is key to 
improving models of late-stage continental rift evolution. In this study we provide petrological constraints 
on the physical characteristics of magma production using volcanic samples from the northern Main 
Ethiopian Rift (MER) and central Afar. Olivine crystallisation temperatures provide information about the 
thermal state of mantle-derived magmas generated by the mantle during upwelling and melting. These 
temperatures, determined by Al-exchange thermometry, are used in conjunction with other geochemical 
and geophysical constraints in inversion models of melting a multi-lithology mantle to find the best-
fitting geodynamic parameters that can reproduce observed magma compositions and melt volumes. Our 
model results suggest that the potential temperature of the Ethiopian mantle is hotter than ambient 
mantle by ≥ 150◦C, and is elevated to a similar degree across the MER and Afar. We predict significant 
variations in lithospheric thickness between the MER (90 km) and Afar (50-70 km), with Afar also likely 
to have a higher portion of fusible mantle domains. This thinner lithosphere and/or more productive 
mantle is required to generate the larger volumes of magma inferred to have been intruded into the Afar 
crust. The geodynamic differences between these two settings can be attributed to the more-evolved 
state of the Afar rift and its proximity to the centre of the Afar plume.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The influence of mantle dynamics on late-stage continental rift-
ing and the formation of ocean basins is a subject of ongoing 
research and debate (e.g., Rychert et al., 2012; Ferguson et al., 
2013b; Armitage et al., 2015; Gallacher et al., 2016). The presence 
of upwelling thermo-chemical plumes beneath magmatically active 
rifts influences the temperature, composition, and lithology of the 
sub-rift mantle, governing the conditions of magma generation. As 
late-stage extension in volcanic rifts is believed to be strongly af-
fected by repeated intrusions of magma that both accommodate 
extension and alter the thermo-mechanical structure of the crust 
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(e.g., Bastow and Keir, 2011), unravelling the role that mantle con-
ditions play in continental rift magmatism is key to understanding 
the geodynamic context of mature rifts.

Ongoing rift-related volcanism in East Africa provides an op-
portunity to study the intertwining of continental rift processes 
with mantle plume behaviour. Flood basalts in northern Ethiopia 
are correlated with the impingement of a mantle plume head at 
the base of the Ethiopian lithosphere at ∼ 30 Ma (e.g., Hofmann 
et al., 1997) and a persistent plume influence to the present day 
is inferred from both magma chemistry (e.g., Rooney et al., 2012a; 
Ferguson et al., 2013b) and geophysical observations (e.g., Bastow 
et al., 2008). These studies highlight a significant thermal and geo-
chemical deviation of the present-day Ethiopian mantle from the 
ambient mid-ocean ridge basalt (MORB) mantle source. Thermo-
chemical anomalies will affect mantle melting behaviour, enhanc-
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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ing melt production due to elevated mantle temperatures and the 
presence of more fusible lithologies.

One regularly explored avenue of resolving sub-rift mantle 
characteristics has been to determine mantle potential tempera-
tures (T p). Petrological methods estimating Ethiopian mantle tem-
perature strongly suggest an excess T p of > 100 ◦C above the am-
bient MORB mantle value of ∼ 1350 ◦C (e.g., Rooney et al., 2012b). 
Basalt major element thermometry returns T p values of 1400-
1490 ◦C for the Main Ethiopian Rift (MER) and Afar (Rooney et 
al., 2012b), in close concordance with trace element models for 
Afar basalts which suggest melting at a similar T p beneath a rel-
atively thick lithosphere (Ferguson et al., 2013b; Armitage et al., 
2015). However, a caveat of using methods based solely on basalt 
geochemistry is that assumptions must be made about mantle 
source composition, which will affect the thermodynamic proper-
ties of the mantle and hence the composition of generated melts 
(see appendix of Matthews et al., 2021). Furthermore, geochemi-
cal equilibrium between the mantle and observed melts must be 
established or assumed.

Geophysical approaches have also been used to infer the melt-
ing behaviour of the Ethiopian mantle, but cannot straightfor-
wardly resolve the thickness of the lithosphere. For example, S-to-P 
receiver functions highlight the absence of a seismically distinct 
lithosphere-asthenosphere boundary (LAB) beneath the MER and 
Afar rift axes (Rychert et al., 2012; Lavayssière et al., 2018) demon-
strating that melt within the lithosphere may obscure a prominent 
LAB from seismic imaging (Lavayssière et al., 2018). Numerical 
models that reconcile both magma chemistry and receiver function 
observations argue for an elevated T p of 1450 ◦C beneath a sig-
nificantly thinned, yet still present (∼ 50 km thick) mantle litho-
sphere (Armitage et al., 2015). Similar observations from Rayleigh 
wave tomography agree that sub-rift mantle melting is likely to be 
relatively deep, and driven by active melt-retention buoyancy (Gal-
lacher et al., 2016).

In addition to raising mantle temperatures, plumes can also 
affect sub-rift melting processes by altering the lithological com-
position of the mantle. The extension of sub-rift seismic anomalies 
to the lower mantle beneath Ethiopia (e.g., Bastow et al., 2008) and 
highly radiogenic isotopes from MER and Afar basalts (e.g., Rooney 
et al., 2012a) suggest that the plume is compositionally distinct 
from ambient mantle. An important feature in this regard is the 
possible presence of more fusible pyroxenitic domains derived 
from the recycling of oceanic crust (e.g., Herzberg, 2011; Shorttle 
et al., 2014) or through the dripping of pyroxenitic material from 
thermally and gravitationally unstable metasomatised lithosphere 
(Furman et al., 2016). Indeed the presence of asthenospheric man-
tle pyroxenites have previously been posited as a possible driver 
for deep melting beneath Ethiopia in the absence of significantly 
elevated T p (Rooney et al., 2012b). Additionally, it is also probable 
that the Ethiopian mantle, like many other plume-affected locali-
ties, is partially composed of refractory harzburgitic material, the 
depleted residue from previous melting (Stracke et al., 2019). The 
presence of multiple melting and non-melting lithologies in the 
Ethiopian mantle will dictate the thermal pathway taken during 
decompression and melting, which will likely deviate from that 
inferred via single-lithology (peridotite) melting models (Phipps 
Morgan, 2001; Matthews et al., 2021). Furthermore, melting a 
mixed lithology mantle will produce magmas that differ in major 
element, trace element, and radiogenic isotopic compositions com-
pared to those derived from a purely peridotite source (Herzberg, 
2011; Shorttle et al., 2014). The recent study of Ethiopian man-
tle xenoliths has additionally highlighted the presence of highly 
fusible metasomatic domains in the Ethiopian lithospheric mantle 
which may also contribute to the chemistry of erupted rift basalts 
(e.g., Casagli et al., 2017; Rooney et al., 2017). Petrological models 
linking the observed composition of rift basalts to the composition 
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Fig. 1. Map of the northernmost East African Rift showing the sampled locations in 
our study, with Main Ethiopian Rift (MER) and Afar Rift magmatic segments high-
lighted in red (after Hayward and Ebinger, 1996). (For interpretation of the colours 
in the figure(s), the reader is referred to the web version of this article.)

and thermal state of a multi-lithology mantle source are there-
fore necessary to explore how multiple melting lithologies in the 
sub-rift mantle may contribute towards magmatism and rifting in 
Ethiopia.

In this study we investigate melt generation beneath the MER 
and Afar via a mantle melting model constrained by olivine crys-
tallisation temperatures and REE concentrations observed in rift 
zone magmas. Our multi-lithology melting approach is based on 
that of Matthews et al. (2021) who demonstrated that variations in 
olivine crystallisation temperatures can be related to the temper-
ature and lithological composition of the melting mantle and can 
therefore be used to estimate mantle T p independent of magma 
chemistry. This method provides an alternative and complemen-
tary approach to previous studies that investigated mantle tem-
peratures in Ethiopia using peridotite-only melting models (e.g., 
Rooney et al., 2012b; Ferguson et al., 2013b; Armitage et al., 2015).

2. Samples and methods

The olivine crystals analysed in this study were separated from 
olivine-phyric basaltic scoria collected from monogenetic cones in 
the MER and Afar related to late-stage magmatic-tectonic rift zones 
(e.g., Rooney et al., 2011). Samples from the MER were collected 
from a cone (8.490 N, 39.294 E) within the Boku Volcanic Com-
plex; (e.g., Tadesse et al., 2019, see Fig. 1). The main phenocryst 
phase within this scoria is olivine with plagioclase feldspar also 
present as a smaller fraction (< 15%) phenocryst phase. Samples 
from Afar were collected at the recently active Dabbahu Rift Zone 
and are predominantly olivine-phyric (e.g., Ferguson et al., 2010, 
see Fig. 1). Picked olivines were mounted in epoxy resin and pol-
ished for electron probe microanalysis (EPMA).

Extension within the MER at Boku is primarily accommodated 
by a segmented network of magma-induced faults in the rift cen-
tre, along which scoria cones are found (e.g., Rooney et al., 2011). 
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Seismic evidence suggests that the lower crust in this section of 
the MER has been modified by repeated dyke intrusions (e.g., 
Maguire et al., 2006; Hammond et al., 2011). At Boku, scoria cones 
are associated with post-caldera basaltic activity dating to ∼ 200
ka (Tadesse et al., 2019). In Afar, the tectonic-magmatic segmen-
tation of the rift system is more distinct, and faulting and volcan-
ism are strongly focused along magmatic rift zones (Hayward and 
Ebinger, 1996). The crust here is thinner compared to the MER and 
predominantly igneous in nature (Hammond et al., 2011). At the 
Dabbahu rift segment, which has been the locus of magmatically 
driven extension in this section of the rift system since at least 
∼ 200 ka (Ferguson et al., 2013a), the most recent volcanic activ-
ity occurred in 2005-2010 and involved a series of intrusive and 
eruptive events (e.g., Ferguson et al., 2010).

2.1. Olivine-spinel Al-exchange thermometry

Olivine and spinel are among the first phases to crystallise from 
mantle-derived melts, and for co-crystallisation to occur they must 
be on the liquidus together. Spinel inclusions entrapped within 
olivine phenocrysts can therefore record the initial chemical con-
ditions under which mantle-derived magmas begin olivine-spinel 
co-crystallisation. The compatibility of Al in olivine is a strong 
function of temperature, and unlike the Fe-Mg system, Al is slow-
diffusing and therefore less susceptible to post-crystallisation re-
setting (Spandler and O’Neill, 2010). The olivine-spinel Al-exchange 
thermometer can hence provide a means of estimating olivine 
crystallisation temperatures (Tcrys) for magmas without requiring 
knowledge of the initial melt composition (Coogan et al., 2014).

Experiments on Al partitioning between olivine and spinel 
demonstrate that partitioning is not significantly influenced by 
pressure, silica activity, or oxygen fugacity, but instead is strongly 
correlated with temperature (Wan et al., 2008; Coogan et al., 
2014). However, the partitioning of P into olivine and Ti into spinel 
may affect Al uptake and must also be considered (as noted by 
Coogan et al., 2014; Jennings et al., 2019).

This thermometer has previously been used to investigate 
olivine Tcrys at mid-ocean ridges (Coogan et al., 2014; Matthews et 
al., 2021) and plume settings (e.g., Coogan et al., 2014; Heinonen et 
al., 2015; Jennings et al., 2019; Matthews et al., 2021), but has not 
been previously applied to continental rift magmas. Primary Tcrys , 
liquidus temperatures of the most primitive mantle-derived melts, 
obtained for non-rift tectonic settings, either directly or through 
secondary correction of Al-exchange Tcrys values, show substantial 
variations between MORB and plume-derived basalts, consistent 
with elevated mantle T p at plume settings. However, without 
further constraints on melting geometry and mantle source com-
position, differences in T p cannot be resolved from differences in 
Tcrys alone (Matthews et al., 2021). In this study we therefore in-
tegrate results from olivine-spinel Al-exchange thermometry with 
other constraints on magmatic processes in the MER and Afar to 
constrain likely values for mantle T p .

2.2. Analytical methods

Geochemical data on olivine and spinel were collected by EPMA 
over three analytical sessions using the JEOL JXA8230 microprobe 
at the University of Leeds, U.K. Only olivines completely enclos-
ing spinel inclusions were selected. Beam conditions and detection 
limits are listed in the Supplementary Materials.

During the first session, qualitative maps were recorded for the 
areas surrounding and including the spinel inclusion to assess the 
presence of zoning in Al, P, Ni, Ca and Mg within both the host 
olivine and spinel inclusion, following the method and analytical 
conditions of Matthews et al. (2021) (see Supplementary Materials 
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and Dataset S1). These maps illustrate that the majority of crys-
tals do not show any significant variability in Al and P count rates 
on the scale of the map (∼ 100 μm), suggesting that Al uptake 
in olivine resulting from increased P concentrations is minimal 
(Coogan et al., 2014) and equilibrium Al was not changing dur-
ing crystallisation. Zoning in Mg, Ni, and Ca is observed and these 
zones were avoided if possible during subsequent point analyses.

In the following two sessions, quantitative analyses within both 
phases were performed for Fe, Mg, Si, Mn, Al, Ca, Cr, Ni, Ti, and P 
using the qualitative maps as guidance. Longer count times were 
taken for Al in olivine, as it is present in low concentrations (<
700 ppm, Coogan et al., 2014). Points within olivine were selected 
at least 10 μm away from the olivine-spinel boundary to avoid 
secondary fluorescence of X-rays from spinel into olivine which in-
creases the measured Al2O3 in olivine (Jennings et al., 2019). Care 
was also taken to avoid selecting points across zones of Fe-Mg ev-
ident from qualitative maps. Analytical conditions for quantitative 
point analyses in olivine and spinel are provided in Supplementary 
Tables S1 and S2 respectively. Secondary standard analyses are in-
cluded in Supplementary Dataset S2.

Uncertainties in olivine crystallisation temperature are deter-
mined through Monte Carlo propagation (n = 10000) including 
an inherent minimum experimental uncertainty of 14 ◦C to ac-
count for the combined uncertainty of the thermometer calibration 
(Matthews et al., 2016).

2.3. Mantle melting forward model

Predicting observable properties such as olivine Tcrys , basalt 
REE compositions, and melt fractions from mantle T p necessitates 
several key assumptions concerning the mechanics of melt segre-
gation, accumulation, and mantle source composition. A model of 
mantle melting allows us to determine these parameters by pre-
dicting thermal pathways from melt generation to crystallisation 
as a function of mantle T p and lithological composition.

Decompressing solid mantle of multiple lithologies initially fol-
lows a mantle adiabat dependent on mantle T p and composi-
tion. Upon crossing the solidus of one of the components, melting 
commences and heat is converted into latent heat of fusion, re-
sulting in a decrease to the mantle adiabatic gradient. We use 
pyMelt, a Python 3 module which calculates the thermodynamic 
behaviour of a multi-component mantle during adiabatic decom-
pression (Matthews et al., 2021, 2022), following established ex-
pressions for multi-lithology melting (Phipps Morgan, 2001). In 
pyMelt, the mantle adiabat is calculated during decompression 
melting assuming that melt and residue remain in thermal equi-
librium. Melting ceases at the LAB, after which the melts follow a 
basalt adiabat to crustal pressures where olivine crystallisation be-
gins. We assume that the melt is not cooled as it passes through 
the lithosphere, and strictly follows the basalt adiabat, which is ap-
propriate when melt fluxes are high and heat advection dominates 
over conduction. The input parameters for our forward model are 
those that control the thermal pathway of the melting mantle and 
therefore melt fraction and by extension melt thickness: T p , man-
tle composition, lithospheric thickness, and crystallisation pressure. 
We select a tri-lithology mantle comprising non-melting harzbur-
gite (after Shorttle et al., 2014), a pyroxenite component melting 
like KG1 (Kogiso et al., 1998), and a lherzolite melting like KLB-1 
(Takahashi, 1986). These lithologies in particular are selected for 
continuity with Matthews et al. (2021). Although our modelling 
approach necessitates choosing particular lithologies, the inclusion 
of pyroxenite can equivalently be interpreted as the bulk mantle 
being made more fusible (e.g., through refertilisation of a lherzo-
lite), and likewise harzburgite interpreted as the bulk mantle be-
coming more refractory. To provide additional constraints on melt 
production the pyMelt code has been modified in this study to 
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include calculations of the concentrations of incompatible trace el-
ements in the melt following McKenzie and O’Nions (1991) (see 
Supplementary Materials).

2.4. Inverse model

The pyMelt forward model allows us to predict Tcrys , trace el-
ement composition, and melt thickness from a given T p , mantle 
composition, lithospheric thickness and crystallisation pressure, as-
suming that the first olivine crystallises at or near the primary 
basalt liquidus temperature. Through inversion of this forward 
model we can use observed Tcrys , rare-earth element (REE) distri-
butions, and thickness of igneous crust to reconstruct the thermal 
pathway undertaken by mantle melts and obtain T p , mantle litho-
logical composition, and the uncertainty in these parameters while 
accounting for uncertainty in the observed data. Inverse mod-
elling is performed using the Python 3 wrapper of MultiNest, a 
Bayesian inference tool which utilises a Monte Carlo Markov Chain 
nested sampling algorithm (Buchner et al., 2014; Feroz et al., 2019, 
and references therein). A significant number of forward models 
(~20,000-30,000) are run with values selected for each parameter 
according to prior distributions we define based on the parameter 
uncertainty (e.g., LAB depth) or left open for unconstrained param-
eters (e.g., T p). The result of each forward model is subsequently 
compared to observed Tcrys , La/Yb and Dy/Yb ratios, and igneous 
crustal thickness. Model likelihood, a measure of the misfit of the 
model to the data, is calculated and the model parameters are re-
fined until sufficient solutions of highest likelihood are available 
such that the posterior probability distributions for each parame-
ter can be estimated (∼ 8,000-10,000 forward model solutions to 
the inverse problem). Although the inversion will favour solutions 
falling near the medians of the parameter prior estimates, high-
likelihood solutions towards the limits of these ranges are also 
accepted.

2.4.1. Prior distributions for Moho and LAB depth
Before inversion we establish estimates and uncertainties for 

lithospheric thickness and crystallisation pressure to use as prior 
distributions. The depth of the LAB controls where melting ceases 
and previous petrological models have argued that significant shal-
low mantle melting does not occur beneath Ethiopia (Rooney et 
al., 2011; Ferguson et al., 2013b; Armitage et al., 2015). This is 
because erupted melts have elevated medium REE to heavy REE 
ratios (e.g., Dy/Yb), consistent with melt production in the pres-
ence of the mineral garnet, which is only stable in lherzolite at 
depths � 85 km. The retention of this garnet-field melting signa-
ture suggests that low pressure melting is likely impeded by the 
presence of a > 50 km thick lithospheric lid (e.g., Armitage et al., 
2015). These petrological inferences on melting depths are gener-
ally consistent with Rayleigh wave tomography, which highlights 
a low shear velocity region of melt generation at > 75 km (Gal-
lacher et al., 2016). Given these observations we would expect a 
LAB depth of 60 ± 20 km for both the MER and Afar, which we can 
use as prior distributions (Table 1).

Crystallisation is likely to commence at the base of the crust 
where ascending melts initially pool (Rooney et al., 2005; De-
sissa et al., 2013) before continuing to lower pressures via crustal 
plumbing systems (< 0.5 GPa; Rooney et al., 2005; Field et al., 
2013; Iddon and Edmonds, 2020). Although some crystallisation 
is expected to occur at lithospheric mantle pressures (e.g., Rooney 
et al., 2005), the base of the crust provides a reasonable estimate 
for the earliest onset of crystallisation. Ethiopian crustal thickness 
is well characterised though seismic imaging (e.g., Maguire et al., 
2006; Hammond et al., 2011; Lavayssière et al., 2018) and recent 
MER and Afar crustal thickness estimates of 28 ± 3 km and 23 ± 2
4

Table 1
Table summarising prior distributions and data constraints on our inversions. Refer-
ences as follows: 1. Ferguson et al. (2013b), 2. Armitage et al. (2015), 3. Lavayssière 
et al. (2018), 4. McDonough and Sun (1995), 5. Workman and Hart (2005), 6. Gale 
et al. (2013), 7. Tadesse et al. (2019). The composition KG1 refers to 50:50 DMM:av-
erage MORB.

Prior distributions Boku Volcanic Complex Dabbahu Rift References

LAB depth (km) 60 ± 20 60 ± 20 1, 2
Moho depth (km) 28 ± 3 23 ± 2 3
Lherzolite PM ± 10% PM ± 10% 4
Pyroxenite KG1 ± 10% KG1 ± 10% 5, 6

Data constraints

T primary
crys (◦C) 1426 ± 26 variable (see text) This study

tm (km) 4.5 ± 1.5 13 ± 2 This study; 2
La/Yb 9.70 ± 0.85 2.17 ± 0.07 1, 7
Dy/Yb 7.34 ± 1.93 2.21 ± 0.13 1, 7

km respectively are used as prior distributions for our inversions 
(Table 1).

2.4.2. Melting geometry constraints and igneous thickness
The geometry of the melting region influences both the com-

position and total quantity of melts produced during mantle up-
welling (e.g., Plank and Langmuir, 1992). Melting of the astheno-
spheric mantle beneath Ethiopia during rifting may be driven by 
passive decompression beneath a thinning lithosphere, similar but 
not identical to a mid-ocean ridge environment. While the triangu-
lar geometry that arises from passively driven upwelling probably 
does not capture the true complexity of sub-rift melting, it pro-
vides a means to test how changing mantle temperature and litho-
spheric thickness affects melt production (see Supplementary Ma-
terials for an assessment of the impact of active mantle upwelling). 
Owing to the large scale of the seismic velocity anomaly in the 
sub-rift mantle (Hammond et al., 2013) we believe that modelling 
melting with an alternative plume conduit geometry is inappro-
priate. We also require that the melting mantle must be buoyant 
with respect to ambient mantle otherwise mantle upwelling will 
not be possible (e.g., Shorttle et al., 2014), which effectively limits 
the proportion of pyroxenite in the permitted solutions.

Total crustal thickness in the MER and southern Afar appears 
to be largely maintained until the final stages of continental rifting 
by magmatic intrusion (Bastow and Keir, 2011). Seismic studies of 
the rift-axis crust illustrate that the thickness of the upper crust 
is predominantly affected by rift-related thinning while the lower 
crust remains thick owing to intrusion (Maguire et al., 2006; Ham-
mond et al., 2011). By comparing pre- and post-rift upper and 
lower crust at Dabbahu, Armitage et al. (2015) inferred that the 
Afar crust comprises 11-15 km of magmatic material. Adopting 
their method, we can estimate the thickness of melt (tm) in the 
MER. To do this we use thicknesses of original, unstretched crust 
inferred from the Ethiopian plateau of 21 km for the upper crust 
and 23 km for the lower crust (Maguire et al., 2006) and upper 
and lower crustal thicknesses within the MER near Boku that range 
from 14-17 and 16-20 km respectively (Maguire et al., 2006). This 
gives a stretch factor of 1.2-1.5 and suggests that the lower crust 
comprises 3-6 km of igneous material. We therefore choose tm of 
4.5 ± 1.5 km and 13 ± 2 km for the MER and Afar respectively 
(Table 1).

2.4.3. Rare-earth element ratio constraints
Our inversions can be further constrained by comparing REE 

concentrations from pyMelt to those observed in the Boku and 
Dabbahu basalts (Table 1). The La/Yb and Dy/Yb ratios of the lavas 
are matched to those generated by our model. We use ratios as 
they are less affected by crystal fractionation and accumulation 
than absolute concentrations.
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Fig. 2. A. Al2O3 concentration in olivine as a function of their Fo content for all Ethiopian Rift and Afar samples. Uncertainties of Al2O3 are presented as 2σ error bars; 
uncertainties in Fo are smaller than the marker size. B. Cr2O3 concentration in spinel as a function of estimated Fe2O3/FeOt content for all Ethiopian Rift and Afar samples. 
Fe2O3/FeOt is estimated using the stoichiometric method of Droop (1987). The shaded area shows the calibrated range of the olivine-spinel Al exchange thermometer. C. 
Olivine crystallisation temperature as a function of Ti (per formula unit in spinel). Temperature uncertainties are presented as 2σ as determined from Monte Carlo error 
propagation. The shaded area shows the Ti calibration range of the thermometer (Wan et al., 2008; Coogan et al., 2014).
REE compositions must be established for the two melting 
lithologies in our model. The prior distributions for the lherzo-
lite REE concentrations are defined as normal distributions centred 
on the concentrations of La, Dy, and Yb in the primitive man-
tle (PM; McDonough and Sun, 1995), with a standard deviation 
of 10% of their concentration as reported. We additionally con-
sider the consequences of using lower concentrations for lherzolite 
more typical of the depleted mantle (DMM), which are found to 
yield similar results to PM-composition lherzolite (Supplementary 
Materials). A 50:50 mixture of DMM (Workman and Hart, 2005) 
and average MORB (Gale et al., 2013) is used to approximate the 
REE composition of a KG1-like mixed-lithology pyroxenite. Like our 
lherzolite we allow KG1-composition pyroxenite to vary according 
to a normal distribution with a standard deviation of 10% centred 
on the reported La, Dy, and Yb concentration. Post-inversion, we 
also allow for the possible addition of small-fraction melts from 
destabilisation of metasomatised domains in the Ethiopian litho-
spheric mantle (e.g., Casagli et al., 2017; Rooney et al., 2017), 
which can occur as ascending melts interact with the lithosphere 
(e.g., Rooney et al., 2017) or via lithospheric drip (Furman et al., 
2016). We calculate the composition of a small-fraction (~1%) batch 
melt generated from a source based on xenolith compositions rep-
resentative of the sub-Ethiopian lithospheric mantle (Casagli et al., 
2017, see also Supplementary Materials) and assess whether the 
addition of small volumes of this melt improves the fit to the ob-
served REE ratios. Finally, we modify the absolute concentrations 
of REEs in the final basalt to account for fractional crystallisation 
of olivine in the lithosphere.
5

3. Results

3.1. Olivine and spinel chemistry

Mean olivine and spinel compositions determined by repeat 
analyses are shown in Fig. 2. The complete dataset is presented 
as Supplementary Dataset S2.

Boku and Dabbahu Rift olivines hosting spinel inclusions have 
forsterite (Fo=100 · Mg/(Mg+Fe), in mol%) of Fo76−86. There is 
poor correlation between olivine Fo and Al2O3, especially for our 
Dabbahu dataset. High olivine Al2O3 concentrations are linked to 
higher Tcrys and crystallisation from more primitive melts, there-
fore in the absence of Fe-Mg re-equilibration higher Fo is expected. 
We discuss the implications of possible Fo-Al2O3 decoupling in 
Section 3.2. Olivine Al2O3 does not correlate with P2O5 or TiO2, 
suggesting that Al2O3 uptake is not affected by P-Al or Ti-Al sub-
stitution (Coogan et al., 2014; Jennings et al., 2019).

The compositions of inclusions of spinel are shown in Figs. 2B 
and C. Fe2O3 is estimated from total spinel FeO on a basis of four 
oxygens and should be considered as approximate (Droop, 1987). 
All spinel inclusions fall within the calibrated Cr# and Fe2O3/FeOt

range of the thermometer (Cr# < 0.69 and Fe2O3/FeOt < 0.4 re-
spectively; Fig. 2B). Our spinels are relatively high in Ti and most 
samples exceed the thermometer calibration range of Ti per for-
mula unit (p.f.u.) (< 0.025; Fig. 2C). While uptake of Ti can affect 
the activity coefficients of Al and Cr in spinel, biasing tempera-
tures from high Ti spinels (e.g., Jennings et al., 2019), previous 
Al-exchange studies note that Ti contents < 0.32 Ti p.f.u. do not 
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Fig. 3. Olivine crystallisation temperatures for the Main Ethiopian Rift and Afar presented alongside a global compilation of olivine-spinel Al-exchange crystallisation tempera-
tures from different tectonic settings. A. Al-exchange crystallisation temperatures plotted against olivine Fo, with 2σ error bars. B. Violin plots of crystallisation temperatures. 
Markers show medians, and bars show the interquartile range. The global data has previously been compiled by Matthews et al. (2021) (see Supplementary Materials for a 
list of references).
produce anomalous results (Coogan et al., 2014; Heinonen et al., 
2015; Jennings et al., 2019). All of the spinels used here to calcu-
late Tcrys values have Ti p.f.u. ≤ 0.1 (Fig. 2C).

3.2. Olivine crystallisation temperatures

Our Tcrys results are plotted in Fig. 3. Boku Tcrys range from 
1152 ± 40 ◦C to 1212 ± 40 ◦C with the highest Tcrys recorded 
by the most forsteritic olivine (Fo86). Boku Tcrys and Fo are well-
constrained, with most Tcrys values within mutual uncertainty and 
the majority of olivine-spinel pairs clustering between Fo82−85
and tightly between Fo83.5−84.5. Dabbahu Rift olivine-spinel pairs 
record temperatures from 1166 ± 34 ◦C to 1344 ± 48 ◦C, however, 
there is no clear trend between Fo and Tcrys (Fig. 3), suggesting 
that Fo may have become decoupled from Al by diffusive exchange 
of Mg and Fe with the surrounding magma between crystallisation 
and eruption.

The mean Tcrys of Boku olivines (1177 ± 16 ◦C) is lower than 
that of Dabbahu (1267 ± 43 ◦C). This temperature difference could 
imply that primary magmas at Dabbahu are hotter than Boku, as-
suming that the olivine captured in our sample sets are the first 
to crystallise. If Boku and Dabbahu magmas do crystallise at sim-
ilar temperatures, it is plausible that this difference in mean Tcrys
arises from the under-sampling of crystals that fractionated earlier 
at Boku compared with Dabbahu.

Fig. 3 shows the Tcrys distributions of our Ethiopian samples in 
comparison with those of MORB, Iceland, Hawaii, and LIPs. Boku 
Tcrys are lower than the highest recorded MORB Tcrys (1289 ±
34 ◦C; Matthews et al., 2021) and record a lower median Tcrys
than that of MORB. However, Boku olivines are mostly lower Fo 
than the MORB olivines for which Al-exchange temperatures have 
been obtained. The higher temperature Dabbahu distribution over-
laps with the MORB distribution as well as the plume-influenced 
settings of Iceland and Hawaii. Only the highest temperature Dab-
bahu olivines exceed the highest MORB Tcrys , and are comparable 
with the highest Tcrys recorded from Iceland and Hawaii.

The olivines used in this study are relatively evolved (lower Fo) 
compared to most of those which the Al-exchange thermometer 
has been applied previously (Fig. 3) and are unlikely to be repre-
sentative of the first crystals to form from primary mantle melts, 
6

which are typically Fo∼91 (e.g., Rooney et al., 2005). As our melting 
model predicts olivine Tcrys at the basalt liquidus, we must there-
fore estimate the Tcrys of the first olivine to crystallise from the 
primary mantle melt (T primary

crys ).
Low Fo olivines can develop during fractional crystallisation or 

via diffusive re-equilibration with more evolved melts, for exam-
ple within an interdiffusing mush pile (Thomson and Maclennan, 
2013). Furthermore, pyroxenite-derived melts will crystallise lower 
Fo olivine than lherzolite-derived melts at the same temperatures, 
and progressive mixing of pyroxenite-derived melts into lherzolite-
derived melts will cause the Fo content of crystallising olivine to 
decrease faster than in a pure lherzolite melt (see Supplementary 
Materials for a more detailed description). To estimate T primary

crys
of the first olivine crystallising from a mantle-derived melt we 
must consider these mechanisms, and, if necessary, project back 
to higher Fo and T primary

crys .
Fractional crystallisation models suggest that our Boku olivines 

plausibly lie on liquid line of descent from a primary basalt crys-
tallising only olivine (Supplementary Materials Figure S4). We 
therefore extrapolate Tcrys at low Fo to T primary

crys at high Fo to ob-
tain an estimate for the liquidus temperature of the basalt. To do 
this we use the mean Tcrys of the Fo83.5−84.5 cluster (1175 ± 22◦C) 
as the starting value and the iterative olivine addition projection of 
Matthews et al. (2021), extrapolating to T primary

crys at Fo91 (Fig. 4A); 
Fo91 is selected for continuity with Matthews et al. (2021). This 
yields a T primary

crys value for Boku of 1426 ± 26 ◦C.
The lack of a correlation between Fo and Tcrys in the Dabbahu 

Rift dataset implies that these parameters may have become de-
coupled since initial crystallisation of the olivines. We therefore 
explore three possible scenarios for obtaining a T primary

crys value from 
this data (Fig. 4B-D). One possibility is that these olivines have 
equilibrated their Fo contents with more evolved melts, in which 
case the highest Dabbahu Tcrys values (mean of 1339 ± 22 ◦C) 
represent those closest to the liquidus temperature of the primary 
mantle melt crystallising Fo91 olivine, i.e., Tcrys ≈ T primary

crys (Fig. 4B). 
Alternatively, if heterogeneity from unmixed lherzolite-derived and 
pyroxenite-derived mantle melts has not been removed by the 
time melts begin crystallising, then a range of Fo contents would 



K. Wong, D. Ferguson, S. Matthews et al. Earth and Planetary Science Letters 597 (2022) 117820

Fig. 4. Figure illustrating the iterative olivine addition used to determine primary crystallisation temperatures from temperatures obtained from our dataset. The starting 
temperatures are as follows: A. The mean Tcrys of the Fo83.5−84.5 cluster comprising the highest Fo cluster of points in our Boku dataset, projected to T primary

crys at Fo91; B. the 
mean of the highest Dabbahu Tcrys values, assumed to be T primary

crys ; C. the mean Tcrys of the highest Fo olivines in the Dabbahu dataset projected to T primary
crys ; D. the mean 

Tcrys of the highest Fo cluster at Fo82, projected to T primary
crys . The faded triangular and square markers in the plot are the Boku and Afar Tcrys in our dataset respectively; the 

small bold markers in the plots are datapoints used to calculate Fo and Tcrys means, which are subsequently used to project to T primary
crys at Fo91. The shaded area represents 

the propagated uncertainty of the initial crystallisation temperature estimate. In all cases the uncertainty on mean Tcrys prior to extrapolation is the larger of the standard 
deviation of Tcrys values contributing to the mean, or an uncertainty characteristic of the standard deviation of each individual value. Uncertainty in T primary

crys is determined 
by extrapolation of uncertainty of Tcrys at lower Fo, and uncertainty in estimating T primary

crys is propagated by performing separate inversions for each T primary
crys .
be produced at any given temperature with the highest Fo crystals 
forming from melts closest to the lherzolitic liquid line of descent 
(Matthews et al., 2021). Projecting the mean Tcrys of the two high-
est Fo olivines (1193 ± 34 ◦C) back along this liquid line of descent 
to Fo91 gives a T primary

crys of 1409 ± 40◦C (Fig. 4C). A final possibility 
is that an initial correlation between Fo and Tcrys , which existed 
due to fractional crystallisation, has been distorted by extensive 
re-equilibration to a common Fo value (Thomson and Maclennan, 
2013). In this scenario the mean Fo of an equilibrated olivine pop-
ulation (in this case we use the higher Fo82 cluster) will still lie 
along the initial liquid line of descent and projecting back the 
mean Tcrys should provide a reasonable estimate of T primary

crys . Pro-

jecting the mean Tcrys of the Fo82 cluster to Fo91 gives a T primary
crys

of 1590 ± 33 ◦C (Fig. 4D). These three estimates provide possible 
Tcrys values for the Dabbahu magmas between ∼ 1339-1590 ◦C.

3.3. Inversion results

Our inversion solutions are presented as posterior probability 
distributions in Figs. 5 and 6. The complete collection of parame-
ters describing these posterior distributions are presented in Sup-
plementary Tables S6-9, and inversion outputs are included in Sup-
plementary Dataset S3. Figs. 5A, 6A, 6C and 6E illustrate sections 
through the crust and uppermost mantle, and Figs. 5B, 6B, 6D and 
6F present T p and mantle compositions. REE distributions are also 
illustrated in these figures (concentrations are shown despite in-
verting for ratios to illustrate the fitting between modelled and 
observed basalts). The absolute concentrations of model REE dis-
tributions can differ from those observed in the basalts, which can 
be attributed to differences in true and modelled mantle source 
compositions, the absence of melts not captured in our inversion 
model, fractional crystallisation, or a combination of these, which 
we consider below and in the Supplementary Materials. Selecting a 
mantle with lower concentrations of REEs (but the same La/Yb and 
7

Dy/Yb ratios) will result in a REE trend that falls beneath those we 
model in Figs. 5 and 6.

The REE distributions resulting from our inversions are obtained 
by running forward models of the posterior distribution medians, 
which are overlain on top of sampled forward models deemed 
high-likelihood by the inversion algorithm for comparison. These 
median distributions do not reflect true solutions generated by the
MultiNest inversion or take into account co-variation between dif-
ferent parameters; each solution will have its own combination of 
parameter values. Forward model REE concentrations do not affect 
the calculations but are the results of them, and are ultimately 
controlled by the La/Yb and Dy/Yb constraints in the inversion. 
Also shown in Figs. 5 and 6 is the REE composition of the magma 
following the addition of 5% of a 1% batch lithospheric melt, be-
fore and after correction for fractional crystallisation. The addition 
of lithospheric melt primarily alters the concentrations of lighter 
REEs and can be evaluated via the effect on the fit to the ob-
served La/Yb. As discussed below, this improves the fit between 
the observed and modelled magma compositions, however given 
the uncertainties in, and trade-offs between, the mineralogy and 
composition of lithospheric mantle, melt fraction, and degree of 
melt addition, it is not possible using our method to uniquely con-
strain the extent of lithospheric melting and/or contamination of 
the mantle-derived magmas (see Supplementary Figure S3).

3.3.1. Boku Volcanic Complex
The results of our joint Tcrys-REE inversion for Boku are shown 

in Fig. 5, with T primary
crys of 1426 ± 26 ◦C representing the mean 

Tcrys of the Fo83.5−84.5 cluster projected to Fo91. Our inversion 
returns a median T p of 1500+32

−42
◦
C for a tri-lithology mantle. To 

match both the tm constraint and REE concentration ratios the in-
version favours a LAB depth of ∼ 90 km, which falls outside the 
uncertainty of our prior estimate of 60 ± 20 km, suggesting that 
the majority of forward models trialled with this range of LAB 
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Fig. 5. Posterior distributions for mantle T p , composition, crystallisation depth and lithospheric thickness at the Boku Volcanic Complex, Main Ethiopian Rift. The initial 
olivine Tcrys of the posteriors is the mean Tcrys of Fo83.5−84.5 olivines projected to Tcrys at Fo91. Subfigure A is a vertical section through the uppermost rift crust and mantle 
showing the most likely depths of the Moho and the lithosphere-asthenosphere boundary (LAB) as determined from our inversion. The base of the crust and lithosphere are 
shown as red and black lines with 1σ shaded area respectively. Subfigure B shows the REE distribution of a pyMelt forward model run using the medians of the inversion 
posterior distributions as starting parameters (circles), i.e., T p (given in the subfigure legend), mantle harzburgite and pyroxenite, lithospheric thickness, and crystallisation 
pressure. This median forward model is overlain on 40 sampled high-likelihood forward models. The rare-earth element distribution marked with triangles is the composition 
of the melt upon addition of 5% small-fraction lithospheric melt, and the squares mark the same distribution upon fractionation of 30% olivine. Literature data showing basalt 
rare-earth element concentration ranges from Boku are illustrated as the grey area (Tadesse et al., 2019). All distributions are normalised to PM (McDonough and Sun, 1995). 
The inset ternary plot shows the posterior distributions of acceptable mantle compositions in a space defined by non-melting harzburgite (Hz), PM-composition lherzolite 
(Lz), and KG1-composition (50:50 DMM:average MORB) pyroxenite (Px). The coloured dot in the inset ternary shows the median mantle composition from which the REE 
distribution is derived.
depth fail to match the observed data. The median mantle result-
ing from our inversion is mostly PM-composition lherzolite (~80%), 
with the remainder predominantly harzburgite. The inversion re-
sults share La/Yb and Dy/Yb ratios within uncertainty of observed 
Boku basalts. The effect of introducing small-fraction lithospheric 
melts to our inversion result is therefore minor, but does improve 
the fit to the observed La/Yb. Fractionation of olivine from the pri-
mary magma sufficiently concentrates REEs in the residual melt to 
match observed basalts (Fig. 5).

3.3.2. Dabbahu Rift
Inversion posterior distributions for the Dabbahu Rift (Fig. 6) 

are derived from the three possible T primary
crys values described in 

Section 3.2. All Dabbahu inversions return T p in excess of MORB 
(1508+37

−33
◦
C; 1565+49

−45
◦
C; 1658+41

−45
◦
C), in concordance with an ele-

vated Ethiopian mantle T p . However, the median thickness of the 
lithosphere in all three models is variable, with the lowest T primary

crys
reproducible from a lithosphere < 50 km thick (Figs. 6A, C, E). 
Continued melting to shallower depths in this model (Figs. 6A and 
B) is required to produce sufficient volumes of magma to match 
the tm constraint for Afar (13 ± 2 km) at lower T p , whereas the 
other two models produce these melt volumes with significantly 
elevated T p and a comparatively thicker lithosphere (Figs. 6C-F). 
These three model inversions illustrate a notable trade-off between 
T p and LAB depth. This arises because the La/Yb constraint cannot 
be matched by the inversion and consequently the light REE por-
tion of the modelled distribution deviates significantly from the 
observed values (Figs. 6B, D and F). Extensive melting is required 
to fit tm at Afar, however this has the effect of diluting the REEs 
as melt generation progresses. Dy/Yb is mostly well matched by 
these inversions, and all three models retain the garnet signature 
observed in medium-heavy REEs. The addition of a minor volume 
of lithospheric melt significantly improves the fit to the La/Yb val-
ues (see Supplementary Materials).
8

The inversion with the highest starting T primary
crys of 1590 ±

33 ◦C returns a T p which is ∼ 300 ◦C hotter than ambient mantle 
and over 100 ◦C hotter than the other Dabbahu inversions (Figs. 6E 
and F). In contrast to the cooler models, tm is matched by melting 
a highly harzburgitic mantle, which promotes substantial melting 
of the lherzolitic and pyroxenitic components. Of the three in-
versions, the REE distribution predicted from the medians of this 
model provides the worst fit to the observed trends (Fig. 6F). 
Furthermore, the best-fitting lithospheric thickness is ∼ 90 km, 
thicker even than the lithosphere underlying the Ethiopian and 
Somalian plateaux (Rychert et al., 2012; Lavayssière et al., 2018) 
which is highly unlikely in this mature rift system. We therefore 
conclude that this higher T primary

crys value is unsuitable for Dabbahu 
Rift magmas and the results of this inversion are not included in 
the following discussion.

4. Discussion

The Ethiopian mantle T p of 1500-1550 ◦C suggested from the 
majority of our inversions are in good concordance with previous 
petrological and geophysical estimates (Rooney et al., 2012b; Fer-
guson et al., 2013b; Armitage et al., 2015). Our inversions, given 
the constraints placed upon them, can replicate observed Tcrys , tm , 
and medium-heavy REE distributions within this T p range (Figs. 5
and 6). Mantle T p also appears to be consistent within uncertainty 
throughout the overall Ethiopian rifting region, as the calculated 
T p for the MER (1496+31

−45
◦
C) and Afar (1508+37

−33
◦
C and 1565+49

−45
◦
C) 

cannot be differentiated with confidence despite the differences in 
their model priors. The same conclusion is reached when consid-
ering alternative mantle compositions and active mantle upwelling 
(Supplementary Materials). Variability in magma generation be-
tween the northern MER and central Afar is therefore likely to 
be driven solely by the depth of the LAB and minor variations in 
source lithology.
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Fig. 6. Posterior distributions for mantle T p , composition, crystallisation depth and 
lithospheric thickness at the Dabbahu Rift, Afar. Subfigures A and B show the results 
of inverting from the mean of the highest olivine Tcrys (1339 ± 22 ◦C), subfigures C 
and D the results from projecting the Tcrys of the highest Fo olivines to T primary

crys at 
Fo91 (1409 ± 40 ◦C), subfigures E and F the results from projecting the mean Tcrys

of the highest Fo cluster (Fo82) to T primary
crys at Fo91 (1590 ± 33 ◦C). Figure contents 

are as described in Fig. 5. Literature data showing basalt rare-earth element con-
centrations are illustrated as the grey areas in subfigures B, D and F (Ferguson et 
al., 2013b).

The light REE data from Dabbahu, and to a lesser extent Boku, 
can be more closely matched with a minor addition of small-
fraction lithospheric melts to our modelled mantle-derived mag-
mas (Fig. 6, Supplementary Fig. S3). This occurs despite including 
La/Yb as a constraint, demonstrating that the inversion model pa-
rameters cannot combine to closely match all constraints. The in-
volvement of lithospheric materials in the petrogenesis of these 
9

magmas is supported by observed deficits in K versus other geo-
chemically similar elements in magmas from the MER (Furman, 
2007; Tadesse et al., 2019) and Afar (Ferguson et al., 2013b), which 
can arise due to interactions with K-bearing phases in metasoma-
tised lithospheric mantle (Class and Goldstein, 1997). A detailed 
investigation of this process is beyond the scope of this study, but 
could be investigated in future work.

Our models predict that the lithological composition of the 
mantle under the MER is primarily a mixture of lherzolite and 
non-melting harzburgite (Fig. 5B), the precise proportions of which 
depend on the fusibility and REE composition of the melting 
lithologies selected for our inversions. A lower harzburgite propor-
tion would be favoured if mantle lherzolite is more depleted in 
light REEs than PM, as this could allow lower degrees of lherzolite 
or pyroxenite melting to match observed REE distributions owing 
to a reduced thermal buffering effect (Supplementary Materials). 
Likewise, a high harzburgite proportion could result from compen-
sating for the productivity of our chosen lherzolite and pyroxenite 
melting models (Matthews et al., 2016). In reality, trace element 
enrichment does not necessarily correlate with lithology melt pro-
ductivity, as assumed in our model. In the MER, a more fusible 
mantle component is considered unnecessary to match REE ratios 
and tm (Fig. 5B), however, such a component is required in Afar, 
both to introduce trace element enrichment to the melting mantle 
and to produce a garnet signature at depth. As a further con-
sequence, the permitted compositional range for Afar inversions 
favour a mantle which is much less refractory than the MER. These 
mantle composition solutions form linear trends in compositional 
ternary space (Fig. 6B and D), which is constrained by tm . Compo-
sitional enrichment in the mantle under Afar compared to the MER 
could be linked to the positioning of the Afar plume, the centre of 
which is considered closer to the Dabbahu Rift than Boku based 
on regional variations in basalt radiogenic isotope ratios (Rooney 
et al., 2012a).

There is a notable contrast in the predicted thickness of the 
lithosphere between the two localities. Our MER inversion favours 
a LAB depth of ∼ 90 km (Fig. 5A), in general agreement with geo-
physical observations that mantle melting here occurs at depths 
> 75 km (e.g., Gallacher et al., 2016). As our Afar inversions can-
not match the La/Yb constraint without the addition of lithospheric 
melts, a notable trade-off exists between LAB depth and T p . Afar 
LAB depths are predicted to be lower than the MER (50-70 km; 
Figs. 6A, C, E). For the lowest T primary

crys inversion this isnotably less 
than that estimated by Ferguson et al. (2013b) (> 80 km), who 
used a single lithology peridotite melting model to match observed 
REEs. While both our results and those of (Ferguson et al., 2013b) 
argue for a deep onset of melting beneath Afar due to an ele-
vated mantle T p , the continuation of melting to shallower depths 
beneath a thinner lithospheric lid predicted by our model is nec-
essary to generate enough melt to match the central Afar tm of 
13 ± 2 km, which significantly exceeds that of the MER (4.5 ±
1.5 km). This is required even with the inclusion of a more fusible 
and enriched component in the mantle source, which begins melt-
ing deeper than the lherzolitic component (5-6 GPa; Fig. 7). We 
note that this maximum pressure of melting is also broadly consis-
tent with Rayleigh-wave tomography (Gallacher et al., 2016). The 
lherzolite component begins melting at a lower pressure (3-4 GPa; 
Fig. 7), by which time nearly half of the available pyroxenite has 
melted despite the total mantle melt fraction being only ∼ 3% or 
less (Fig. 7). In this way, the constraints on our inversion (Tcrys , 
La/Yb, Dy/Yb, and tm) can be matched by procuring the REE gar-
net signature at depth through extensive melting of a fusible and 
enriched lithology in an elevated temperature mantle before dilu-
tion of the garnet melting signature, and increasing melt volumes, 
via shallower melting of less productive lithologies. Further enrich-
ment in light REEs can subsequently be achieved through minor 
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Fig. 7. Melt fraction as a function of pressure for Boku (A) and Dabbahu Rift (B and C), calculated using forward models with parameters dictated by inversion posterior 
distribution medians. The Afar forward models use the inversion results for the primary crystallisation temperature of 1339 ± 22 ◦C (B) and 1409 ± 40 ◦C (C). Melt fractions 
are shown for lherzolite (dashed red line), pyroxenite (dotted blue line), and the total mantle (solid black line). The solid green line and green shaded area show the position 
of the posterior median lithosphere with 1σ uncertainty. The faded red and blue lines represent the lherzolite and pyroxenite melting curves of 40 sampled forward models 
respectively.
lithospheric melting. < 70 km LAB depths are not necessarily un-
expected for Afar as geophysical models have returned similar val-
ues (Armitage et al., 2015). The difference in lithospheric thickness 
between the MER and central Afar is consistent with the latter be-
ing at a more-evolved stage of rifting. However, as proposed by 
Bastow and Keir (2011) and Ferguson et al. (2013b), significant 
lithospheric thinning still appears to be necessary at the Dabbahu 
Rift before plate rupture and the onset of true oceanic spreading.

Fig. 8 compares the T p values from our inversions to T p from 
other locations that have been determined using the same ap-
proach and melting models (Matthews et al., 2021). The median 
T p of the Ethiopian mantle is hotter than the Siqueiros MORB-
source mantle (1364 ± 23 ◦C), and overlaps with the T p posterior 
distributions of other plume-influenced settings such as Iceland 
and Hawaii. The Ethiopian mantle under Afar is also expected to 
have a greater proportion of a more enriched melting lithologi-
cal component than the MORB-source mantle, similar perhaps to 
that of Iceland (Matthews et al., 2016, 2021). To constrain this fur-
ther, future work on primitive Ethiopian basalts, melt inclusions, 
or xenoliths will be necessary to identify compositional variations 
in parental basalts attributable to a lithologically hetereogenous 
source mantle (e.g., Shorttle et al., 2014). Likewise, new informa-
tion on the storage conditions of olivines at the Dabbahu rift will 
contribute to a better estimate of T primary

crys , which will enable bet-
ter constrained estimates of mantle T p .

5. Conclusions

Previous geophysical observations of the MER and Afar mantle 
suggest that mantle temperatures are elevated, and melting in the 
rift occurs at depth. Through olivine-spinel Al-exchange thermom-
etry we obtain new petrological olivine crystallisation tempera-
tures for the MER and Afar, with means of 1176 ± 16 ◦C and 1263 
± 43 ◦C respectively. Extrapolation of Tcrys from low Fo olivines 
to T primary

crys at which olivines in equilibrium with mantle-derived 
melts are likely to crystallise, when combined with a model of 
mantle melting and observed basalt REE concentrations, forms the 
basis for inversion of mantle temperature and lithology. Our mod-
10
els reproduce observed crystallisation temperatures and REE con-
centrations with elevated mantle temperatures that are consistent 
across Ethiopia (1496+31

−45
◦
C at Boku; 1508+37

−33
◦
C and 1565+49

−45
◦
C at 

Afar depending on T primary
crys ).

The primary differences between the two rift locations are 
lithospheric thickness and possibly mantle composition. Litho-
spheric thickness is estimated to be ∼ 90 km at the MER but ≤
70 km at Afar. The primary observed consequence of this litho-
spheric thinning is the thicknesses of intruded melt present at 
these two locations, and can be attributed to a more evolved rift 
system in Afar. Compositionally, the MER mantle is predicted to 
contain a lower fraction of more enriched lithologies than the Afar 
mantle (Figs. 5 and 6). Garnet signatures observed in REE distri-
butions from rift basalts from both these localities are expected 
to be influenced by melting of enriched lithologies at depth, with 
small-fraction lithospheric melts possibly contributing to light REE 
concentrations as asthenospheric melts leave the convecting man-
tle. The presence of enriched asthenospheric lithologies can possi-
bly be attributed to the positioning of a large-scale plume centred 
on Afar (Rooney et al., 2012a). This compositional difference also 
contributes to the differences in melt thickness between the two 
locations. Our results demonstrate that, while elevated relative to 
mid-ocean ridges, there are no significant mantle temperature vari-
ations across the rifting Ethiopian mantle and that variability in 
rift-related melt generation between the northern MER and in cen-
tral Afar can be attributed to differences in mantle composition 
and rift geodynamics.
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Fig. 8. Violin plots of potential temperature determined through inversion of pyMelt. The Afar temperature distributions are the inversion results for primary crystallisation 
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