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[1] The temporal evolution of the mantle melting processes in the Asal Rift is evaluated from the
chemical composition of 56 new lava flows sampled along 10 km of the rift axis and 9 km off-axis
(i.e., erupted within the last 620 kyr). Petrological and primary geochemical results show that most of
the samples of the inner floor of the Asal Rift are affected by plagioclase accumulation. Trace
element ratios and major element compositions corrected for mineral accumulation and crystallization
show a symmetric pattern relative to the rift axis and preserved a clear signal of mantle melting depth
variations. While FeO, Feg(, Zr/Y, and (Dy/Yb)y decrease from the rift shoulders to the rift axis,
Si0O,, Na/Ti, Lu/Hf increase and Na,O and Nag, are constant across the rift. These variations are
qualitatively consistent with shallow melting beneath the rift axis and deeper melting for off-axis lava
flows. Nag o and Feg contents show that beneath the rift axis, melting paths are shallow, from 81 *+ 4
to 43 =5 km. These melting paths are consistent with adiabatic melting in normal-temperature fertile
asthenosphere, beneath an extensively thinned mantle lithosphere. On the contrary, melting on the rift
shoulders (from 107 =7 to 67 =8 km) occurred beneath thicker lithosphere, requiring a mantle
solidus temperature 100 =40°C hotter. In this geodynamic environment, the calculated rate of
lithospheric thinning appears to be 4.0 =2.0 cm yr ', a value close to the mean spreading rate
(2.9+0.2 cm yr ') over the last 620 kyr.
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1. Introduction

[2] From continental rifting to seafloor spreading,
the continental crust is progressively modified by
magmatism. Although substantial progress has
been made on petrology and geochemistry of con-
tinental basalts [e.g., Fram et al., 1998; DePaolo
and Daley, 2000; Wang et al., 2002], the tempera-
ture and pressure conditions of melting that lead to
magmatism during this process are still poorly
constrained [e.g., Bastow and Keir, 2011]. The
reasons are that the genesis and evolution of conti-
nental basalts are due to many other factors, which
can be difficult to decipher. For example, crustal
contributions may partially or completely mask
the composition of magma that is formed in the
mantle [e.g., Glazner et al., 1991; Glazner and
Farmer, 1992] and even without crustal contami-
nation, there is a debate concerning the role of
mantle plume [e.g., Bradshaw et al., 1993; Par-
sons et al., 1994] and lithospheric versus astheno-
spheric mantle in the basalt genesis [e.g., Dungan
et al., 1986; Kempton et al, 1991; DePaolo and
Daley, 2000]. Moreover, because of the absence of
glasses and the rarity of aphyric rock samples, it is
also necessary to use whole rock data. The prob-
lem is that the presence in the whole-rock of phe-
nocrysts that are out of equilibrium with their host
melt modifies the chemical composition of sam-
ples and lead to uncertainty in the interpretation of
the major elements.

[3] The East African Rift System is a classic
example of continental breakup, where the defor-
mation of the continental crust is located along
magmatic segments [e.g., Manighetti et al., 1998;
Manighetti et al., 2001; Doubre et al., 2007a,
2007b; Ebinger et al., 2008; Ferguson et al.,
2013]. The central Main Ethiopian Rift marks the
transition between rifting of thick continental crust
in the southern and central East African Rift Sys-
tem and incipient seafloor spreading in the north-
ern Afar, into the Afar Depression [e.g., Hayward
and Ebinger, 1996; Rooney et al., 2007]. The
broad range of lithologies for potential crustal
assimilants has prompted the application of multi-
ple petrographic and geochemical (e.g., Ce/Pb,

Ti/Yb, K/P, La/Nb, Sr, Nd, Hf, and Pb isotopes)
indicators of crustal contamination. For instance,
the relationships between Sr-Nd isotopic ratios
and K/P and Ti/YD ratios have been used to assess
the role of crustal contamination in lavas from the
Afar depression [Deniel et al.,1994; Barrat et al.,
1990; Vigier et al., 1999; Hart et al. 1989; Schil-
ling et al., 1992; Rooney et al., 2012a]. Most of
the analyzed basalts have low K/P ratios (<5) and
there are no correlations between these ratios and
the Sr and Nd isotopic ratios suggesting the ab-
sence of significant silicic crustal contamination.
Furthermore, the contribution of the upper mantle
asthenosphere (mid-ocean ridge basalt (MORB)-
like source) is best recognized in the young lavas
(<4 Ma), particularly in the Tadjoura area and the
Asal Rift (3—0 Ma), where Hf-Pb data have affinity
to, and overlap with, the East Sheba Ridge (Aden
Ridge) data and has Indian Ocean-like Hf and Pb
isotope signatures [Rooney et al., 2012a). However
it has been shown that these lava flows exhibit val-
ues consistent with mixing between Afar plume
and regional lithospheric mantle [Schilling et al.,
1992; Rooney et al., 2012a, Rooney et al., 2013].

[4] These geochemical data suggest that the major
element composition of the recent basalts (<1 Ma)
from the Gulf of Tadjoura and the Asal Rift can be
used confidently to constrain mantle melting
processes.

[s] As shown elsewhere [e.g., Klein and Lang-
muir, 1987; Klein and Langmuir, 1989 ; Langmuir
et al., 1992; Lee et al., 2009], major element data
can be quantitatively linked to the extent of melt-
ing (Fcan), the initial and final pressures of melt-
ing (P and Pg), mantle temperature and crustal
thickness (h.). For instance, increasing F,,.., has
the main effect of lowering Na,O in the melt
(Na,O behaves as an incompatible element during
mantle melting). FeO varies largely as a function
of Py with relatively small variations as a function
of F. Thus, Na and Fe contents of the mantle melts
provide constraints on the final depth of melting Py
(from Na,O, which reflects F .., and therefore
Py—Py), on the initial depth of melting (Py) and
thus, on the solidus temperature (from FeO). The
petrologically constrained crustal thickness can
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a) Passive

b) Melting terminating at depth

(Feyo = 10.0, Nay, = 1.7, F = 12.5 %, he = 10.5 km, P = 12.7 kb) km  P(kb) (Fey, =10.0, Na,, = 2.2, F =10 %, he = 5 km, P = 21 kb)
00 — ‘ =
25.00 % 4.4 kb 124% 4.4 kb
18.75 % 10.6 kb {30 =10 10.6 kb
12.50 % 16.9kb 12.4% 17kb
60 +- 20
6.25 % 23.1 kb 6.2 % 10.8 kb
0% 29.4 kb 9 L 29.4 kb
° Solidus Sl O Solidus .
RMC [ 11 RMC
Figure 1. Models for passive (standard model) and melting terminating at depth (modified from Langmuir

et al. [1992]). All melting regimes are drawn to scale, where 1 kbar is equal to 3 km of mantle or 3.3 km of
crust, and is 1.2% kbar™'. The mean properties of the steady state ocean crust generated by each melting regime
are given, and may be calculated from residual mantle column (RMC). Fycan: With mean in subscript characters
is the mean extent of melting, P..,: With mean in subscript characters. is the mean pressure of melting, h, is
crustal thickness, and F,,,« is the maximum amount of melting in the melting regime. (a) The passive model is
for equilibrium melting and complete melt focusing. (b) The melting regime beneath thick lithosphere is com-
pressed by a freezing front. FeO corrected for fractional crystallization at 8% MgO (Feg ) is identical in both
cases (10%) but because the melting column is shorter in melting regime terminating at depth, the Nag content
is larger (2.2%) compared to the standard model (1.7%). Indeed, the petrologically constrained crustal thickness

is thicker in the standard case (10.5 km) relative to the melting regime ceasing at depth (5 km).

be then compared to geophysical observations
and the mantle flow regime can be determined
(standard model versus melting terminating at
depth for instance). In Figure 1, FeO corrected
for fractional crystallization at 8% MgO (Feg)
is identical in both cases (10%) but because the
melting column is shorter in the melting regime
terminating at depth, the Nag, content is larger
(2.2%) compared to the standard model (1.7%).
Indeed, the petrologically constrained crustal
thickness is thicker in the standard case (10.5
km) relative to the melting regime ceasing at
depth (5 km).

[6] The present study focuses on the conditions of
melting that lead to magmatism during continental
rifting through the example of the Asal Rift. Our
study area covers 12 km of the rift (Figure 2), out
of 9 km from the axis (that is to an equivalent age
of about 620 kyr). Spatial petrological and geo-
chemical studies of the rift, which is easily acces-
sible to field observations, give us the opportunity
to constrain the magmatic evolution during the
rifting process based on 56 new lava flows
sampled in this area. The key questions we try to
solve are as follows: How large are mantle tem-
perature variations beneath the rift and at what
depth does the mantle cease to melt? Which melt-
ing conditions are required to fit both petrological
and geophysical data using a ‘“normal” mantle
composition? These constrains are useful to illus-
trate the mantle thermal state beneath a newly
fragmented continent.

[7] In the following, we will first use major ele-
ment composition of basalts corrected for mineral
accumulation and for crystallization to estimate
the temporal variations of the initial and final pres-
sures and temperatures of melting. Subsequently,
trace elements ratios insensitive to phenocrysts
accumulation and crystallization are used to test the
results obtained from the major element approach.
Finally, we propose a “petrologically constrained
lithospheric thickness” and deduce the rate of litho-
spheric thinning in the studied area.

2. Geological and Geophysical
Constraints

[s] The Afar depression is a unique area where the
transition between continental and oceanic rifting
is working and observable. This area is stretched
by the separation of the Africa and Arabia plate,
whose boundaries correspond to the Aden and Red
Sea Ridge (Figure 2a). The Africa-Arabia separa-
tion was initiated 30 Myr ago [e.g., Hofimann et
al., 1997; Courtillot et al., 1999] by the activity of
a mantle plume leading to intraplate volcanism
[e.g., Schilling, 1973 ; White and McKenzie, 1989;
Marty et al., 1993; Deniel et al., 1994; Courtillot
et al., 1999]. The Afar area is characterized by
active rifting taking place along several discon-
nected rift segments propagating on land (Figure
2a) [e.g., Varet and Gasse, 1978; Courtillot,
1980; Manighetti et al., 1998].
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Figure 2.

(Ardoukoba)

(a) Geological map of the emerged part of the Asal Rift [Stieltjes, 1980] combined to IGN,

ASTER, and SRTM DEM. K/Ar ages of basaltic lava flows are from Manighetti et al. [1998]. Letters corre-
spond to the name of the major border faults from Manighetti et al. [2001]. Inset shows regional tectonic set-
tings where the arrows represent the rift segments and indicate the direction of propagation: MI, Manda
Inakir; AG, Asal-Ghoubbet; T, Tadjoura; EA, Erta Ale; TA, Tat’Ali; AL, Alayta; MH, Manda Hararo; MH-
G, Manda Hararo-Goba’ad. Modified from Manighetti et al. [2001]. (b) Sample location across the Asal Rift.
Black and white dots, respectively, correspond to the samples collected on the shoulders and on the inner floor

of the rift.

[s] The Asal Rift (Figure 2) is the first emergent
segment of the Aden Ridge, which propagates
westward on land into the Afar depression (Figure
2a) [Manighetti et al., 1998]. With a ~40 km
length, whose 15 km are emerged between the
Ghoubbet Bay and Lake Asal, it currently opens at
1.6+0.1 cm yr ' in the N40° + 5°E direction
(Figure 2) [Ruegg and Kasser, 1987; Vigny et al.,
2007]. The Asal Rift evolution starts after the
injection of rhyolitic domes through NW-SE
faults, around 1 Ma. This silicic volcanism can be
related to the emplacement of the Aden Ridge
propagator [Lahitte et al., 2003]. Around 852 = 85
kyr, the rhyolite domes were covered by the Gulf
basalts series (Figure 2a), which have been inter-
preted as deriving from fissural eruptions associ-
ated with incipient rifting [Richard, 1979]. These
Gulf basalts series started to erupt 853 =35 kyr
and ended with a hyaloclastite eruption episode
326 = 15 kyr ago (Figure 2a). On either side of the
Asal Rift, the youngest basalts of theses series are
bound or offset by faults, which delimit the Cen-
tral series (Figure 2a). This magmatic episode
filled the rift between 300 and 50 kyr from a

central volcano, the Fieale [Manighetti et al.,
1998]. Whereas basaltic flows older than 150 £ 15
kyr have apparently spread astride the rift zone,
flows younger than 87 = 29 kyr abut fault scarps
and therefore tend to have concentrated near the
rift axis [De Chabalier and Avouac, 1994]. After
90 kyr, magmatic activity decreased and border
faults, which are currently observed, started to
grow. The geometry of the modern rift began with
the development of normal faults on either side of
the new inner floor [Manighetti et al., 1998 ; Pin-
zuti et al., 2010]. Later, the axial series erupted
from small volcanic edifices aligned along erup-
tive fissures in the inner floor. The latest volcanic
event occurred at the northwestern tip of the vol-
canic ridge in 1978 (Ardoukoba volcano, Figures
2a and 2b).

[10] Mechanical stretching models [e.g., [Dunbar
and Sawyer, 1989; Lin and Parmentier, 1990] have
been previously proposed to explain the long-term
evolution of the Asal Rift. However, recent study
[Pinzuti et al., 2010] shows that this evolution could
be related to localized magma intrusion at depth.
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While the crustal thickness outside of the Asal Rift
is about 20-25 km [Hammond et al. 2011], deep
seismic sounding [Ruegg, 1975] and others geo-
physical approaches give crustal thickness beneath
the rift of ~5 km [Tarantola et al., 1980; Lépine
and Hirn, 1992; De Chabalier and Avouac, 1994 ;
Doubre et al., 2007a, 2007b], the first 500 m near
the rift axis corresponding to the basalts flooded
since ~1 Myr [Demange and Puvilland, 1993].

[11] Deep structure of the Afar depression is con-
strained by seismic refraction and seismological
data [Ruegg, 1975 ; Berckhemer et al, 1975; Makris
and Ginsburg, 1987; Knox et al, 1998; Nyblade
et al, 2000; Rychert et al. 2012]. Knox and et al.
[1998] localized a pronounced negative S wave ve-
locity gradient beneath Afar Depression between
60 and 110 km, which is characteristic of the upper
mantle. From seismic refraction studies, Ruegg
[1975] estimates that the lithosphere-astenosphere
boundary at the both side of the Aden Ridge is
located to a depth of 58 km and rises up to 45 km at
100 km of ridge axis (profiles 01 and 06).

3. Data Acquisition and Laboratory
Work

3.1. Chemical Analyses

[12] We sampled 56 new basaltic lava flows across
the Asal Rift during a field trip organized in 2000.
The major and trace element compositions of each
sample (Tables SI1-SI4) were measured from small
volume of rock (~few cm?), which were prelimi-
narily powdered using agate mortar and 90° alcohol.
The major element compositions were measured by
Inductively Coupled Plasma Atomic Emission
Spectrometer and the trace elements were deter-
mined by Inductively Coupled Plasma Mass Spec-
trometry at Centre de Recherches Pétrographiques
et Géochimiques (CRPG-CNRS Nancy-France).
Measurement uncertainties are: AlL,O; < 1%, SiO,
< 1%, FeO < 2%, MgO < 2%, CaO < 2%, Na,O
< 5%, TiO, < 5%, P,0s < 10%, K0 < 2%,
MnO < 5%, and < 5% for trace elements.

[13] To observe detailed mineral assemblages
from microscope, we make thin sections of sam-
ples at the Laboratoire de Planétologie and
Géodynamique de Nantes (France). From 12 of
these thin sections, we analyzed the major chemi-
cal composition of mineral phenocrysts from
Microprobe (CAMECA SX 100) at the Institut de
Physique du Globe de Paris-CAMPARIS (France).
Average major chemical composition of ground-

mass of six samples were also analyzed from
Scanning Electron Microspcopy (SEM) (JEOL
7600F and JEOL 5800LV) at the Institut des
Matériaux Jean Rouxel (Nantes, France). All min-
eralogical descriptions are given in the supporting
information (see Figures SI1-SI38 and Tables
SI5-SI8).!

3.2. Mineral Accumulation Correction

[14] Because a large part of the Asal Rift samples
is affected by mineral accumulation, we corrected
the whole-rock composition of the samples from
modal abundances and chemical composition of
phenocryst phases using simple mass balance cal-
culations. We used two different procedures based
on modal analysis and phase identification, both
from digital photographs and scanned images of
thin section. These quantitative modal analyses are
based on the calculation of the area occupied by
individual minerals on an image, groundmass and
porosity normalized to the total thin section area.
The main assumption of these approaches is that
the mineral abundance is related to the percentage
of the area it occupies, assuming that there is a
direct relation with the volume percent [e.g.,
Petruk, 1989].

[15] The first procedure is based on the analyses of
20 thin sections using a binocular polarizing
microscope combined with a CANON EOS 350D.
For each thin section, we realized a mozaic of pic-
tures under plane-polarized light (Figures SI1-SI38),
using Autopanogiga© software. In this configuration,
the color of olivine and clinopyroxene is light brown,
iron and titan oxides are black, but unfortunately, pla-
gioclases and vesicles filled of resin appear white.
Consequently, to separate these two phases, we also
realized five mozaics for each thin section in cross
polarized from a series of pictures taken every 30°,
from 0° to 150°. Using image2003© software [Lau-
neau and Robin, 1996], we then applied to each set
of mozaic a Fourier series decomposition to extract
an ellipse from the second optical component. The
result corresponds to an image, where each mineral
phase has a maximum intensity and the vesicles
always appear black.

[16] From the plane-polarized light and Fourier
panoramas, it is then straightforward to select and
assign to each phase a separate color combining
them in one over layer using Image2003 and/or
Adobe Photoshop CS3© software. From the final

'Additional supporting information may be found in the
online version of this article.
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mineral maps, a first abundance of each phase is
estimated as the ratio of the pixel number of the
assigned color divided by the size of the picture in
pixels, using Image2003 software. At last, the final
mineral abundance of each mineral phase (Tables
SI1 and SI2) is calculated by normalizing the first
estimation by the porosity.

[17] The remaining dataset was analyzed using
scanned images of thin section from Epson
Expression 10,000XL scanner. Each thin section
was scanned as negative film, first under naturel
light, and second between two polarizing films.
Mappings of the thin sections were realized from
this couple of scanned images. The main differ-
ence with the first approach is that the phenocrysts
presented on the polarized images do not show
maximum intensity. Consequently, to clearly sepa-
rate plagioclases and porosity filled of resin, it is
sometimes necessary to verify the mapping of the
thin section with a binocular polarizing micro-
scope. The procedure is less convenient than the
first one, but is still faster because several thin sec-
tions can be scanned together.

4. Age/Distance Relationship in the
Asal Rift

[18] Since this study deals with temporal variation
of basalts chemistry, we need to check precisely
the relationship between geochronological ages of
samples and their distances to the active rift axis.
In order to test this relationship, we used K-Ar age
(Figure 2a) published in Manighetti et al. [1998].
K-Ar age (Figure 2a) versus distance to the rift
axis for 10 flows from the northern and southern
shoulders of the Asal Rift is plotted in Figure SI39
(see supporting information). The distances from
the rift axis are calculated from the projection of
the sample location along the N43°E direction
(Figures 2 and SI39). This direction is consistent
with the azimuth opening direction of the Asal
Rift and corresponds to the perpendicular of the
rift axis, which is defined as the line passing
through the caldera of the Fieale volcano and
through the axial volcanic chains located in the
central part of the inner floor (Figure 2a).

[19] The linear correlation between K-Ar ages and
distance to the axial rift [e.g., De Chabalier and
Avouac, 1994; Ferguson et al., 2013] defines a
mean spreading rate of 2.9 = 0.2 cm yr . How-
ever, anomalous young age for one sample outside
the rift indicate an off-axis volcanism on the north-

ern shoulder and suggest that eruptions occurred
66 kyr ago within a zone 3 km wide (subrift Dan-
kalelo, Figures 2a and 2b) [Manighetti et al.,
1998]. If this data set is statistically significant for
the studied area, we can use the distance of sam-
ples to the rift axis as a proxy for their geochrono-
logical ages. The calculated extension rate
(29+02 cm yr ') is higher than the current
value obtained from Global Positioning System
measurements (1.6 0.1 cm yr ') [Ruegg and
Kasser, 1987; Vigny et al., 2007] but is close to
the long-term spreading rate for the studied area
[De Chabalier and Avouac, 1994]. In the follow-
ing, the data are projected along the line perpen-
dicular to the rift axis (distance of samples from
the rift axis and calculated ages are related by Dis-
tance =29 Age, with distance in km and ages in
kyr (Table 1). We organized the samples in two
groups, from the rift axis distance. The first group
corresponds to the samples from the Gulf Basalt
and Central series (group B), and the second one
includes the samples from the axial series, which
characterized the inner floor of the Asal Rift
(group A). This inner floor is delimitated by the
Southern (faults H, F, D) and Northern (faults a1,
a2, a3) border fault systems (Figure 2a). Its width
ranges from ~2 km at the Fieale caldera to more
than 5 km near the Lake Asal (Figure 2). For our
study, we used a mean width of 4100 m, which is
the best estimate that characterized most of the
samples from the axial series (Figure 2).

5. Evidence for Plagioclase
Accumulation

5.1. Petrological Observations

[20] Petrological analysis shows that most of the
Asal Rift lava flows correspond to high vesicular
basalts. Most samples of the rift shoulders (~64%)
have an aphyric texture. The majority of the lava
flows of the inner floor (~75%) correspond to
porphyritic basalts with plagioclase megacrysts
(~8% to ~54%), olivine (~0.1% to ~6%) and
clinopyroxene (~5%) in lesser proportion. Microp-
robe analyses reveal that the majority of these min-
eral phases have a close chemical composition from
one sample to the other one (Tables SIS—SI7).

[21] The plagioclase megacrysts correspond to
Bytownite (An;e_gg; Table SI5) with a size that
can reach 1 cm (Figure SI40A), which is unusual
in eruptive rocks. A few part of plagioclase crys-
tals are subeuhedral, but the majority of them

2937



o~
oo
5 vUTIT  CO'IL 60°S 4! 90°€C [4)3 601°0 9Iv'L 889°C 88S°S ¥T'e 6601 dq S91v 996511 9tLy' Ty 864V
%w SO9LT  9L9L  00°S 4! £8'7C 8L'LE 0r1°0 91’1 ¥99°C 86¢°S sTe LTTL q So1y 996511 9Tey' Ty LSAV
2 61'CCl  LSV8 (454 Il 6v'LT L96¢ Lo Ser'l 659°C 680°S YeT 0911 dq 99¢s 98LST1 ILEY'TY 964V
Q v8eEl €816 L8V It €L°0¢ 19°¢y 801°0 y9¢1 Vet 98¥°S 0€C el q £€€9 LSS 99y Ty ySdv
S 9v'8CL  90°S6 (453 0l 6L°0¢ oL’ 1v 0r1°0 8¢€¢1 LIv'T 8¢S'S 8¥'C L6'T1 dq L009 L9TSTI 0s8¥"¢y €64V
M 9T¥01 €695 L89 €l [4AR]! 80¥¢ Lo 0€S’1 8944 S09°¢ ¥0°C 6501 dq £8¢T 611911 Sr0STy 164V
- 68°€6  9L'ES 489 4! Ll 95°0¢ 801°0 Loyl L99C 199°¢ YTe 90701 dq L89C S619°11 008y 054V
0TLIT  €€8L  06F ! 9¢°SC y1'8¢ 901°0 9yl 61¥'C 08¢°S LTT el dq 9LTT [430N0! 910§y 6vAv
[s7101  2Tv9  09% Il ¥L0C €0°¢e SO1°0 AL 96T €69°S [4%4 LY01 dq 988¢ 86£9°11 Ovev Ty 8vdV
EILIT  68°¢8 (433 01 cl'Le 11°8¢ 901°0 18¢°1 9°C €29°¢ 8¥'C YeTl q 65¢y 05911 8916y LydV
Y296 09°SS SI's 4! 1181 6C'1¢ Lo v8¢1 1L9C 0IL’S €CC 81°01 dq ey 8LI9TIL Eves Ty ovdv
08°€el 06’101  CS'¢ 0l 90°€€ ey 101°0 Sl L9¢C 988°C 9¢C 9cCl dq 1€¢S 719711 LOYS'TY vrdv
= 98Il Tri8 wv I yE€9C 69°LE S01°0 ozl 89LC Slv's 44 LTI dq €LT9 L919T1 90sS°Cy €vdvV
m °e801 9¢°SL €8¢ 01 6T¥C 8T'SE LOT°0 (U3l €16'C 16T's 8¥'C 98°01 dq 9¢19 PSI9'T1 8165y wdav
2 €roor  6LT9 W9V Il §T0t 19°ce 801°0 9Iv'L 1€9°C 10¢°s 1ee 0¥°01 dq 9S19 PSI9'T1 8165y AV
3 0L’L6  61'S9 LL'E 0l L6°0C €8°1¢ [11°0 [43 1 LLET YLTS 6v'C LT01 dq secy 16€S°T1 Svov'ty Y04V
M LT06  TTPE 188 4 0€°01 56T vI1'0 90v'L €L0°C 8Ly 'l 08°6 d 05€T €C9S°11 wsov'Ty €04V
& 08601  $6'89 1cs 4! 1¥'cc 89°6¢ €Iro ory'1 901°¢ 1.8V e 16°01 q €0CC 1696711 184444 04V
= 00°0 + €1°0 10°0 +6T'T 0T°0+9I'€ 0LI'0+T9F 90°0 + SE€T 1T°0 + I¥°6 v UBIAl
g 98 S6'Ly 0r'y It ISl 88'9¢ 1210 L8T'1 ¥99°C 986 we 6 \4 1601 868S°T1 898Y' Y LLAV
g 8'¢L  S9CE 9IS Il LEOI 80'¥C 9¢1'0 6LT'1 YLY'€ 4484 €T 968 v 1€0T 906511 [4:aad 994V
= 18 L80Y LTS 1! el 16°9¢ evio €901 0¥6'¢c 091 9C'¢ LE6 v 823! 026511 CELY'TY So4dV
z 80°8L  LO9Y 19°¢ 0l [4:4! 6£°ST 9¢1'0 veCTl orle 69¢Y T 816 v 0991 068S°T1 0SLY' Ty ¥94V
m yeEv8  8v'6b 9V 8! 98°¢1 LT 9¢1'0 65Tl 0sL'e 9LV Iv'C €576 v PeLL 98811 [LLY'TY €94V
. geseL  II'ce 088 €l 6L’S 09T 611°0 ovel LLST LY T YT6 v S991 618511 8C8Y'TY 94V
) S88L  TSYY 0% It 0yl 99°¢t £¢1°0 0LT'T 00L'C o'y Sv'e €C6 v 8SL LY8ST1 ocevcy 094V
& w80l LLTL vy I §See 9T S¢e ¢Lro 00%'L 61¢€C LS9y 6£C 98°01 v 6LVl LO6STIT LSISTY [4%:04
m 0996 ¥S'LI 00'8 €l 99°¢ yove €€1°0 18C'1 LLEE Y09'v ¥0°C 968 v LLT €919°11 L69Y TV yedv
= 7868  £8'SS €6'¢ 0l <081 16t 6C1°0 99C’'1 186'C L'y i €86 v €8¢ 991911 80LY' Ty €edv
= 9€96 L6799 0T’¢ 01 61T Pe1e o L1 [44 03 689% T 6101 v 80¢ 0919°11 SILY' Ty 1€dV
L L69L  £T8¢ wy I [4%4! 90°ST y1'o v0E'1 Sv9°¢ Wiy yeT [4%¢ v wl LTI9TL CELY'TY 0€dV
< 06'€L  9I'ce 80°S It S0l 0rve 8¢1°0 0LT'T 98t'¢ 9eey [4%4 968 v L9 680911 YoLY Ty 9tV
5 06 LTSS 6l'v I 6L°L1 Sv'6C 6v1'0 LST'T Yor'E wey Iv'c L86 v LS 680911 YLV Ty 404
= 9L'€8  8T'LE 179 4! (144! 9T’LT (43N0 89C'1 £66°¢ ey [4%4 6v'6 v 0 6909°11 LLLY'TY €V
S SLT8 9Ty 98% Il eyl 86'9C Sero L8T'L 8¥6'C 0L8V 0€¢ Sv'6 v 6 9v09°11 SI8Y' Ty 0TV
Z 0sCL  §S9T SL'S 4! 988 ¥9°€C SET0 88C'1 €16'¢ 6LEY yTe 888 v 8 €C09°11 6¢8Y' Ty 814V
= 0TC6  €L9S STy Il LT8I ¢0°0¢ 6v1°0 0LTT 80L°¢ 69CY 6£°C L6'6 v 8 Cro91tL 6£8Y'CY LAV
0C'¢e8 18°0% 'S 4! 6Cel 80°LT €Cro 86¢'1 6SL'C L9y 1ce I'6 v 891 LT6S'T1 LS6Y' Ty 91dv
e €96  €8°¢9 LL'E 0l £5°0¢ 8CIE €€1°0 SoT’l 888'¢ LTv'y 8¥'C [t v 09¢ 8C6ST1 [4:{\ a4 S1dV
( _,Iv 1866  S6'VS 6l'¢ 4! [6°L1 SI'ie yero [1e1 8YCT'¢ lev'v e 9101 \4 (441! e8SI1 S88Y' Ty Y14V
e ¢8eL  TITE 9C¢S I 001 80'¥C Icro 8¢€¢1 Yere 0L8v 60T 968 v (447! PESSTTI G881ty 404
kT @ m €168 996 L9€ 01 LTI L6'8C 911°0 16Tl 89LC ¥80°C IsC 6L'6 v 00L 9¢sSTl LTSy 01dv
£E29 0008  €L'1¥ SLY I 9¢°€l L0'9T €C10 6LT'1 L8L'T w68y (44 0€'6 v 339 L88STIL v20s Ty 804V
-m..m/.m, 1S°6S  v6'Sl 19°L 4! 148 LEET SeIo 9te’l SYL'C 608% 0re 088 v £€6 [L9G°TI 1605y LOAV
g m.m S0'€9  0T8C  L8E 0l 088 £5°0¢ vEro &'l SeT'E YsSv 09°C 9¢8 4 6Cl1 109611 (44844 904V
&&& SETL  L9YE (494 8! ¥6°01 65°€C SET0 ySTl £evee LTSy we 888 v y191 LTSSTI 8S1S°TY S04V
" A 90°€L  888¢ LL'E 0l S9°Cl SL'E€T 0210 9te’l 9LLT 6S1°S ¥$'C 16’8 v LSET [SLSTT Svor' Ty 104V

(o)) “q (o)) !q (W) °q (%) "1 (eqy)/qg (') °q  JH/MT NQA/AQ)  JIL/AEN APZ (%) 0N (%) .9%0d uoneooT (w)eouelsiq (,) opmne] () opmuSuoT (] o[dwes

LUOTIB[UINDOY [RISUIIA 0] PAOOLI0)) YN [eSY 2} JO sijeseq ay) 10J SUnjoA jo yido pue ‘@inssaid paje[nofe)) ‘siojourered feuonisodwo) * d[qel,

2938



PINZUTI ET AL.: MELT GENERATION BENEATH THE ASAL RIFT 10.1002/ggge.20187

4@ Geochemistry _ 73
" Geophysics ( l
. " Geosystems |

Elgmgoggntsos |° é display melt inclusions, anhedral outlines or cor-
E 2S=21gaddag é E’ roded boundaries (Figures SI40A—SI40C).
E ANTEREE5SY |8 N ene (D140i42 Enye_30 Fsg_o; Table SI7) are minor
— £= or absent in most of the basalt of the Asal Rift, and
[} . . .
Elrzseraggung |£ E the mean size of these minerals is smaller than
Sl I - those of plagioclase (~0.3 to ~6 mm). In the same
9 § 2 thin section, few of these minerals are subeuhe-
~ [} .
gloooz-ooasse T Lg dral, but most of them are anhedral (Figure
= ) g SI40D), also showing fractures, and corrosion dis-
Tt cavcowgon |23 solution forms (Figures SI40E and SI40F). The
2= e three phases can also presents mineral inclusions,
g — —_—— — — S § . .
o S £ and grains attached together or to the rims of other
~ o) . .
Elovwmsrunuune |8 mineral phases (Figures SI40A and SI40G—SI40J).
g dhCrgnesae |52
S| ooaaasTaa |y g [23] Groundmass (Figures SI40K—SI40L) consists
S . . .
s|s% of plagioclase laths (Ango_7,; Table SI8), olivine
E|oo5oh3gguxgsS| T (Fos3_g6; Table SI8), clinopyroxene microlites
Flommnmm=g =t B X
A | occccssssa =& i} (D132738 E.l’llg,zf, FSg,lz; Table 818) and re;mote
= gz opaque oxides (Table 8). As megacrysts, microp-
Z S| S8 be and SEM anal 1 that th jority of
S robe an analyses reveal that the majority o
O|lvrmuvwaoaxwaNS 2 . . .
Z|835ESA9SSSa 5 3 the mineral phases have an equivalent chemical
e Tl gE composition from a sample to the other, but these
o ?2 S compositions are slightly different than those of
EIS2EREARERAT | 5 2 the large size minerals (Tables SI5—SI7).
5| S23L8ERR55| 22
~ o Té g [24] As shown previously for the basalts of the
c| g2 Asal Rift [Bizouard et al., 1980; Vigier et al.,
> |gEgagseegIas| g § 1999], these petrological characteristics suggest
Sleunaac et 8s .
Nissrusdbdsng| 8 g that the three phases are issued from a complex
- 9275 p thermal evolution. The homogeneity of the chemi-
S - gﬁ 2 cal composition of the Bytownite megacrysts
S| S25385S83SY| 2 § = (An;4_gg; Table SIS) implies constant high tem-
z a 5§ g peratures (>1200°C) over a long time period
w | BT E [Clocchiatti et al., 1978 ; Bizouard et al., 1980].
& o | =03 . S : i
S|t unca®ons | SEE Petrological observations and microprobe analyses
o | S22 TR AT R It 2B
F|PSS=caam =0 Tee also reveal that the megacrysts are clearly out of
= Sl3s% equilibri ith th d d show that
Slggs quilibrium wi e groundmass and show tha
g g Q% most of the Asal Rift basalts correspond to cumu-
§ mammammaa@nd | §ET late rocks. Due to the large proportion of bytown-
— %%‘ S ite, which is able to float free of a denser mafic
) Zaod melt, the mineral accumulation credibly occurs at
— — g % .
8198 80EEZ80E g e the roof of the magma chamber [Bizouard et al.,
Slaaaaamn®neoaa OEE 1980]
8] — o ¥ .
A o 2=
35 o
—_ = o<
T|ggssasgggg |27
el DA —= DN NO n o @
g|oconnzz=nnne 208 . ..
Blmmmmmm e s § £ 5.2. Major and Trace Element Variations
wn g .
o g5 Across the Asal Rift
T|z|22eggessiz |fES . - .
i 2089823759343 e [25] The chemical variations of the major element
2129999999999 | Za5 across the Asal Rift for all basalts younger than
|- E g% 620 kyr (that is 9 km from the rift axis) are
- % *Q"Tj 3 reported in Figure SI41 and Tables SI1 and SI2
] —_— L . . .
Z B | CEoRRAREReE| <2 (see supporting information). Al,O; and CaO
< = o e e e e e B e QL . . .
Fldl<<d<<d<<d<<<<=] €3 show clear trends, increasing from the rift
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shoulders to the rift axis. Inverse trends are
observed for MgO and FeO (Figure SI41).

[26] However, we note a large chemical variability
for samples within the rift relative to those sampled
on the rift shoulders. Asal Rift basalts do not show
simple relationships in binary diagrams (Figure
S142). For MgO = 6%, Al,O5 varies from ~14 to
~22% and FeO between ~6% and ~15%. Recent
differentiated lava flows (low MgO) composition
are Al,O5 rich and thus do not fit the classical pet-
rological trend. Increasing Al,O3;, CaO, and
decreasing SiO,, FeO, with decreasing MgO reflect
plagioclase accumulation. The presence of phenoc-
rysts in whole rocks drastically modifies the major
chemical compositions of the samples. Trace ele-
ment contents (Tables SI3 and SI4) are also sensi-
tive to the presence of plagioclase in whole rocks,
as shown by the positive Eu anomaly of the Rare
Earth Elements (REE) patterns of the rift shoulders
and the inner floor basalts (Figure 3). The high
Ca0 (~14%) and Al,O3 (~24%) contents suggest
the presence of cumulative plagioclase. Eu/Eu*
ratios of 1-1.3 (Tables Slland SI2) confirm these
observations and indicate that plagioclase accumu-
lation occurred in most of the samples. Figure SI43
shows that the Sr/Sm ratios positively correlate
with Al,O5; content. The trend can be reproduced
by the addition of variable proportions of plagio-
clases (Sr and Al,O5 rich and Sm poor) to an aphy-
ric basalt with a low Sr/Sm ratios and Al,O;
content (41 and 14%, respectively).

[27] Major and trace element composition and petro-
logical analysis reveal that most of the basalts of the
Asal Rift are affected by plagioclase accumulation
(and to a lesser extent by olivine and clinopyroxene),
which leads to uncertainty in the interpretation of
the chemical composition. In the following section,
we thus correct the whole-rock chemical composi-
tion of each sample from the chemical composition
and the abundance of phenocrysts.

5.3. Results of the Mineral Accumulation
Correction

[28] The chemical variations due to the plagioclase
accumulation are illustrated in Figure 4, where the
relationship between the plagioclase abundance and
Al,O3, Ca0, FeO, and SiO, contents is compared in
binary diagrams. This figure shows a linear relation-
ship between the plagioclase abundance and major
chemical composition of the samples. The more the
proportion of the plagioclase increases, the more
the chemical composition of the samples is shifted
toward the chemical composition of Bytownite.

Thus, the increase of Al,O; and CaO and the
decrease of FeO and SiO, contents, revealed in the
binary diagrams, are clearly explained by the addi-
tion of plagioclase to magmas.

[20] From the abundance and the chemical compo-
sition of the mineral phases, we corrected the whole
rock major element composition for phenocryst
accumulation using equation (2) (see supporting in-
formation). The major chemical composition of the
mineral phases is based on the average of several
core mineral microprobe analyses (Tables SIS—SI7)
realized from 12 samples. In the following, major
elements contents corrected for mineral accumula-
tion are denoted by asterisks (Tables SI9 and SI10).
Figure SI44 shows a clear linear relationship
between the corrected whole rock major element
composition estimated from the mineral average
composition of individual thin section (Tables SI9
and SI10) and the total average composition calcu-
lated from the entire set of thin section. This result
was expected due to the relative homogeneity of
the chemical composition of the phenocrysts
(Tables SI5-SI7).

[30] In this study, we considered that the surface
of the thin section was representative of the ana-
lyzed samples. This hypothesis is opened to criti-
cism, because the size of the rock chip could
change from a sample to the other and because the
structure of each rock sample could not be homog-
enous. To verify our approach, we compared the
corrected whole rock major element composition
of six samples to the average groundmass compo-
sition estimated from several SEM measurements
realized across the thin sections. Because, the
analyses from SEM are also quantitative, system-
atic bias exists between major chemical composi-
tion estimated by this method and geochemical
analyses, as shown by the results obtained from
the aphyric sample AF04. Consequently, the aver-
age chemical compositions of the groundmass esti-
mated from SEM were calibrated using the
aphyric sample AF04 as standard. The comparison
between both approaches is presented in Figure
SI45. Even if FeO and MgO contents of sample
AF31 are slightly scattered, the data correlate with
slopes close to ~1. Despite the uncertainties of
both methods, these results show that our correc-
tion of whole-rock composition is correct.

6. Fractional Crystallization

[31] To discuss temporal variation in melt genera-
tion, we need to “see through” the effects of
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Figure 3. REE patterns for the (a) shoulders and (b) inner
floor basalts of the Asal Rift. Normalization to chondritic val-
ues is from Sun and McDonough [1989]. Enriched E-MORB,
Transitional T-MORB, and Normal N-MORB patterns are
from Langmuir et al. [1992].

magmatic differentiation and to determine the geo-
chemical characteristics of the parental magmas.
Accordingly, the first problem is to identify the
differentiation processes. Then, we can consider
whether differentiation itself could have generated
the separate geographical groups A and B in the
Asal Rift or whether multiple parental magmas
were actually required.

[32] Major elements variability across the rift
(Figure 5) shows new tendencies that were not
obvious using the uncorrected data set (Figure
SI41). While SiO,* (SiO,* is SiO, corrected for
phenocrysts accumulation, Tables SI9 and SI10)
increases and FeO*, TiO," slightly decrease from
the shoulders to the rift axis, MgO*, Al,O3",
CaO*, Na,O*, and K,O* contents do not show
clear trends across the rift. Samples also display
better defined trends on MgO* variation diagrams
(Figure 6). The data show a rapid decrease in
MgO* accompanied by rapid increases in FeO,
TiO,*, Na,O*, Si0,*, and decreases in CaO* and
AlL,Os* consistent with gabbroic fractionation
involving initial removal of olivine, followed by
extraction of three-phase assemblage olivine-pla-
gioclase-clinopyroxene.

[33] In order to test this hypothesis, we used the
Liquid-Line of Descent (LLD) calculation proce-
dure of Weaver and Langmuir [1990]. We have
selected the most MgO* rich sample as a parental
magma composition (sample AF51) to quantita-
tively test the trends plotted in Figure 6. Fractional
crystallization calculations were performed at 1
and 4 kbar with water content ranging from 1000
to 4000 ppm. The models satisfactorily explain the
FeO*, Al,05*, and CaO* content of the lavas suite,
suggesting that the data from the inner floor could
derive from the crystallization at low pressure of
magmas from the rift shoulders. However, SiO,*,
Ti05*, Na,O*, and K,O* contents of the lava flows
do not follow the computed LLDs. Different pres-
sures of crystallization (1-4 kbar), or variable
water content (1000—4000 ppm), are not appropri-
ate to explain the whole data set from a single pa-
rental magma (i.e., sample AF51).

[34] Because high MgO* lavas are missing from
the inner floor Rift, we used melt inclusions
trapped in Bytownite phenocrysts from the Ardou-
koba eruption as a starting parental magma com-
position for the recent lava flows [Clocchiatti and
Massare, 1985]. These high MgO liquid composi-
tions (red dots in Figure 6) are different from those
erupted on the rift shoulders (black dots with
MgO* > 8% in Figure 6). Fractional crystallization
calculations were performed at 4 kbar with water
content ranging from 1000 to 4000 ppm. The com-
puted LLDs satisfactorily explain the most differen-
tiated lavas from the inner floor (samples AF01—
AF06 and AF63—AF64 for instance). We note how-
ever that for a given MgO*, the modeled K,O* are
shifted toward lower values. This apparent discrep-
ancy has been previously noticed by Clocchiatti
and Massare [1985]. It could be due to a systematic
analytical bias on the measured K content of melt
inclusions using electron microprobe.

[35] To summarize, in addition to the changes in
melt composition produced during crystallization
it is clear from the data reported in the Figure 6
that there is another aspect of the chemical vari-
ability. For example, the data at 7-9% MgO* show
variations in FeO* contents ranging from 9% to
12%, Na,O* contents from 2% to 3%, and SiO,*
contents from 47% to 49%. Because the samples
are corrected for phenocryst accumulation, the dif-
ference in major element compositions at a given
MgO* content can only reflect changes in magma
generation processes, such as variation of pressure
and extent of melting, mantle source heterogene-
ities or contamination and assimilation effects.
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In the following, we will detect, differentiate and
constrain the contribution of these different
processes.

7. Crustal Contamination and Source
Heterogeneity

[36] In rift continental zones, contamination and
assimilation processes could be a significant factor
in the variations of the chemical composition. At
the scale of the Afar Depression, previous works
[Deniel et al., 1994; Hart et al., 1989] show that
the younger differentiated lavas, from the Dalha
series (<9 Ma) up to the youngest series (Asal
Rift), do not isotopically differ from associated
basalts, and were probably derived from them by
fractional crystallization without significant crustal
contamination. To assess the role of contamination
at the scale of the Asal Rift, we used Sr and Nd
isotopic ratios and major chemical composition
corrected for phenocryst accumulation from previ-
ous studies [Schilling et al., 1992; Deniel et al.,
1994; Vigier et al., 1999]. The data only cover the
southern part of the rift (from ~530 kyr to the
present). Because the filling of the Asal Rift is
symmetrical (Figure 2) [Manighetti et al., 1998;
De Chabalier and Avouac, 1994], we made the
assumption that these samples are also representa-
tive of the northern part of the rift.

[37] If the crust contaminates the rising basaltic
magmas, the more differentiated rocks should
show the best evidence for contamination (higher
degrees of differentiation imply longer periods of
residence in the upper crustal magma chambers).
Figure SI46A shows that ®’Sr/**Sr basalt ratios are
clustered around a mean value of 0.70354 =3
across the Asal Rift. These ratios are similar to
those of the Asal rhyolitic domes, but lower than
the Ali Adde rhyolite, which provides isotopic
ratios of the local continental crust [Deniel et al,
1994; Hegner and Pallister, 1989]. In Figures
SI46B and SI146C, the data suite also do not show
any distinct trends between *’Sr/**Sr and fractio-
nation indices (SiO, or Mg#). These results sug-
gest that the differentiation of these magmas is not
affected by assimilation-fractional crystallization
process. The Nd-Sr isotopic diagram (Figure
SI46D) also confirms the absence of the litho-
spheric component in the genesis of the Asal Rift
basalt [Deniel et al., 1994]. The data form a cluster
and overlap the field of MORB and Ocean Island
Basalts. This mantle source affinity is also
revealed from our data set and those of Deniel

et al. [1994] from incompatible trace element
ratios (Figure SI46E). A recent study [Rooney
et al., 2012a] suggest that Hf-Pb data from the
Asal Rift have affinity to, and overlap with, the
East Sheba Ridge (Aden Ridge) data and has also
Indian Ocean-like Hf and Pb isotope signatures
[Rooney et al., 2012a]. However it has been also
shown that these lava flows exhibit values consist-
ent with mixing between Afar plume and regional
lithospheric mantle [Schilling et al., 1992; Rooney
et al., 2012a; Rooney et al., 2013]]. In the Afar
depression, the isotopic signature of a mantle
plume is most pronounced toward Djibouti [Schil-
ling et al., 1992; Rooney et al., 2012a], consistent
with maximum temperature values recorded in
this area [Rooney et al., 2012b]. The lava flows
from the Afar depression show that, with decreas-
ing age, the isotopic properties of the basalts
express a more depleted composition. This is inter-
preted simply as an increased contribution from
the depleted upper mantle and a lessening of
crustal assimilation [Hart et al., 1989]. A similar
pattern is observed in Djibouti where early vol-
canic products (>10 Ma) exhibit substantial litho-
spheric  contributions, but which become
insignificant as rifting and lithospheric thinning
progress, replaced by an increasing fraction of
melt derived from depleted upper mantle and the
Afar plume [Deniel et al., 1994]. Due to the small
studied area, it is probable that the compositional
heterogeneity beneath the Asal Rift is insignificant
and thus do not impact the geneses of Basalts.

[38] Together, these results show that the major
element variations at 7-9% MgO*, which are
observed in the binary diagrams (Figure 6), cannot
be assigned to mantle source heterogeneities, con-
tamination or assimilation effects. These important
variations at a given MgO* can be a consequence
of pressure-release melting beneath the Asal Rift.
To isolate the effects of mantle temperature, depth
and extent of melting, it is first necessary to cor-
rect the variations caused by fractional
crystallization.

8. Correction for Low Pressure
Fractionation

[39] To correct the variations caused by fractional
crystallization [Klein and Langmuir, 1987], FeO*
and Na,O* contents have been extrapolated along
the LLD olivine-plagioclase-clinopyroxene slope
to 8% MgO*, using the algorithms of Klein and
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Figure 4. [Illustration of the chemical variations due to the plagioclase. The relationship between the plagio-

clase abundance and Al,0O5, CaO, FeO, and SiO, contents (noncorrected) is compared to the chemical compo-
sition plotted in binary diagrams. The linear relationship between the plagioclase abundance and major
chemical composition of the samples show that the more the proportion of the plagioclase increases, the more
the chemical composition of the samples is shifted toward the chemical composition of Bytownite. In the bi-
nary diagrams, the increase of Al,O; and CaO and the decrease of FeO and SiO, contents are clearly
explained as a dilution effect caused by addition of plagioclase accumulation.
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Figure 5. Major element composition of the samples corrected for mineral accumulation (*) across the Asal Rift.

Langmuir [1987], Klein and Langmuir [1989], and
Langmuir et al. [1992] (Table SI11), whose slopes
are equivalent to the LLD mean slopes in Figure 6.

[4] Samples from the rift shoulders (group
B) are characterized by Nagy*=2.29 * 0.06%,

Feg.()* =

10.75 £ 0.35%, SiO,* =47.70 = 0.27%,
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Figure 6. MgO variation diagrams for the samples of the Asal Rift corrected for mineral accumulation
(asterisks). LLD are calculated using the procedure of Weaver and Langmuir [1990]. Fractional crystallization
calculations were performed at 1 kbar and 4 kbar and water content ranging from 1000 (full line) to 4000 ppm

(dashed line).

Na*/Ti* =2.54 = 0.12 (large black dot in Figure
SI47, Tables 1, SI9, and SI10 in supporting infor-
mation). Samples from the inner floor (group A)
are more homogeneous and characterized by lower
Feg*, higher SiO,* and Na*/Ti* values
(941 £0.21%, 48.95*+0.35% and 3.16 =0.20
respectively; large white dot in Figure SI47 in

supporting information and Table 1). Equivalent
values to those estimated from the whole data set
can be obtained only using the aphyric samples
(Table SI1 and SI2) of each group. For the
inner floor samples (Group A), Fego"=9.16
+0.30%, Nag o =2.47 £ 0.07%, SiO,* =49.81 =
0.30%, Na*/Ti* =2.86=*0.17, and for the
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shoulder samples (Group B), Fegy*=10.73 =
0.45%, Nagy"=2.31=*0.08%, SiO,"=47.67=
0.26%, Na*/Ti*=2.52*=0.13. This comparison
suggests that our correction of whole-rock composi-
tion is correct. We also note that similar results can
be calculated using the LLD calculation of
Danyushevsky and Plechov [2011] or simple linear
regressions trough the data (Figures SI48 and SI149).

[41] Figure 7 shows variations of Feg,* and Nag*
across the Asal Rift. While Nag " values do not show
a clear trend across the rift (Nago* =2.35 = 0.06),

Feg (" decreases from the rift shoulders to the rift
axis. Since Fegy* largely varies in proportion with
initial pressure of melting, Py [e.g., Langmuir et al.,
1992, and references therein], the data suggest that
the pressure of melting substantially decreases during
the last 620 kyr beneath the Asal Rift.

[42] Thus, in the following section, we use a
model to quantify the intensive parameters of the
melting process (mantle temperature and pressure
of melting) and test different mantle flow models
(active flow and thick lithosphere).
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Figure 7. (a) Feg(* decreases from the shoulders to the axis of the Asal Rift, suggesting a decrease of initial

melting pressure and thus a decrease of the depths of melting, since 620 kyr. (b) Nag " do not show a clear
trend across the rift (Nag o =2.30 = 0.04%), suggesting that the extent of melting is rather constant since 620
kyr. (c—f) Variations of Zr/Y, Na*/Ti*, (Dy/Yb)y, and Lu/Hf rations across the Asal. These variations are qual-

itatively consistent with shallow melting beneath the rift axis and deeper melting for off-axis lava flows.
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9. Mantle Melting Models

[43] We use the model developed by Langmuir
et al. [1992] to quantify the pressure and degree of
mantle melting. This model describes composi-
tional changes (MgO, FeO, Na,0, SiO,, TiO,, and
K,0) in mantle melts during adiabatic decompres-
sion, assuming that olivine-melt equilibrium and
trace element behavior for Na. The model is based
on the partition coefficients (K) for Mg and Fe in
olivine. The MgO and FeO concentrations in peri-
dotite melts are imposed by olivine saturation and
can be calculated from K4 expressions (which are
themselves a function of P, T and alkali content).
Na,O is calculated from its K4 in clinopyroxene
(which is also P and T dependent). Other inputs to
the model include the initial composition of the
mantle, the mantle solidus, and the relationship
between T and F (% of melting) during isobaric
and adiabatic melting.

[44] In our model, we use a normal peridotite com-
position with 15% clinopyroxene (MgO =38.14
%, FeO =8.30%, Na,O =0.26%, K,0=10.007%,
and TiO, =0.13%). After the mantle rises above
its solidus, Py melt is extracted instantaneously
from the residue up to the depth where upwelling
and melting stop (Py). Fractional melting paths
generated by the model, which result in melt com-
positions between batch and fractional melts
[Langmuir et al., 1992], are showed in Figure S147
for Na,O* and FeO* corrected to 8% MgO* con-
tent (see supporting information). Each curve rep-
resents a different pressure of intersection with the
mantle solidus Py from 20 to 45 kbar. Py will
increase with increasing mantle potential tempera-
ture [McKenzie and Bickle, 1988]. As the mantle
ascends above the solidus, the total melt fraction F
increases until the pressure where the mantle
ceases to ascend adiabatically (Py) and therefore
ceases to melt. The total melting column length
Py—P¢ thus determines F. Increasing F has the
main effect of lowering Na,O in the melt, as Na,O
behaves as an incompatible element that is diluted
by further increments of melting. FeO varies
largely as a function of Py, with relatively small
variations as a function of F. The increase in FeO
with increasing pressure is largely due to the effect
of temperature on olivine K4 and the dominating
effect of increasing temperature as pressure
increases along the mantle solidus [Langmuir
et al., 1992]. Thus the Na and Fe contents of man-
tle melts provide excellent constraints on the final
depth of melting (from Na,O which reflects F and
therefore Po—Py) and on the initial depth of melt-
ing (from Feg g).

[4s] However, trace element patterns (Figure 5) and
isotopic compositions [Rooney et al., 2012a; Roo-
ney et al., 2013] show that the Asal Rift lava
derived from a fertile source. Because the fertile
mantle starts melting deeper and melts more, the
calculated final pressures of melting slightly
decrease, and the initial pressures and crust thick-
nesses slightly increase compared to a normal man-
tle composition. Using a fertile source with
Na,O =0.28% and K,O = 0.011%, the calculated
crustal thickness beneath the Asal Rift is about 5
km (Table 2). This result is more consistent with
the values estimated from geophysical measure-
ment (Table 2), than the one estimated from a nor-
mal  mantle composition  (Na,O=10.26%
and K,O0=10.007%, Table 2). In the following, we
will use a fertile mantle composition in the
calculations.

9.1. Results of the Major Elements
Forward Modeling

[46] The results of the inversions are presented in
Table 1. The initial and final pressures of melting
decrease regularly from the oldest to the most
recent lava flows. The modeling results in Figure 8
show that the initial pressures of melting are rang-
ing from 20 to 43 kbar and the final pressures of
melting from 5 to 33 kbar. If the melting ceases
when the upwelling mantle reaches the bottom of
the lithosphere, the final pressure of melting can
be converted to lithospheric thickness using the
procedure of Klein and Langmuir [1987] and
Langmuir et al. [1992]. Taking into account the
average thicknesses estimated beneath the rift
shoulders and the inner floor (Table 2), the litho-
spheric thickness decreases from 67 =8 to 43 =
5 km in 620 kyr, corresponding to a lithospheric
thinning rate of about 4.0 + 2.0 cm yr~ ', which is
consistent with the long-term spreading rate of the
Asal Rift (2.9 + 0.2 cm yr !, Figure SI39). As the
average crustal thickness (4.95 = 0.16 km), these
lithospheric thicknesses are consistent with those
estimated from geophysical measurement in the
area (see section 2). Beneath the inner floor (group
A, white arrows), melting paths are shallow (from
81 £ 4 to 43 = 5 km) and are consistent with adia-
batic melting in normal temperature asthenosphere
(~1400°C), beneath an extensively thinned mantle
lithosphere (Figure 8). On the contrary, melting on
the rift shoulders (107 = 7 to 67 = 8 km) occurred
beneath thicker lithosphere (group B, black
arrows), requiring a mantle solidus temperature
100 = 40°C hotter, which corresponds to a rate of
mantle cooling of about 5x10~* °C/yr.
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0.26%,

Table 2. Average Temperatures, Pressures, and Thicknesses Estimated Beneath the Rift Shoulders (Group B) and the Inner Floor (Group A) for a Normal (Na,O

0.011%) Mantle Composition (See Text for More Details)*

0.28%, K,0 =

0.007%) and Fertile (Na,O =

K,0=

Mantle
Compostion

D,, (km)

Dy (km)

Dc (km)

Pf(kbar) Fmean (%)

P, (kbar)

Temperature (°C)

Age (kyr)
54+17
268 + 44
54+ 17
268 + 44

Location

Distance (m)

Sample ID

81.05 £3.67
105.54 = 6.15

4448 £521

4.16 = 0.41
4.25%+0.36
4.90*=0.51
5.00 =0.47

10.23
10.49
11.11

1433 = 1.68
11.35

26.32*=1.18

1466 = 14

A

Normal
Normal

785
3893
785
3893

Inner Floor

69.00 = 7.30

22.26 =2.36

3424 +=2.00

1566 + 24

Rift Shoulders
Inner Floor

80.88 = 4.48
106.75 = 7.31

4270 =543

13.70 £ 1.79

26.73 = 1.21

1471 = 15

Fertile
Fertile

67.46 =7.57

21.77+2.49

34.75+2.04

1567 =25

B

Rift Shoulders

60-100

6045

Geophysical observations

: mean extent of melting; D,.: thickness of the basaltic crust; D;: thickness of the lithosphere; D,,: depth of the residual mantle base. Temperatures are

Py: initial pressure; Py: final pressure; Fiean

solidus.

[47] We also note a good relationship between the
SiO,* contents of lavas and their morphologies.
While the massive and slightly fractured basaltic
flows of the rift shoulders have low SiO,* con-
tents, the viscous lava flows of the inner floor,
which present more fissures and cracks, display
higher SiO,* values. Equivalent values to those
estimated from the whole data set are obtained
only using the aphyric samples of each group.
For the inner floor samples (Group A), P, = 25.60
+ 1.91 kbar, P; = 13.84 £ 1.90 kbar, Feanl1.00
* 0.50%, D, = 4.19 £ 0.37 km, D; = 43.12 =
5.77 km, D,, = 78.65 = 5.87 km, and for the
shoulder samples (Group B), P, = 34.67 £ 2.62
kbar, P = 21.80 = 3.30 kbar, Fiean= 11.00 =
0.50%, D, = 4.95 = 0.59 km, D; = 67.45 £ 10.12
km, D, = 106.51 £ 8.08 km. Once more, this
comparison shows that our correction of whole-
rock composition is correct.

[4s] At face value, FeO* and SiO,* contents vary in
inverse proportion across the Asal Rift (Figure 4).
This variation is precisely expected for mantle
melts derived from different melting depths, where
higher pressure melts will have higher FeO but
lower SiO, [Niu and Batiza, 1991 ; Langmuir et al.,
1992; Hirose and Kushiro, 1993]. Using polyno-
mial equation from Wang et al. [2002], which
describes the relationship between SiO, concentra-
tion of peridotite melts and melting pressure from
laboratory experiments [Hirose and Kushiro, 1993;
Robinson and Wood, 1998; Baker and Stolper,
1994 ; Walter, 1998], we calculated melting pres-
sure for the Asal Rift samples from the SiO,* con-
tents. The comparison of melting pressures (P)
calculated from SiO,* and from Feg (" and Nag (*
of Asal Rift basalts is presented in Figure SI50.
Even if a low pressure offset exists between the two
methods (underestimation of P based on Si due to
the assumption of a single P of equilibration of
polybaric melts, Wang et al. [2002]), the average
melting pressures calculated from SiO,* content are
reasonably well in agreement with the ranges calcu-
lated from Fegy* end Nag * (Table 1). As the SiO,
method is independent and involves minimal treat-
ment of the data or assumptions, this results gives
supplementary support to the pressures sensitive
calculated here. At last, we also note that the mean
melting pressures (P) calculated from Fegy* and
Nag " are similar to the predict pressures estimated
from the thermobarometers for mafic magmas of
Lee et al. [2009] (Figure SIS1).

[49] In the following, we model sensitive pressure
trace element partitioning in order to test the major
element constraints on melting history in this area.
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Figure 8. Melting regime across the Asal Rift. The small double white arrows illustrate the crustal thickness
beneath the Asal Rift (4.95 = 0.16 km). The large black and white arrows represent the melting columns cal-
culated from each samples, based on the Feg and Nag values (Table 1). The bottom of the arrow marks the
onset of melting at the solidus and is a function of mantle temperature. The depths of melting were calculated
from the procedure of Klein and Langmuir [1987] and Langmuir et al. [1992]. The model outputs show that
beneath the rift axis, melting paths are shallow, from 81 * 4 to 43 = 5 km. These melting paths are consistent
with adiabatic melting in normal temperature fertile asthenosphere (about 1400°C), beneath an extensively
thinned mantle lithosphere. On the contrary, melting on the rift shoulders (107 .7 to 67.8 km) occurred beneath
a thick mantle lithosphere and required mantle solidus temperature 100 == 40°C hotter. The calculated rate of
lithospheric thinning is 4.0 + 2.0 cm yr~'. The height of the Aden Ridge melting column is calculated from

the samples of Cann [1970] and O 'Reilly et al., [1993].

10. Constraints From the REE and
HFSE on Melting Depth

[s0] In basalts, REE, High Field Strength Elements
(HFSE), Na and Ti are commonly used to
constrain the mantle melting depths [Fram et al.,
1998 ; Putirka, 1999; Wang et al., 2002]. Heavy
REE and HFSE favor garnet structure, because
their partition coefficients change during melting
of spinel versus garnet peridotites. For a given
melting column, melts in equilibrium with garnet
will produce high Zr/Y, (Dy/Yb)y ratios and low
Lu/Hf. These ratios will be gradually reversed as
the melting column enters in the spinel filed.
Because the Ky, of cpx/melt increases with
increased P, while clinopyroxene and garnet Kr;

min/melt remain constant or decrease, Na/Ti
ranges in the same way as Lu/Hf ratio [Putirka,
1999]. Figure 7 shows the variations of Zr/Y, (Dy/
Yb)n, Lu/Hf, and Na*/Ti* ratios across Asal Rift.
While Zr/Y and (Dy/Yb)y increase with Feg g
from the rift axis toward the rift shoulders, Lu/Hf
and Na*/Ti* ratio decrease, which is consistent
with the depth variations of pressure of melting.
To test this hypothesis more quantitatively, we use
the pressures of melting (P, and Py) calculated
from Feg," and Nag," contents to predict what
Lu/Hf ratio of the basalt should be.

[51] Our procedure is based on Fram et al. [1998]
and Wang et al. [2002]. We observe that in Asal
basalts, Feg " scales linearly with both Py and Py
(see Table 1). The relationships between Feg*
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and Py, and between Fego" and Py are expected
because Nag," are fairly constant across the rift
and thus the interval Py—P; is also constant
(13 £0.5 kbar). We used these linear relationships
to calculate Lu/Hf fractionation in the basalts. As
for the major element model, we compute poly-
baric melting along an adiabat in a single mantle
melting column, using Py, and P; as calculated
from FeO* and Na,O*, and a linear melt produc-
tivity of 1.2% per kilobar of pressure decrease
above the solidus. We start with a mantle mineral
mode consistent with a fertile lherzolite (ol: 0.55;
opx: 0.25; cpx: 0.15; gt: 0.05). The primitive
mantle starting composition and chondrite normal-
ization for Lu and Hf are from Sun and McDo-
nough [1989], and partitioning coefficient mineral
are from Gibson and Geist [2010] and McKenzie
and O’Nions [1991] (Table SI12).

[s2] Based on Robinson and Wood [1998], Kinzler
and Grove [1992], Falloon and Green [1988], and
Takahashi and Kushiro [1983], we consider that
garnet to spinel transition occurs between 30 and
20 kbar (Table SI13). These ranges of pressure are
coherent with the experimental data realized by
Klemme [2004] and Klemme and O’Neill [2000].
In between each increment of melting, the mantle
composition is revised to take into account deple-
tion due to melting and pressure dependent phase
transitions. Mantle composition is monitored by
modal proportions of phases (Table SI14). The
transitions from garnet to spinel occur over inter-
vals rather than at discrete pressures. This approxi-
mates the natural situation where the phase
transitions are gradual due to solid solution in all
of the phases [Fram et al., 1998].

[53] Results of the melting model are show in
Figure 9. The curve is constrained by the data,
reproducing high Lu/Hf at low Feg * and low Lu/
Hf at high Fego*. For high Fegy* values, Lu is
held in the garnet, so Lu/Hf remains low. As melt-
ing continues, Feg " decreases, and garnet is ex-
hausted or melting crosses into the spinel field, Lu
is no longer retained in the residue, and Luw/Hf
ratios rise. The data are well fit by the curve,
which shows that the older lava flows were respec-
tively generated in the garnet field, and the major-
ity of the recent lava flows were produced in the
garnet-spinel transition zone. The model reprodu-
ces the range of the Lu/Hf ratio and also validates
the melting pressures calculated from major ele-
ment melting model.

11. Conclusions and Discussions

[s4] Because it has been shown in the literature
that the recent basalts (<1 Ma) from the Asal Rift

0.16
014}
.§.l 0127}
01
8 9 10 1 12
Feso
Figure 9. (a) Lu/Hf versus Fegq for or calculated mantle

melts illustrating the effects of mantle composition, and melt-
ing systematics on melt compositions. The data are well fit by
the curve, which shows that the majority of older lava and the
most recent lava were, respectively, generated in the garnet
and spinel field. The model reproduces the range of the Lu/Hf
ratio and also validates the melting pressures calculated from
element melting model.

cannot be assigned to mantle source heterogene-
ities, contamination or assimilation effects [Hart
et al., 1989; Barrat et al., 1990; Schilling et al.,
1992; Deniel et al., 1994; Vigier et al., 1999;
Rooney et al., 2012], the chemical composition of
quaternary lavas can be confidently used to con-
strain the temporal evolution of the rifting proc-
esses over the last 620 kyr.

(1) The major element composition of these lavas
shows significant variations. These inferred
differences in basalt chemistry are due princi-
pally to variable proportions of minerals in the
whole-rocks, which leads to uncertainty in the
interpretation of the major and trace elements.
In the porphyric samples (that is ~54% of the
data set), the mineral assemblages can be di-
vided into two groups according to their
morphology and chemical composition. Mega-
crysts of plagioclase (Anss_gg), olivine (Fog_go)
and clinopyroxene (Digo_4> Ensg_39 Fs¢_o9) can
be easily identified by their important size (up to
~1 cm) and their characteristic resorption figures
(rounded shapes, corrosion embayments). The
groudmass is characterized by equilibrium tex-
tures, euhedral phenocrysts of smaller size and
more evolved compositions than those of the first
group. The olivine composition ranges from
Fosz to Fogg, the plagioclase laths lie between
Angy and An,, and clinopyroxene microlites are
Dis;_33 Engg_s6 Fsg_12.

(2) In order to correct the whole rock chemistry
for megacrysts accumulation, we used a sim-
ple mass balance calculation. The corrected
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compositions correlate with the mean ground-
mass compositions determined using Scanning
Electron Microscopy. The major elements cor-
rected for mineral accumulation and the aphyric
samples do not define a single trend in binary
diagrams. The difference in major element at a
given MgO* content can only reflect changes in
melting processes. Trace element ratios (Lu/Hf,
Zr/Y, and Dy/Yby) and major element composi-
tions corrected for mineral accumulation and
crystallization (Nag*, Fego*, SiO,*, and Na*/
Ti*) show a symmetric pattern relative to the
rift axis.

(3) The results obtained from the major element
inversion are coherent with seismic refraction
and seismological data. For a fertile mantle
composition (Na,O =0.28%, K,O0=0.011%),
upwelling model combined with variable ini-
tial and final pressures of melting explain the
observed Nag o*—Feg o* values. The final pres-
sures of melting (Py) are thus interpreted as a
“petrologically constrained lithospheric thick-
ness” where mantle melting stopped.

(4) The resulting model outputs show that beneath
the rift axis, melting paths are shallow, from
81 =4 to 43 =5 km. These melting paths are
consistent with adiabatic melting in normal-
temperature fertile asthenosphere, beneath an
extensively thinned mantle lithosphere. On the
contrary, melting on the rift shoulders occurred
beneath a thick mantle lithosphere and required
mantle solidus temperature 100 = 40° C hotter
(melting paths from 107 =7 to 67 £8 km),
which corresponds to a rate of mantle cooling
of about 5 x 10~* °C/yr. Our data strengthen
the recent results of Rooney et al. [2012b],
which show that elevated mantle temperatures
are pervasive feature of the upper mantle
beneath the East Africa. They noted a maxi-
mum temperature anomaly of 140°C above
ambient mantle recorded from magmas young-
ers than 10 Myr erupted in Djibouti.

(5) The modeled Lu/Hf ratios coincide with the
observed ratios suggesting that the major element
melting model is correct and that gamet is
required to explain the rift shoulders basalts
chemistry. Finally, the calculated rate of litho-
spheric thinning estimated from these results is
about 4.0 = 2.0 cm yr ', which is consistent with
the long-term spreading rate of the Asal Rift.
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