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19 Abstract 

20 

21 Major, trace element and isotopic (Sr, Nd, Pb) data and unspiked K-Ar ages are presented for Quaternary 

22 (0.90-0.95 Ma old) basalts from the Hayyabley volcano, Djibouti. These basalts are LREE-depleted (Lan/Smn= 

0.76-0.83), with 87Sr/86Sr ratios ranging from 0.70369 to 0.70376, and rather homogeneous 143Nd/14423 Nd ( Nd = 

+5.9 - +7.3) and Pb isotopic compositions (206Pb/204Pb= 18.47-18.55, 207Pb/204Pb= 15.52-15.57, 208Pb/20424 Pb= 

25 38.62-38.77). They are very different from the underlying enriched Tadjoura Gulf basalts, and from the N26 
MORB erupted from the nascent oceanic ridges of the Red Sea and Gulf of Aden. Their compositions closely 

27 resemble those of (1) depleted Quaternary Manda Hararo basalts from the Afar depression in Ethiopia and (2) 

28 one Oligocene basalt from the Ethiopian Plateau trap series. Their trace element and Sr, Nd, Pb isotope 

29 systematics suggest the involvement of a discrete but minor LREE-depleted component, which is probably an 

30 intrinsic part of the Afar plume. 

31 

32 1. Introduction. 

33 

34 The study of basalts from intra-oceanic islands and plateaus as well as from traps and 

35 rifts has shown the considerable chemical heterogeneity of plume materials (Hart, 1988). This 

 



heterogeneity might indicate very complex plume structures and dynamics (Lin and van 36 

Keken, 2006). However, it may not only result from the initial chemical heterogeneity of 37 

mantle plumes at depth but also from the entrainment of surrounding mantle materials (Hart et 38 

al., 1992; Furman et al., 2006). In addition, a lithospheric component is clearly recognized in 39 

some intracontinental basalts, e.g. in the Afar province, but its origin is still debated (Rogers, 40 

2006). Some authors have suggested that melting of the Afar lithospheric mantle explains a 41 

significant proportion of the erupted lavas (Hart et al., 1989; Vidal et al., 1991; Deniel et al., 42 

1994) whilst others point out that continental crust contamination can also contribute to the 43 

isotopic signature of these basalts (Barrat et al., 1993; Baker et al., 1996; Pik et al., 1999). 44 

The vast majority of plume-related basalts, including the Afar ones (Furman et al., 2006; 45 

Beccaluva et al., 2009) are dominated by a component that is chemically and isotopically 46 

enriched. However, the occurrence of subordinate components characterized by a light rare 47 

earth element (LREE) depletion has been suggested from the study of basalts from major 48 

mantle plumes in: (1) Iceland (Zindler et al., 1979; Hémond et al., 1993; Taylor et al., 1997; 49 

Chauvel and Hémond, 2000; Skovgaard et al., 2001; Fitton et al., 2003; Thirlwall et al., 2004; 50 

Kokfelt et al., 2006); (2) Hawaii (Chen and Frey, 1985; Yang et al., 2003; Frey et al., 2005); 51 

(3) the Galapagos (White et al., 1993; Hoernle et al., 2000; Blichert-Toft and White, 2001; 52 

Saal et al., 2007); and (4) the Kerguelen Archipelago (Doucet et al., 2002). However, the 53 

characterization of this reservoir is difficult because its signature may be overprinted by either 54 

the dominant enriched plume component or the lithospheric reservoirs. Therefore, the 55 

presence of an intrinsic depleted component in plumes is still an open question.  56 

LREE-depleted basalts associated to the Afar mantle plume have long been recognized 57 

in the Quaternary Manda Hararo volcanic chain, Ethiopia (Treuil and Joron, 1975; Joron et 58 

al., 1980; Barrat et al., 2003). A single LREE-depleted Oligocene Ethiopian Plateau basalt has 59 

also been so far analysed (sample E88: Pik et al., 1998, 1999). The purpose of this paper is: 60 

(1) to describe another newly discovered occurrence of such basalts in the SE part of the Afar 61 

triangle, i.e. the rather large Hayyabley Quaternary volcano in Djibouti (Fig. 1), and (2) to 62 

discuss its bearing on the composition and heterogeneity of the Afar mantle plume.  63 

 64 

2. Analytical techniques  65 

 66 

Ar isotopic compositions and K contents (Table 1) were measured at Gif-sur-Yvette and 67 

IUEM (Institut Universitaire Européen de la Mer), respectively. The samples were crushed, 68 

sieved to 0.25-0.125 mm size fraction and ultrasonically washed in acetic acid. Potassium and 69 



argon were measured on the microcrystalline groundmass, after removal of phenocrysts using 70 

heavy liquids of appropriate densities and magnetic separations. This process improves the K 71 

yield as well as the percentage of radiogenic argon, and removes at least some potential 72 

sources of systematic error due to the presence of excess 
40

Ar in olivine and feldspar 73 

phenocrysts (Laughlin et al., 1994). Ar analyses were performed using the procedures detailed 74 

in Yurtmen et al. (2002) and Guillou et al. (2004). The unspiked technique differs from the 75 

conventional isotope dilution method in that argon extracted from the sample is measured in 76 

sequence with purified aliquots of atmospheric argon at the same working gas pressure in the 77 

mass-spectrometer. This suppresses mass discrimination effects between the atmospheric 78 

reference and the unknown, and allows quantities of radiogenic 
40

Ar* as small as 0.14% to be 79 

detected on a single-run basis (Scaillet et al., 2004). Argon was extracted by radio frequency 80 

heating of 2.0 – 3.0 g of sample, then transferred to an ultra-high-vacuum glass line and 81 

purified with titanium sponge and Zr-Ar getters. Isotopic analyses were performed on total 82 

40
Ar contents ranging between 2.4 and 3.2 x 10

-11
 moles using a 180°, 6 cm radius mass 83 

spectrometer with an accelerating potential of 620V. The manometric calibration (Charbit et 84 

al.,1998) was based on periodic, replicate determinations of international dating standards 85 

including LP-6 (Odin et al., 1982) and HD-B1 (Fuhrmann et al., 1987). The total 
40

Ar content 86 

of the sample can be determined with a precision of  0.2% (2 σ) according to this procedure. 87 

Ages were calculated using the constants recommended by Steiger and Jäger (1977). 88 

Major element compositions of minerals and glasses were determined using a Cameca 89 

SX50 five spectrometer automated electron microprobe (Microsonde Ouest, Plouzané, 90 

France). Analytical conditions were 15 kV, 10-12 nA and a counting time of 6 sec. (see 91 

Defant et al., 1991, for further analytical details). Major and trace element data on bulk rocks 92 

(Table 2) were first obtained by Inductively Coupled Plasma-Atomic Emission Spectrometry 93 

(ICP-AES) at IUEM, Plouzané. The samples were finely powdered in an agate grinder. 94 

International standards were used for calibration tests (ACE, BEN, JB-2, PM-S and WS-E). 95 

Rb was measured by flame emission spectroscopy. Relative standard deviations are ±1 % for 96 

SiO2, and ±2 % for other major elements except P2O5 and MnO (absolute precision ±0.01 %), 97 

and ca. 5% for trace elements. The analytical techniques are described in Cotten et al. (1995). 98 

Concentrations of additional trace elements were measured by Inductively Coupled Plasma 99 

Mass Spectrometry (ICP-MS) at IUEM, using a Thermo Element 2 spectrometer following 100 

procedures adapted from Barrat et al. (1996, 2000). Based on standard measurements and 101 

sample duplicates, trace element concentration reproducibility is generally better than 5 % 102 

(Barrat et al., 2007), and are in good agreement with the ICP-AES results (Table 2). 103 



Isotopic compositions of Sr and Nd (Table 4) were determined at IUEM. Conventional 104 

ion exchange techniques were used for separation of Sr, and isotope ratio measurements were 105 

carried out by thermal ionization mass spectrometry using a Thermo Triton equipped with 7 106 

collectors. Isotopic ratios were normalized for instrumental mass fractionation relative to 107 

86
Sr/

88
Sr = 0.1194. 

87
Sr/

86
Sr of the NBS 987 Sr standard yielded 0.710213±22 (2 σ, n=14) and 108 

the sample Sr isotopic compositions are reported relative to 
87

Sr/
86

Sr = 0.71024. The Nd 109 

purification was done according to the procedure described in Dosso et al. (1993). TRU Spec 110 

chromatographic resins from Eichrom were used to separate the REE fraction from the sample 111 

matrix. Then, the separation and elution of Nd and other REE were realized on Ln.Spec resin. 112 

During the course of the study, analyses of the La Jolla standard were performed and gave an 113 

average of 
143

Nd/
144

Nd = 0.511845±6 (n=15). All Nd data were fractionation-corrected to 114 

146
Nd/

144
Nd = 0.7219 and further normalized to a value of 

143
Nd/

144
Nd = 0.511860 for the La 115 

Jolla standard. 116 

Isotopic compositions of Pb were determined at the National Oceanography Centre, 117 

Southampton, using the SBL 74 double spike. Powdered samples were leached with 6 M HCl 118 

at 140°C for 1 hour and then rinsed up to 6 times with ultrapure water prior to dissolution. 119 

Lead separation was then performed on an anionic exchange resin. High-resolution Pb 120 

isotopic analyses were carried out on a VG sector 54 multi-collector instrument, using the 121 

double spike technique with the calibrated Southampton-Brest 
207

Pb/
204

Pb spike (Ishizuka et 122 

al., 2003). The true Pb isotopic compositions were obtained from the natural and mixture runs 123 

by iterative calculation adopting a modified linear mass bias correction (Johnson and Beard, 124 

1999). The reproducibility of this Pb isotopic measurement (external error: 2 σ) by double 125 

spike is < 200 ppm for all 
20x

Pb/
204

Pb ratios. Measured values for NBS SRM-981 during the 126 

measurement period were 
206

Pb/
204

Pb = 16.9414 ± 26, 
207

Pb/
204

Pb = 15.4997 ± 30 and 127 

208
Pb/

204
Pb = 36.726 ± 9 (2 σ, n = 9). Pb blanks measured using this procedure were < 100 pg, 128 

and thus negligible relative to the amount of sample analysed. 129 

 130 

 131 

3. Geological setting and K-Ar ages 132 

 133 

3.1. Geological and tectonic framework 134 

 135 

The geology of the Republic of Djibouti records the effects of the activity of the Afar 136 

mantle plume since 30 Ma (Schilling, 1973; Barberi et al., 1975; Barberi and Varet, 1977; 137 



Furman et al., 2006). Plume-related basaltic and derived magmas, variably enriched in 138 

incompatible elements (e.g., Joron et al., 1980; Deniel et al., 1994) cover ca. 90% of its 139 

surface, and range in age from at least 23.6 ± 0.5 Ma to Present (Barberi et al., 1975; 140 

Courtillot et al., 1984; Zumbo et al., 1995). Since the Miocene, the most salient tectono-141 

magmatic process observed in the area was the penetration of the Gulf of Aden (GA) oceanic 142 

ridge between the Arabia and Somalia plates, hence leading to the opening of the Tadjoura 143 

Gulf (Courtillot et al., 1980; Manighetti et al., 1997), at the southwestern edge of which the 144 

emerged Asal Rift shows spectacular evidence for both tectonic and magmatic activities 145 

(Stieltjes et al., 1976; Needham et al., 1976). 146 

Onland, the principal marker of the Pliocene opening of the Tadjoura Gulf (TG) was the 147 

emplacement of a < 350 m-thick basaltic lava flow pile, referred to as the “initial basaltic 148 

series from the borders of the Tadjoura Gulf” (Fournier et al., 1982; Gasse et al., 1983), which 149 

will be named hereafter the Tadjoura Gulf Basalts (TGB). These very fluid subaerial lava 150 

flows are generally assumed to have been emitted from now submerged fissures in the Gulf, 151 

and emplaced rather symmetrically outwards on the twin margins (Fig. 1, inset) (Richard, 152 

1979). Additional feeder dykes, and associated neck-like features, have been identified 153 

onshore, along the northern flank in the Tadjoura area. TGB range from olivine tholeiites to 154 

ferrobasalts, and in thin section are subaphyric to sparsely phyric, with 3-6 modal% calcic 155 

plagioclase, and 1-3 modal% olivine set in a microlitic groundmass. They display mild, but 156 

significant, enrichments in light rare earth elements (LREE) and other highly incompatible 157 

elements (Joron et al., 1980; Barrat et al., 1990, 1993; Deniel et al., 1994).  158 

In the Djibouti plain, the TGB are involved in a coastal network of Gulf-parallel tilted 159 

fault blocks, bounded by dominantly extensional N-facing structures, in association with 160 

N140°E normal faults outlined by a swarm of small cinder cones (Fig. 1). To the East, they 161 

are post-dated by the Hayyabley elongated volcano, the long axis of which also strikes NW-162 

SE, parallel to the regional fault scarp bounding the eastern coastal plain further SE.  163 

 164 

3.2.The Hayyabley volcano 165 

 166 

The youngest volcanic units in the Djibouti plain are a set of generally small (less than 167 

100 m high) ash and cinder strombolian-type cones with associated basaltic flows (e.g. the 168 

Nagâd volcano, Fig. 1), aligned along a young NNW-SSE fracture network (Fournier et al., 169 

1982). They overlie the TGB and have been dated to 1.75-1.70 Ma (Gasse et al., 1983). The 170 

largest of these post-TGB volcanic centers is the Hayyabley volcano, east of Djibouti town 171 



(Fig. 1). Although it was shown on the 1:50 000 geological map of Djibouti (Fournier et al., 172 

1982), and further well-described and dated by Gasse et al. (1983), it was apparently never 173 

investigated later despite the obviously unusual characteristics of its basaltic lavas.  174 

The Hayyabley volcano in map-view is a 5x10 km elliptic edifice, with a NNW-SSE 175 

trending axis. It has a shield-like and rather flat morphology, and culminates at 147 m at 176 

Signal Bouêt. It overlies the TGB lava flows outcropping W and N of Wadi Ambouli valley 177 

(Fig. 1), and seals the EW to WNW-ESE normal fault pattern related to the Tadjoura rift. 178 

Despite the rather large aerial extent of its lavas, we estimate its volume to ca. 0.6-0.8 km
3
 179 

only. Its eruptive vents are no longer identifiable, possibly because of the strong anthropic 180 

imprint and constructions of the Djibouti suburbs: they are thought to be located in its summit 181 

zone, and aerial photograph data suggest radial emplacement of the lava flows away from this 182 

summit (Fournier et al., 1982). 183 

The total thickness of the Hayyabley lava flow pile is estimated at 120 m. The best 184 

section is exposed in Wadi Warabor, along the northern coast (Fig. 1). There, we sampled 185 

seven superimposed basaltic lava flows (DJ54B to DJ54H), resting conformably upon a 15 m-186 

thick columnar-jointed lava flow (DJ54A) belonging to the TGB sequence. These flows are 187 

vesicle-rich, and their thickness decreases upwards from ca. 4 m to less than 20 cm. Only the 188 

thickest lava flows show columnar jointing, and the uppermost ones are highly vesicular and 189 

often scoriaceous (Gasse et al., 1983). A sample (TF 914) collected from a possible eruption 190 

vent in the summit area had been dated by the K-Ar unspiked method to 0.98 ± 0.10 Ma and 191 

0.83 ± 0.08 Ma (Gasse et al., 1983), the youngest K-Ar dates obtained so far in the area. We 192 

have checked the previous results by dating two basaltic flows from the Wadi Warabor 193 

section (Fig. 1). The results are shown in Table 1. The two ages obtained, 0.93 ± 0.06 Ma and 194 

1.06 ± 0.09 Ma, are mutually consistent, and compatible as well with those previously 195 

published (Gasse et al., 1983). Indeed, the four results almost overlap at around 0.91 – 0.97 196 

Ma, and are remarkably convergent considering the very low concentration of potassium in 197 

the studied samples and the young age range. 198 

 199 

   200 

4. Petrologic and geochemical results 201 

 202 

4.1. Petrographic and mineralogical features 203 



 204 

The Hayyabley basalts are rather homogeneous from a petrographic point of view, and 205 

also quite different from the underlying TGB. They are moderately to highly vesicular (10 to 206 

30 modal% vesicles in thin section). These vesicles are usually empty, or sometimes partly 207 

filled by calcite, especially in the summit part of the volcano. The rocks are also sparsely to 208 

moderately phyric, with 5 to 15 modal% phenocrysts, the size of which ranges from 0.5 to 3 209 

mm. They include olivine (dominant) and calcic plagioclase (subordinate), in a roughly 2:1 210 

ratio. These phenocrysts are set in a holocrystalline groundmass, showing doleritic or 211 

intersertal textures. It contains, by order of decreasing abundance, plagioclase laths, olivine 212 

microcrysts (the periphery of which is often replaced by iddingsite), calcic pyroxene grains 213 

and titanomagnetite. 214 

Olivine compositions range from Fo84-82 for the phenocryst cores to Fo78-54 for their rims 215 

and the microcrysts, the smallest ones being the most Fe-rich. The plagioclase phenocryst 216 

cores are bytownitic (An86-77) and contain negligible amounts of Or component (<0.3%). The 217 

corresponding rims are less calcic (An70-32) and the small laths from the groundmass are 218 

clearly enriched in alkalis (up to An27-15 Ab70-80 Or2-5). Groundmass clinopyroxenes are augitic 219 

(Wo45-41 En43-40 Fs12-16) and their low TiO2 (<1 wt%) and Na2O (<0.3 wt%) contents are 220 

typical of tholeiitic clinopyroxenes. 221 

 222 

4.2. Major and trace elements on bulk rocks 223 

 224 

Nine samples taken from different flows from four locations (Fig. 1) were analysed, and 225 

the results are given in Table 2. Their major and trace element abundances are rather uniform. 226 

These lavas display high Al2O3 (16.4-17.05 wt%) and CaO (12.5-13.8 wt%) abundances, low 227 

Na2O (1.9-2.1 wt%) abundances and FeO*/MgO ratios close to 1. Although not primitive, 228 

these lavas are amongst the least evolved basalts collected so far from the Republic of 229 

Djibouti. Indeed, they exhibit the highest compatible trace element abundances (e.g., Ni, Co, 230 

Cr) measured in samples from this area (e.g., Joron et al., 1980; Barrat et al., 1990, 1993; 231 

Deniel et al., 1994).  232 

More importantly, their incompatible trace element abundances are low, and these 233 

samples are characterized by light REE depletions (Lan/Smn=0.76-0.83), and small but 234 

significant positive Eu anomalies (Eu/Eu*=1.08-1.12, Fig. 2). These features unambiguously 235 

distinguish the Hayyabley basalts from both the TGB and the older post-TGB basalts, which 236 

are always LREE-enriched (Joron et al., 1980; Barrat et al., 1990, 1993; Deniel et al., 1994).  237 



The unusual features of the Hayyabley basalts are strengthened by their primitive mantle 238 

normalised patterns that exhibit large positive Ba (Ban/Rbn=2.9-8.6) and Sr (Srn/Cen=1.8-2.1) 239 

anomalies (Fig. 3). Although LREE-depleted, the Hayyabley basalts are clearly distinct from 240 

typical N-MORB and basalts erupted by the nearby nascent oceanic ridges. For example, 241 

basalts with N to T-MORB affinities are known from the eastern part of the Tadjoura Gulf 242 

(Barrat et al., 1990, 1993). Although a positive Sr anomaly has been observed in a single 243 

LREE-depleted basalt, positive Ba and Eu anomalies are missing (Barrat et al., 1990, 1993 244 

and unpublished results). In addition, the Nb/Y and Zr/Y ratios (0.11-0.15 and 2.20-2.57, 245 

respectively, Table 2) of Hayyabley basalts are such that these lavas plot within the field of 246 

Icelandic plume basalts, and well above the N-MORB field, in Fitton et al.‟s (1997, 2003) 247 

rectangular plot (not shown). 248 

Interestingly, the Hayyabley basalts are remarkably similar to the scarce LREE-depleted 249 

basalts which were sporadically emitted by the Manda Hararo rift, Ethiopia (Barrat et al., 250 

2003). Indeed, the latter display incompatible element abundances and distributions very 251 

similar to those of the Hayyabley basalts (Fig. 3). The noticeable differences are minor. The 252 

Manda Hararo basalts are somewhat more evolved than the Hayyabley basalts and have for 253 

example lower Ni and Cr concentrations (Table 3). In addition, an Oligocene basaltic flow 254 

with the same features (sample E88) was reported by Pik et al. (1999) from the Ethiopian 255 

Plateau. 256 

 257 

4.3. Sr, Nd, Pb isotopic data 258 

 259 

The isotopic compositions of five samples are given in Table 4, and are almost uniform, 260 

with the exception of 
87

Sr/
86

Sr ratios which vary significantly in the range 0.70369 - 0.70396 261 

(Table 4). Although relatively fresh, the Hayyabley basalts display some evidence of 262 

weathering. One may suspect that their 
87

Sr/
86

Sr ratios are not pristine, and have been affected 263 

by secondary processes. Indeed, the least radiogenic sample DJ59 displays a negative Loss On 264 

Ignition (LOI) value (-0.38 wt%). Conversely, the LOI value of the most radiogenic sample 265 

(DJ54H) is much higher (0.92 wt%), and in a 
87

Sr/
86

Sr vs. LOI plot (not shown), a weak 266 

positive correlation is apparent. In order to check if the Sr isotopic compositions of the 267 

samples were modified by alteration, 150 mg of sample DJ54B was leached for 2 hours in hot 268 

(150°C) 6N HCl, and rinsed in deionized water prior to dissolution. Its 
87

Sr/
86

Sr ratio is 269 

significantly lower than the value obtained on the unleached powder (Table 4), a result which 270 



suggests that the Sr isotopic compositions have been modified by secondary processes. 271 

Similar observations were made by Deniel et al. (1994) on other samples from Djibouti. Thus, 272 

87
Sr/

86
Sr obtained on unleached samples from this area should be discussed only with extreme 273 

caution, even ratios obtained from apparently fresh basalts. We believe that only two 
87

Sr/
86

Sr 274 

measurements can be safely used in the discussion: the least radiogenic one (DJ59), and the 275 

value obtained on the leached residue of DJ54B. 276 

The Sr, Nd, and Pb isotopic compositions of the Hayyabley basalts are compared to 277 

those of other volcanics from the Horn of Africa in figures 4 to 6. In these plots, Hayyabley 278 

basalts lie significantly outside the fields defined by the submarine basalts erupted from the 279 

nascent oceanic ridges of the Red Sea, the Eastern part of the Tadjoura Gulf, and the Aden 280 

Gulf. These features indicate that these LREE-depleted lavas are unlike MORB (Figs. 5 and 281 

6). For example, they display 
87

Sr/
86

Sr ratios more radiogenic than N-MORB, and 282 

significantly lower Nd values (Ito et al., 1987). In contrast, the Nd vs. 
87

Sr/
86

Sr plot (Fig. 4) 283 

shows that the Hayyabley basalts and LREE-depleted basalts from Manda Hararo are 284 

isotopically very similar. The Hayyabley basalts display almost uniform Pb isotopic 285 

compositions (
206

Pb/
204

Pb= 18.47-18.55, 
207

Pb/
204

Pb= 15.52-15.57, 
208

Pb/
204

Pb= 38.62-38.77) 286 

well above the NHRL (Hart, 1984, 1988; see Table 4). In the Sr-Nd, Pb-Pb and Nd-Pb plots 287 

(Figs. 4 to 6), the Hayyabley basalts extend the range of the compositions displayed by the 288 

young (< 4 Ma) basalts from Djibouti. They might reflect the contribution of a distinct LREE 289 

component in their petrogenesis.  290 

 291 

5. Discussion 292 

 293 

Although Ethiopian Plateau basalts (Pik et al., 1999; Kieffer et al., 2004; Meshesha and 294 

Shinjo, 2007; Beccaluva et al., 2009), and Afar basalts (Treuil and Joron, 1975; Joron et al., 295 

1980; Deniel et al., 1994) are dominantly enriched, previous studies (Barrat et al., 1993, 2003; 296 

Pik et al., 1999; Meshesha and Shinjo, 2007) have demonstrated that minor depleted 297 

components were also involved in their petrogenesis. The discovery of a new occurrence of 298 

LREE-depleted basalts in Djibouti, i.e. further east in the Afar rift setting, might provide new 299 

constrains on their origin. Two main points will be discussed below: (1) the origin of the Ba, 300 

Sr and Eu positive anomalies observed in the Hayyabley basalts, and (2) the occurrence of a 301 

specific LREE-depleted component in the sources of the Afar basalts. 302 

 303 

5.1. The Ba, Sr and Eu positive anomalies in the Hayyabley basalts 304 



 305 

The origin of Ba, Sr and Eu positive anomalies in LREE-depleted basalts has been 306 

previously investigated in the cases of some Icelandic basalts (e.g., Kokfelt et al., 2006 and 307 

references therein) and of the Manda Hararo basalts (Barrat et al., 2003). The compositions of 308 

LREE-depleted basalts such as those erupted by the Hayyabley volcano might be related to 309 

those of common MORB. The chief differences between them could be due to secondary 310 

processes, such as hot-desert weathering, crystal accumulation, or contamination by a crustal 311 

component. Alternatively, they could be derived from an unusual mantle source, located in 312 

the lithospheric or asthenospheric mantle or in the plume itself.  313 

 In a hot-desert environment, surface processes are able to generate positive Ba and Sr 314 

anomalies in a very short time. The studies of meteorites from Sahara have demonstrated that 315 

some of them, and not only the most weathered ones, exhibit marked Ba and Sr enrichments 316 

that are sensitive indicators of the development of secondary calcite, gypsum, or barytes (e.g., 317 

Barrat et al., 1998, 2003). Such processes would have generated a range of Ba and Sr 318 

abundances from low values typical of unweathered N-MORB (about 10 ppm Ba and 100 319 

ppm Sr) to much higher concentrations. However, Ba and Sr abundances in the Hayyabley 320 

basalts are uniform, and strikingly similar to the concentrations measured in the distant 321 

Manda Hararo basalts. Furthermore, the development of secondary phases is unable to 322 

increase the Eu/Eu* ratio and to generate positive Eu anomalies, hence ruling out this first 323 

explanation. 324 

Positive Ba, Sr and Eu anomalies in basaltic rocks are usually explained by plagioclase 325 

accumulation or assimilation. However this process is unable to produce Sr anomalies as high 326 

as those displayed by the Hayyabley or Manda Hararo basalts without increasing drastically 327 

the Al2O3 contents of the resulting rocks. The fact that the Al2O3 abundances of the LREE-328 

depleted basalts are not anomalously high (Table 2) is inconsistent with the hypothesis of 329 

plagioclase accumulation. Assimilation of plagioclase-rich gabbros from the oceanic 330 

lithosphere during ascent of plume-related magmas has been proposed in the cases of offshore 331 

Tadjoura Gulf basalts (Barrat et al., 1993) and Galapagos basalts (Saal et al., 2007). However, 332 

reproducing the compositions of Hayyabley basalts through this process, and especially their 333 

positive Ba, Sr and Eu anomalies, would require rather high rates of assimilation. In addition, 334 

the Hayyabley and Manda Hararo basalts overlie thinned continental crust which is 25-26 km 335 

thick (Dugda and Nyblade, 2006), while the depleted plateau basalt sample E88 (Pik et al., 336 

1999) is located on normal (ca. 40 km thick) African crust. Due to the presence of a 337 

substantial plume-related basaltic cover in both cases, one may expect the occurrence at 338 



crustal or even subcrustal depths of associated gabbroic cumulates. However, these gabbros 339 

should be LREE-enriched like the vast majority of Afar basalts. Therefore, their interaction 340 

with depleted (N-MORB type) melts is likely to lead to variably LREE-enriched magmas with 341 

isotopic compositions close to those of the flood basalts.  342 

The Hayyabley basalts have radiogenic Sr isotopic compositions and low Nd values 343 

relative to Aden Gulf or Red Sea MORBs (Schilling et al., 1992; Volker et al., 1993; Hase et 344 

al., 2000). The assimilation of a continental component could explain this shift from usual N-345 

MORB values, but incompatible trace element ratios give no support to this interpretation. 346 

Contamination of MORB-like melts by continental crust would produce significant changes in 347 

incompatible trace element ratios. The Hayyabley basalts, like the Manda Hararo LREE-348 

depleted basalts, lack the negative Nb or Ta anomalies observed in the multi-element plots of 349 

crust-contaminated basalts. Moreover, they show a limited range of Ce/Pb ratios from 24 to 350 

28, similar to values measured in oceanic basalts (e.g., Sun and McDonough, 1989). 351 

Therefore, there is no indication for assimilation of significant amounts of material derived 352 

from the continental crust in the LREE-depleted basalts. In the case of the Manda Hararo 353 

basalts, this conclusion is strengthened by their 
18

O values close to 5.5 ‰, which are typical 354 

of mantle composition (Barrat et al., 2003). 355 

Another possible explanation of the specific features of Hayyabley and Manda Hararo 356 

basalts is that they might result from the interaction between ascending depleted (N-MORB 357 

type) melts and the African subcontinental lithospheric mantle. Once again, such a mantle is 358 

expected to be LREE-enriched (Hart et al., 1989; Vidal et al., 1991; Deniel et al., 1994) and 359 

thus should transmit its trace element and isotopic fingerprint to LREE-poor ascending 360 

magmas. In addition, the remarkably similar chemical features of Hayyabley, Manda Hararo 361 

and E88 basalts suggest that they derive from almost identical sources and petrogenetic 362 

processes. Their distinct locations, emplacement ages (Oligocene for E88, ca. 1 Ma for 363 

Hayyabley and less than 0.2 Ma for Manda Hararo) and underlying crustal/lithospheric 364 

thickness (normal for E88, thinned for the two other occurrences) are hardly consistent with a 365 

similar petrogenetic history.  366 

Therefore, as previously pointed out for the Manda Hararo basalts (Barrat et al., 2003), 367 

the positive Sr, Ba and Eu anomalies and the particular Sr-Nd-Pb isotopic features of the 368 

Hayyabley basalts, are more likely a genuine feature inherited from their deep mantle sources. 369 

The same conclusions have been reached for depleted basalts with similar positive anomalies 370 

from Iceland. Chauvel and Hémond (2000), Skovgaard et al. (2001), and Kokfelt et al. (2006) 371 

have suggested that the sources of Icelandic lavas contained an old recycled oceanic 372 



lithosphere component and that melting of the gabbroic portion of this lithosphere led to the 373 

formation of basalts that exhibit large positive Ba, Sr and Eu anomalies. At first glance, such 374 

an explanation is attractive because if this recycled gabbroic component has been 375 

hydrothermally altered, one may expect 
87

Sr/
86

Sr ratios much more radiogenic than those of 376 

typical MORB. Hence, the involvement of such component could account for the relatively 377 

high 
87

Sr/
86

Sr ratios of the Manda Hararo and Hayyabley depleted basalts. However, an old 378 

LREE-depleted recycled gabbroic component from the oceanic lithosphere would also be 379 

characterized by high Nd values. On the contrary, the Manda Hararo and Hayyabley lavas 380 

display Nd values unexpectedly low ( Nd = 5-7) for depleted basalts. Thus, we conclude that, 381 

at best, this model only partially fits the observations. 382 

 383 

5.2. The depleted components in the sources of Djibouti and Ethiopian basalts 384 

 385 

Previous geochemical studies have demonstrated the participation of a depleted 386 

component during the genesis of the Horn of Africa basalts. In the case of basalts emitted by 387 

the young oceanic ridges from the Red Sea or the Aden Gulf, major involvement of MORB-388 

related sources has been proposed (e.g., Barrat et al., 1990, 1993; Schilling et al., 1992; 389 

Volker et al., 1993). These submarine basalts do not have the unradiogenic Pb isotopes of the 390 

Carslberg Ridge ca. 1600 km east of Hayyabley volcano (Hart, 1984) but do extend away 391 

from the Indian Ocean MORB toward a more HIMU composition. On land, huge volumes of 392 

enriched basalts were emplaced in Afar and Ethiopia. The trace element and isotopic features 393 

of the depleted reservoirs which have been involved during the genesis of the scarce LREE-394 

depleted lavas are very difficult to constrain. Two distinct LREE-depleted components have 395 

been unambiguously detected.  396 

First, a depleted MORB mantle component is clearly involved in the genesis of 397 

Quaternary basalts from Northern Afar. The Sr-Nd-Pb isotopic relationships displayed by the 398 

Erta‟Ale basalts (Figs. 4 to 6) point to the participation of two mantle end-members, namely a 399 

HIMU component and a depleted mantle (DM) component undistinguishable from the source 400 

of the Red Sea MORB (Barrat et al., 1998). Furthermore, a similar depleted component has 401 

been detected in the sources of the Oligocene lavas from the Northwestern Ethiopian volcanic 402 

province (Meshesha and Shinjo, 2007). The entrainment of depleted asthenospheric mantle 403 

during plume ascent (Furman et al., 2006) is a possible explanation for the contribution of this 404 

component to the sources of some of the basalts erupted in Afar and Ethiopia, as well as to 405 

those of Kerguelen basalts (Doucet et al., 2002). However, numerical models (Farnetani et al., 406 



2002; Farnetani and Samuel, 2005) suggest that incorporation of depleted upper mantle within 407 

ascending plumes is unlikely to occur. 408 

In addition, the compositions of LREE-depleted basalts from Hayyabley and Manda 409 

Hararo point to a depleted end-member chemically (Fig. 3) and isotopically (Figs. 4 to 6) 410 

distinct from an asthenospheric MORB-like component. A single Oligocene LREE-depleted 411 

basalt displaying chemical features similar to those of the Quaternary depleted ones has been 412 

collected in Ethiopia (sample E88, Pik et al., 1999). Although its isotopic composition is 413 

slightly different from those of the Hayyabley basalts (Figs. 4 to 6), the occurrence of this 414 

sample indicates that a depleted component distinct from the MORB source was involved in 415 

this area at an early stage of plume emplacement. Therefore, we suggest that a depleted 416 

component, intrinsic to the plume at depth, has contributed to the sources of both young and 417 

old lavas related to the Afar plume. Similar conclusions have been reached for the Hawaiian 418 

(Frey et al., 2005) and Icelandic (Thirlwall, 1995; Kerr et al., 1995; Fitton et al., 1997; 419 

Chauvel and Hémond, 2000; Thirlwall et al., 2004; Skovgaard et al., 2001; Kokfelt et al., 420 

2006) plumes. However, the nature of this component is currently difficult to constrain in the 421 

Afar case. Indeed, melting of the gabbroic part of an old recycled oceanic lithosphere (e.g., 422 

Kokfelt et al., 2006) would produce high Nd magmas and therefore this process does not 423 

account for the low Nd values of Hayyableh and Manda Hararo basalts. Alternatively, LREE 424 

depletion could be due to a previous melting event affecting the plume materials, as proposed 425 

by Thirlwall et al. (2004) for their ID2 (or RRD2) depleted component of the Icelandic plume. 426 

This hypothesis may account for the Pb isotopic differences between Hayyabley/Manda 427 

Hararo basalts and the other (enriched) Djibouti basalts (Figs. 4 to 6) but can hardly explain 428 

the higher Sr isotopic ratios of Hayyabley and Manda Hararo basalts.  429 

Finally, another intriguing problem is the causal mechanism for the sporadic eruption of 430 

small volumes of such nearly pure “depleted” melts in spatially and temporally distinct 431 

locations, without any significant contamination by the dominant enriched materials. Indeed, 432 

such features are difficult to reconcile with models postulating a large concentrically-zoned 433 

Afar plume (e.g., Beccaluva et al., 2009). Numerical simulations of the evolution of thermal 434 

and thermo-chemical plumes (Farnetani et al., 2002; Farnetani and Samuel, 2005; Farnetani 435 

and Hofmann, 2009) suggest that small heterogeneous mantle domains present in the thermal 436 

boundary layer feeding the plume are converted, during the ascent of the latter, into long-lived 437 

elongated and narrow filaments within the plume conduit. Such filaments would melt 438 

sporadically, and then eventually communicate their specific geochemical fingerprint to small 439 

volumes of basaltic lavas (Farnetani and Hoffmann, 2009). 440 



 441 

6. Conclusions 442 

 443 

 The ~1 Ma-old Hayyabley volcano (SE Djibouti) has emitted ca. 0.6-0.8 km
3
 of 444 

LREE-depleted basalts (Lan/Smn=0.76-0.83) that display unusual chemical features (positive 445 

Ba, Sr and Eu anomalies). These lavas are chemically distinct from the N-MORBs erupted 446 

from the nearby Red Sea and Gulf of Aden oceanic ridges, and instead closely resemble the 447 

LREE-depleted basalts from the Manda Hararo rift in Central Afar (Barrat et al., 2003). 448 

Another similar occurrence, Oligocene in age, has been reported from the trap series in the 449 

Ethiopian Plateau by Pik et al. (1999). Our new results confirm the presence within the Afar 450 

region of basalts derived from an uncommon depleted component, isotopically distinct from 451 

the source of the Red Sea MORBs and from the similarly depleted mantle (DM in Figs. 4 to 452 

6) which contributes to the genesis of Erta„Ale volcanics (Barrat et al., 1998). This component 453 

is not unusual from an isotopic (Sr, Nd, Pb, O) point of view, and is mainly recognizable from 454 

the specific trace element signature of the corresponding basalts (positive Ba, Sr, Eu 455 

anomalies combined with LREE depletion).  456 

The origin of the Hayyabley-Manda Hararo basalts fingerprint could be ascribed to the 457 

interactions between (i) depleted (N-MORB type) basalts derived from an asthenospheric 458 

mantle component similar to the Erta „Ale depleted end-member and (ii) enriched lithospheric 459 

materials which would be responsible for the positive Ba, Sr and Eu anomalies. These 460 

materials could be either the African continental crust, flood basalt-related gabbroic 461 

cumulates stored within or below it, or finally the subcontinental lithospheric mantle. 462 

Hovever, all these materials are mostly LREE-enriched, and the contamination hypothesis can 463 

hardly explain the clear LREE, Rb and Th depletion and concomitant Ba, Sr and Eu 464 

enrichment of Hayyabley basalts (Figs. 2 and 3) as well as their Pb isotopic signature (Figs. 5 465 

and 6). Moreover, contamination in plume-related volcanic series is often described as a 466 

variable, occasional or random process. Thus, it can hardly account for the very specific trace 467 

element and isotopic signature of the Afar depleted basalts, which were erupted in three 468 

separate locations, with distinct emplacement ages and underlying crustal/lithospheric 469 

thickness. 470 

Therefore, our preferred conclusion is that these depleted basalts derive from a intrinsic 471 

(although volumetrically minor) depleted component from the Afar plume, possibly present as 472 

elongated and narrow filaments within the plume conduit. Sporadic melting of such filaments 473 



might account for the restricted spatial and temporal distribution of the Afar depleted basalts. 474 

The precise origin of this deep mantle component is currently difficult to constrain, given the 475 

small number of depleted basalt samples and the limited amount of corresponding 476 

geochemical data. The most likely hypothesis is the contribution of recycled gabbros from 477 

ancient oceanic crust. 478 
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Figure captions 798 

 799 

Fig. 1. Geological setting of the Djibouti Plain. (a) Location of the study area in the Tadjoura 800 

Gulf context. (b) ASTER satellite image showing the Hayyabley volcano post-dating the 801 

coastal fault belt related to the Tadjoura rift. (c) Geological interpretation of Fig. 1b. 802 

 803 

Fig. 2. Chondrite-normalized REE patterns of Hayyableh basalts compared to the field of 804 

older Tadjoura Gulf basalts located onland in Djibouti (Barrat et al., 1993; Daoud, 2008). The 805 

reference chondrite is from Evensen et al. (1978). The pattern of a southern Red Sea N-806 

MORB (sample V84, Barrat etal., 1990) is shown for comparison. 807 

 808 



Fig. 3. Primitive mantle-normalized element patterns for Hayyabley basalts, LREE-depleted 809 

Manda Hararo basalts (Barrat et al., 2003), two submarine MORB from the East of the Gulf 810 

of Tadjoura (Barrat et al., 1990, 1993), the southern Red Sea N-MORB sample V84 (Barrat 811 

et al., 1990), and the LREE-depleted sample E88 from the Oligocene Ethiopian Plateau (Pik 812 

et al., 1999). The primitive mantle values are from Sun and McDonough (1989). 813 

 814 

Fig. 4. Plot of εNd vs. 
87

Sr/
86

Sr for young onland basalts from Djibouti (Deniel et al., 1994, and 815 

this study). Only the two reliable Sr isotopic ratios of Hayyabley basalts have been plotted. 816 

Basalts older than 4 Ma have been omitted because of their possible contamination by 817 

continental crust. The fields of (1) basalts from the South Red Sea occurrences, which include 818 

oceanic ridge segments, Ramad seamount and Zubair and Hanish islands (Barrat et al., 1990, 819 

1993; Volker et al., 1993, 1997), (2) submarine basalts from the East of the Gulf of Tadjoura 820 

and the Aden Gulf (Barrat et al., 1990, 1993; Schilling et al., 1992), (3) Erta „Ale volcanics 821 

(Barrat et al., 1998), (4) LREE-depleted basalts from Manda Hararo (MH, Barrat et al., 2003), 822 

and (5) some Ethiopian samples (E88: depleted Oligocene basalt; HT2: average composition 823 

of high-Ti basalts, Pik et al., 1999) are shown for comparison. DM refers to the regional 824 

depleted mantle composition deduced from the study of South Red Sea and Gulf of Aden 825 

basalts. 826 
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Fig. 5. Plot of 
207

Pb/
204

Pb and 
208

Pb/
204

Pb vs. 
206

Pb/
204

Pb for young (less than 4 Ma) onland 828 

enriched basalts from Djibouti (Deniel et al., 1994) and Hayyabley depleted basalts (this 829 

study). Other fields as in Fig. 4. E‟A: field of Erta „Ale volcanics (Barrat et al., 1998). Most 830 

207
Pb/

204
Pb data taken from the regional literature (e.g. on E88 and Erta „Ale) are less precise 831 

than those measured on Hayyabley basalts, and should therefore be considered with caution. 832 
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Fig. 6. Plot of 
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Pb/
204

Pb vs. εNd for young (less than 4 Ma) onland enriched basalts from 834 

Djibouti (Deniel et al., 1994) and Hayyabley depleted basalts (this study). Other fields as in 835 

Fig. 5. 836 
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Table 1. Unspiked 
40

K-
40

Ar datings of Hayyabley basalts. See text for the analytical 840 

procedures.  841 
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Table 2. Major and trace element analyses of Hayyabley basalts (major oxides in wt%, trace 843 

elements in ppm). ICP-AES and ICP-MS analytical methods described in the text. 844 

 845 

Table 3. Compositions of LREE-depleted basalts from Hayyabley (average of the samples 846 

analysed by ICP-MS), Manda Hararo (average data from Barrat et al., 2003), Ethiopian 847 

Plateau (sample E88, Pik et al., 1999), and of a N-MORB from Tadjoura Gulf (sample A3D3, 848 

Joron et al., 1980; Barrat et al., 1993). Major oxides in wt%, trace elements in ppm. n denotes 849 

ratios normalized to the primitive mantle composition from Sun and McDonough (1989). 850 

 851 

Table 4. Sr, Nd and Pb isotopic compositions of Hayyabley basalts (B: bulk rock; R: residue 852 

after leaching). See text for the analytical procedures. Δ7/4 and Δ 8/4 denote the deviation (in 853 
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Pb and 
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Abstract 19 

 20 

Major, trace element and isotopic (Sr, Nd, Pb) data and unspiked K-Ar ages are presented for Quaternary 21 

(0.90-0.95 Ma old) basalts from the Hayyabley volcano, Djibouti. These basalts are LREE-depleted (Lan/Smn= 22 

0.76-0.83), with 
87

Sr/
86

Sr ratios ranging from 0.70369 to 0.70376, and rather homogeneous 
143

Nd/
144

Nd ( Nd = 23 

+5.9 - +7.3) and Pb isotopic compositions (
206

Pb/
204

Pb= 18.47-18.55, 
207

Pb/
204

Pb= 15.52-15.57, 
208

Pb/
204

Pb= 24 

38.62-38.77). They are very different from the underlying enriched Tadjoura Gulf basalts, and from the N-25 

MORB erupted from the nascent oceanic ridges of the Red Sea and Gulf of Aden. Their compositions closely 26 

resemble those of (1) depleted Quaternary Manda Hararo basalts from the Afar depression in Ethiopia and (2) 27 

one Oligocene basalt from the Ethiopian Plateau trap series. Their trace element and Sr, Nd, Pb isotope 28 

systematics suggest the involvement of a discrete but minor LREE-depleted component, which is probably an 29 

intrinsic part of the Afar plume.  30 

 31 

1. Introduction. 32 

 33 

The study of basalts from intra-oceanic islands and plateaus as well as from traps and 34 

rifts has shown the considerable chemical heterogeneity of plume materials (Hart, 1988). This 35 
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heterogeneity might indicate very complex plume structures and dynamics (Lin and van 36 

Keken, 2006). However, it may not only result from the initial chemical heterogeneity of 37 

mantle plumes at depth but also from the entrainment of surrounding mantle materials (Hart et 38 

al., 1992; Furman et al., 2006). In addition, a lithospheric component is clearly recognized in 39 

some intracontinental basalts, e.g. in the Afar province, but its origin is still debated (Rogers, 40 

2006). Some authors have suggested that melting of the Afar lithospheric mantle explains a 41 

significant proportion of the erupted lavas (Hart et al., 1989; Vidal et al., 1991; Deniel et al., 42 

1994) whilst others point out that continental crust contamination can also contribute to the 43 

isotopic signature of these basalts (Barrat et al., 1993; Baker et al., 1996; Pik et al., 1999). 44 

The vast majority of plume-related basalts, including the Afar ones (Furman et al., 2006; 45 

Beccaluva et al., 2009) are dominated by a component that is chemically and isotopically 46 

enriched. However, the occurrence of subordinate components characterized by a light rare 47 

earth element (LREE) depletion has been suggested from the study of basalts from major 48 

mantle plumes in: (1) Iceland (Zindler et al., 1979; Hémond et al., 1993; Taylor et al., 1997; 49 

Chauvel and Hémond, 2000; Skovgaard et al., 2001; Fitton et al., 2003; Thirlwall et al., 2004; 50 

Kokfelt et al., 2006); (2) Hawaii (Chen and Frey, 1985; Yang et al., 2003; Frey et al., 2005); 51 

(3) the Galapagos (White et al., 1993; Hoernle et al., 2000; Blichert-Toft and White, 2001; 52 

Saal et al., 2007); and (4) the Kerguelen Archipelago (Doucet et al., 2002). However, the 53 

characterization of this reservoir is difficult because its signature may be overprinted by either 54 

the dominant enriched plume component or the lithospheric reservoirs. Therefore, the 55 

presence of an intrinsic depleted component in plumes is still an open question.  56 

LREE-depleted basalts associated to the Afar mantle plume have long been recognized 57 

in the Quaternary Manda Hararo volcanic chain, Ethiopia (Treuil and Joron, 1975; Joron et 58 

al., 1980; Barrat et al., 2003). A single LREE-depleted Oligocene Ethiopian Plateau basalt has 59 

also been so far analysed (sample E88: Pik et al., 1998, 1999). The purpose of this paper is: 60 

(1) to describe another newly discovered occurrence of such basalts in the SE part of the Afar 61 

triangle, i.e. the rather large Hayyabley Quaternary volcano in Djibouti (Fig. 1), and (2) to 62 

discuss its bearing on the composition and heterogeneity of the Afar mantle plume.  63 

 64 

2. Analytical techniques  65 

 66 

Ar isotopic compositions and K contents (Table 1) were measured at Gif-sur-Yvette and 67 

IUEM (Institut Universitaire Européen de la Mer), respectively. The samples were crushed, 68 

sieved to 0.25-0.125 mm size fraction and ultrasonically washed in acetic acid. Potassium and 69 



argon were measured on the microcrystalline groundmass, after removal of phenocrysts using 70 

heavy liquids of appropriate densities and magnetic separations. This process improves the K 71 

yield as well as the percentage of radiogenic argon, and removes at least some potential 72 

sources of systematic error due to the presence of excess 
40

Ar in olivine and feldspar 73 

phenocrysts (Laughlin et al., 1994). Ar analyses were performed using the procedures detailed 74 

in Yurtmen et al. (2002) and Guillou et al. (2004). The unspiked technique differs from the 75 

conventional isotope dilution method in that argon extracted from the sample is measured in 76 

sequence with purified aliquots of atmospheric argon at the same working gas pressure in the 77 

mass-spectrometer. This suppresses mass discrimination effects between the atmospheric 78 

reference and the unknown, and allows quantities of radiogenic 
40

Ar* as small as 0.14% to be 79 

detected on a single-run basis (Scaillet et al., 2004). Argon was extracted by radio frequency 80 

heating of 2.0 – 3.0 g of sample, then transferred to an ultra-high-vacuum glass line and 81 

purified with titanium sponge and Zr-Ar getters. Isotopic analyses were performed on total 82 

40
Ar contents ranging between 2.4 and 3.2 x 10

-11
 moles using a 180°, 6 cm radius mass 83 

spectrometer with an accelerating potential of 620V. The manometric calibration (Charbit et 84 

al.,1998) was based on periodic, replicate determinations of international dating standards 85 

including LP-6 (Odin et al., 1982) and HD-B1 (Fuhrmann et al., 1987). The total 
40

Ar content 86 

of the sample can be determined with a precision of  0.2% (2 σ) according to this procedure. 87 

Ages were calculated using the constants recommended by Steiger and Jäger (1977). 88 

Major element compositions of minerals and glasses were determined using a Cameca 89 

SX50 five spectrometer automated electron microprobe (Microsonde Ouest, Plouzané, 90 

France). Analytical conditions were 15 kV, 10-12 nA and a counting time of 6 sec. (see 91 

Defant et al., 1991, for further analytical details). Major and trace element data on bulk rocks 92 

(Table 2) were first obtained by Inductively Coupled Plasma-Atomic Emission Spectrometry 93 

(ICP-AES) at IUEM, Plouzané. The samples were finely powdered in an agate grinder. 94 

International standards were used for calibration tests (ACE, BEN, JB-2, PM-S and WS-E). 95 

Rb was measured by flame emission spectroscopy. Relative standard deviations are ±1 % for 96 

SiO2, and ±2 % for other major elements except P2O5 and MnO (absolute precision ±0.01 %), 97 

and ca. 5% for trace elements. The analytical techniques are described in Cotten et al. (1995). 98 

Concentrations of additional trace elements were measured by Inductively Coupled Plasma 99 

Mass Spectrometry (ICP-MS) at IUEM, using a Thermo Element 2 spectrometer following 100 

procedures adapted from Barrat et al. (1996, 2000). Based on standard measurements and 101 

sample duplicates, trace element concentration reproducibility is generally better than 5 % 102 

(Barrat et al., 2007), and are in good agreement with the ICP-AES results (Table 2). 103 



Isotopic compositions of Sr and Nd (Table 4) were determined at IUEM. Conventional 104 

ion exchange techniques were used for separation of Sr, and isotope ratio measurements were 105 

carried out by thermal ionization mass spectrometry using a Thermo Triton equipped with 7 106 

collectors. Isotopic ratios were normalized for instrumental mass fractionation relative to 107 

86
Sr/

88
Sr = 0.1194. 

87
Sr/

86
Sr of the NBS 987 Sr standard yielded 0.710213±22 (2 σ, n=14) and 108 

the sample Sr isotopic compositions are reported relative to 
87

Sr/
86

Sr = 0.71024. The Nd 109 

purification was done according to the procedure described in Dosso et al. (1993). TRU Spec 110 

chromatographic resins from Eichrom were used to separate the REE fraction from the sample 111 

matrix. Then, the separation and elution of Nd and other REE were realized on Ln.Spec resin. 112 

During the course of the study, analyses of the La Jolla standard were performed and gave an 113 

average of 
143

Nd/
144

Nd = 0.511845±6 (n=15). All Nd data were fractionation-corrected to 114 

146
Nd/

144
Nd = 0.7219 and further normalized to a value of 

143
Nd/

144
Nd = 0.511860 for the La 115 

Jolla standard. 116 

Isotopic compositions of Pb were determined at the National Oceanography Centre, 117 

Southampton, using the SBL 74 double spike. Powdered samples were leached with 6 M HCl 118 

at 140°C for 1 hour and then rinsed up to 6 times with ultrapure water prior to dissolution. 119 

Lead separation was then performed on an anionic exchange resin. High-resolution Pb 120 

isotopic analyses were carried out on a VG sector 54 multi-collector instrument, using the 121 

double spike technique with the calibrated Southampton-Brest 
207

Pb/
204

Pb spike (Ishizuka et 122 

al., 2003). The true Pb isotopic compositions were obtained from the natural and mixture runs 123 

by iterative calculation adopting a modified linear mass bias correction (Johnson and Beard, 124 

1999). The reproducibility of this Pb isotopic measurement (external error: 2 σ) by double 125 

spike is < 200 ppm for all 
20x

Pb/
204

Pb ratios. Measured values for NBS SRM-981 during the 126 

measurement period were 
206

Pb/
204

Pb = 16.9414 ± 26, 
207

Pb/
204

Pb = 15.4997 ± 30 and 127 

208
Pb/

204
Pb = 36.726 ± 9 (2 σ, n = 9). Pb blanks measured using this procedure were < 100 pg, 128 

and thus negligible relative to the amount of sample analysed. 129 

 130 

 131 

3. Geological setting and K-Ar ages 132 

 133 

3.1. Geological and tectonic framework 134 

 135 

The geology of the Republic of Djibouti records the effects of the activity of the Afar 136 

mantle plume since 30 Ma (Schilling, 1973; Barberi et al., 1975; Barberi and Varet, 1977; 137 



Furman et al., 2006). Plume-related basaltic and derived magmas, variably enriched in 138 

incompatible elements (e.g., Joron et al., 1980; Deniel et al., 1994) cover ca. 90% of its 139 

surface, and range in age from at least 23.6 ± 0.5 Ma to Present (Barberi et al., 1975; 140 

Courtillot et al., 1984; Zumbo et al., 1995). Since the Miocene, the most salient tectono-141 

magmatic process observed in the area was the penetration of the Gulf of Aden (GA) oceanic 142 

ridge between the Arabia and Somalia plates, hence leading to the opening of the Tadjoura 143 

Gulf (Courtillot et al., 1980; Manighetti et al., 1997), at the southwestern edge of which the 144 

emerged Asal Rift shows spectacular evidence for both tectonic and magmatic activities 145 

(Stieltjes et al., 1976; Needham et al., 1976). 146 

Onland, the principal marker of the Pliocene opening of the Tadjoura Gulf (TG) was the 147 

emplacement of a < 350 m-thick basaltic lava flow pile, referred to as the “initial basaltic 148 

series from the borders of the Tadjoura Gulf” (Fournier et al., 1982; Gasse et al., 1983), which 149 

will be named hereafter the Tadjoura Gulf Basalts (TGB). These very fluid subaerial lava 150 

flows are generally assumed to have been emitted from now submerged fissures in the Gulf, 151 

and emplaced rather symmetrically outwards on the twin margins (Fig. 1, inset) (Richard, 152 

1979). Additional feeder dykes, and associated neck-like features, have been identified 153 

onshore, along the northern flank in the Tadjoura area. TGB range from olivine tholeiites to 154 

ferrobasalts, and in thin section are subaphyric to sparsely phyric, with 3-6 modal% calcic 155 

plagioclase, and 1-3 modal% olivine set in a microlitic groundmass. They display mild, but 156 

significant, enrichments in light rare earth elements (LREE) and other highly incompatible 157 

elements (Joron et al., 1980; Barrat et al., 1990, 1993; Deniel et al., 1994).  158 

In the Djibouti plain, the TGB are involved in a coastal network of Gulf-parallel tilted 159 

fault blocks, bounded by dominantly extensional N-facing structures, in association with 160 

N140°E normal faults outlined by a swarm of small cinder cones (Fig. 1). To the East, they 161 

are post-dated by the Hayyabley elongated volcano, the long axis of which also strikes NW-162 

SE, parallel to the regional fault scarp bounding the eastern coastal plain further SE.  163 

 164 

3.2.The Hayyabley volcano 165 

 166 

The youngest volcanic units in the Djibouti plain are a set of generally small (less than 167 

100 m high) ash and cinder strombolian-type cones with associated basaltic flows (e.g. the 168 

Nagâd volcano, Fig. 1), aligned along a young NNW-SSE fracture network (Fournier et al., 169 

1982). They overlie the TGB and have been dated to 1.75-1.70 Ma (Gasse et al., 1983). The 170 

largest of these post-TGB volcanic centers is the Hayyabley volcano, east of Djibouti town 171 



(Fig. 1). Although it was shown on the 1:50 000 geological map of Djibouti (Fournier et al., 172 

1982), and further well-described and dated by Gasse et al. (1983), it was apparently never 173 

investigated later despite the obviously unusual characteristics of its basaltic lavas.  174 

The Hayyabley volcano in map-view is a 5x10 km elliptic edifice, with a NNW-SSE 175 

trending axis. It has a shield-like and rather flat morphology, and culminates at 147 m at 176 

Signal Bouêt. It overlies the TGB lava flows outcropping W and N of Wadi Ambouli valley 177 

(Fig. 1), and seals the EW to WNW-ESE normal fault pattern related to the Tadjoura rift. 178 

Despite the rather large aerial extent of its lavas, we estimate its volume to ca. 0.6-0.8 km
3
 179 

only. Its eruptive vents are no longer identifiable, possibly because of the strong anthropic 180 

imprint and constructions of the Djibouti suburbs: they are thought to be located in its summit 181 

zone, and aerial photograph data suggest radial emplacement of the lava flows away from this 182 

summit (Fournier et al., 1982). 183 

The total thickness of the Hayyabley lava flow pile is estimated at 120 m. The best 184 

section is exposed in Wadi Warabor, along the northern coast (Fig. 1). There, we sampled 185 

seven superimposed basaltic lava flows (DJ54B to DJ54H), resting conformably upon a 15 m-186 

thick columnar-jointed lava flow (DJ54A) belonging to the TGB sequence. These flows are 187 

vesicle-rich, and their thickness decreases upwards from ca. 4 m to less than 20 cm. Only the 188 

thickest lava flows show columnar jointing, and the uppermost ones are highly vesicular and 189 

often scoriaceous (Gasse et al., 1983). A sample (TF 914) collected from a possible eruption 190 

vent in the summit area had been dated by the K-Ar unspiked method to 0.98 ± 0.10 Ma and 191 

0.83 ± 0.08 Ma (Gasse et al., 1983), the youngest K-Ar dates obtained so far in the area. We 192 

have checked the previous results by dating two basaltic flows from the Wadi Warabor 193 

section (Fig. 1). The results are shown in Table 1. The two ages obtained, 0.93 ± 0.06 Ma and 194 

1.06 ± 0.09 Ma, are mutually consistent, and compatible as well with those previously 195 

published (Gasse et al., 1983). Indeed, the four results almost overlap at around 0.91 – 0.97 196 

Ma, and are remarkably convergent considering the very low concentration of potassium in 197 

the studied samples and the young age range. 198 

 199 

   200 

4. Petrologic and geochemical results 201 

 202 

4.1. Petrographic and mineralogical features 203 



 204 

The Hayyabley basalts are rather homogeneous from a petrographic point of view, and 205 

also quite different from the underlying TGB. They are moderately to highly vesicular (10 to 206 

30 modal% vesicles in thin section). These vesicles are usually empty, or sometimes partly 207 

filled by calcite, especially in the summit part of the volcano. The rocks are also sparsely to 208 

moderately phyric, with 5 to 15 modal% phenocrysts, the size of which ranges from 0.5 to 3 209 

mm. They include olivine (dominant) and calcic plagioclase (subordinate), in a roughly 2:1 210 

ratio. These phenocrysts are set in a holocrystalline groundmass, showing doleritic or 211 

intersertal textures. It contains, by order of decreasing abundance, plagioclase laths, olivine 212 

microcrysts (the periphery of which is often replaced by iddingsite), calcic pyroxene grains 213 

and titanomagnetite. 214 

Olivine compositions range from Fo84-82 for the phenocryst cores to Fo78-54 for their rims 215 

and the microcrysts, the smallest ones being the most Fe-rich. The plagioclase phenocryst 216 

cores are bytownitic (An86-77) and contain negligible amounts of Or component (<0.3%). The 217 

corresponding rims are less calcic (An70-32) and the small laths from the groundmass are 218 

clearly enriched in alkalis (up to An27-15 Ab70-80 Or2-5). Groundmass clinopyroxenes are augitic 219 

(Wo45-41 En43-40 Fs12-16) and their low TiO2 (<1 wt%) and Na2O (<0.3 wt%) contents are 220 

typical of tholeiitic clinopyroxenes. 221 

 222 

4.2. Major and trace elements on bulk rocks 223 

 224 

Nine samples taken from different flows from four locations (Fig. 1) were analysed, and 225 

the results are given in Table 2. Their major and trace element abundances are rather uniform. 226 

These lavas display high Al2O3 (16.4-17.05 wt%) and CaO (12.5-13.8 wt%) abundances, low 227 

Na2O (1.9-2.1 wt%) abundances and FeO*/MgO ratios close to 1. Although not primitive, 228 

these lavas are amongst the least evolved basalts collected so far from the Republic of 229 

Djibouti. Indeed, they exhibit the highest compatible trace element abundances (e.g., Ni, Co, 230 

Cr) measured in samples from this area (e.g., Joron et al., 1980; Barrat et al., 1990, 1993; 231 

Deniel et al., 1994).  232 

More importantly, their incompatible trace element abundances are low, and these 233 

samples are characterized by light REE depletions (Lan/Smn=0.76-0.83), and small but 234 

significant positive Eu anomalies (Eu/Eu*=1.08-1.12, Fig. 2). These features unambiguously 235 

distinguish the Hayyabley basalts from both the TGB and the older post-TGB basalts, which 236 

are always LREE-enriched (Joron et al., 1980; Barrat et al., 1990, 1993; Deniel et al., 1994).  237 



The unusual features of the Hayyabley basalts are strengthened by their primitive mantle 238 

normalised patterns that exhibit large positive Ba (Ban/Rbn=2.9-8.6) and Sr (Srn/Cen=1.8-2.1) 239 

anomalies (Fig. 3). Although LREE-depleted, the Hayyabley basalts are clearly distinct from 240 

typical N-MORB and basalts erupted by the nearby nascent oceanic ridges. For example, 241 

basalts with N to T-MORB affinities are known from the eastern part of the Tadjoura Gulf 242 

(Barrat et al., 1990, 1993). Although a positive Sr anomaly has been observed in a single 243 

LREE-depleted basalt, positive Ba and Eu anomalies are missing (Barrat et al., 1990, 1993 244 

and unpublished results). In addition, the Nb/Y and Zr/Y ratios (0.11-0.15 and 2.20-2.57, 245 

respectively, Table 2) of Hayyabley basalts are such that these lavas plot within the field of 246 

Icelandic plume basalts, and well above the N-MORB field, in Fitton et al.‟s (1997, 2003) 247 

rectangular plot (not shown). 248 

Interestingly, the Hayyabley basalts are remarkably similar to the scarce LREE-depleted 249 

basalts which were sporadically emitted by the Manda Hararo rift, Ethiopia (Barrat et al., 250 

2003). Indeed, the latter display incompatible element abundances and distributions very 251 

similar to those of the Hayyabley basalts (Fig. 3). The noticeable differences are minor. The 252 

Manda Hararo basalts are somewhat more evolved than the Hayyabley basalts and have for 253 

example lower Ni and Cr concentrations (Table 3). In addition, an Oligocene basaltic flow 254 

with the same features (sample E88) was reported by Pik et al. (1999) from the Ethiopian 255 

Plateau. 256 

 257 

4.3. Sr, Nd, Pb isotopic data 258 

 259 

The isotopic compositions of five samples are given in Table 4, and are almost uniform, 260 

with the exception of 
87

Sr/
86

Sr ratios which vary significantly in the range 0.70369 - 0.70396 261 

(Table 4). Although relatively fresh, the Hayyabley basalts display some evidence of 262 

weathering. One may suspect that their 
87

Sr/
86

Sr ratios are not pristine, and have been affected 263 

by secondary processes. Indeed, the least radiogenic sample DJ59 displays a negative Loss On 264 

Ignition (LOI) value (-0.38 wt%). Conversely, the LOI value of the most radiogenic sample 265 

(DJ54H) is much higher (0.92 wt%), and in a 
87

Sr/
86

Sr vs. LOI plot (not shown), a weak 266 

positive correlation is apparent. In order to check if the Sr isotopic compositions of the 267 

samples were modified by alteration, 150 mg of sample DJ54B was leached for 2 hours in hot 268 

(150°C) 6N HCl, and rinsed in deionized water prior to dissolution. Its 
87

Sr/
86

Sr ratio is 269 

significantly lower than the value obtained on the unleached powder (Table 4), a result which 270 



suggests that the Sr isotopic compositions have been modified by secondary processes. 271 

Similar observations were made by Deniel et al. (1994) on other samples from Djibouti. Thus, 272 

87
Sr/

86
Sr obtained on unleached samples from this area should be discussed only with extreme 273 

caution, even ratios obtained from apparently fresh basalts. We believe that only two 
87

Sr/
86

Sr 274 

measurements can be safely used in the discussion: the least radiogenic one (DJ59), and the 275 

value obtained on the leached residue of DJ54B. 276 

The Sr, Nd, and Pb isotopic compositions of the Hayyabley basalts are compared to 277 

those of other volcanics from the Horn of Africa in figures 4 to 6. In these plots, Hayyabley 278 

basalts lie significantly outside the fields defined by the submarine basalts erupted from the 279 

nascent oceanic ridges of the Red Sea, the Eastern part of the Tadjoura Gulf, and the Aden 280 

Gulf. These features indicate that these LREE-depleted lavas are unlike MORB (Figs. 5 and 281 

6). For example, they display 
87

Sr/
86

Sr ratios more radiogenic than N-MORB, and 282 

significantly lower Nd values (Ito et al., 1987). In contrast, the Nd vs. 
87

Sr/
86

Sr plot (Fig. 4) 283 

shows that the Hayyabley basalts and LREE-depleted basalts from Manda Hararo are 284 

isotopically very similar. The Hayyabley basalts display almost uniform Pb isotopic 285 

compositions (
206

Pb/
204

Pb= 18.47-18.55, 
207

Pb/
204

Pb= 15.52-15.57, 
208

Pb/
204

Pb= 38.62-38.77) 286 

well above the NHRL (Hart, 1984, 1988; see Table 4). In the Sr-Nd, Pb-Pb and Nd-Pb plots 287 

(Figs. 4 to 6), the Hayyabley basalts extend the range of the compositions displayed by the 288 

young (< 4 Ma) basalts from Djibouti. They might reflect the contribution of a distinct LREE 289 

component in their petrogenesis.  290 

 291 

5. Discussion 292 

 293 

Although Ethiopian Plateau basalts (Pik et al., 1999; Kieffer et al., 2004; Meshesha and 294 

Shinjo, 2007; Beccaluva et al., 2009), and Afar basalts (Treuil and Joron, 1975; Joron et al., 295 

1980; Deniel et al., 1994) are dominantly enriched, previous studies (Barrat et al., 1993, 2003; 296 

Pik et al., 1999; Meshesha and Shinjo, 2007) have demonstrated that minor depleted 297 

components were also involved in their petrogenesis. The discovery of a new occurrence of 298 

LREE-depleted basalts in Djibouti, i.e. further east in the Afar rift setting, might provide new 299 

constrains on their origin. Two main points will be discussed below: (1) the origin of the Ba, 300 

Sr and Eu positive anomalies observed in the Hayyabley basalts, and (2) the occurrence of a 301 

specific LREE-depleted component in the sources of the Afar basalts. 302 

 303 

5.1. The Ba, Sr and Eu positive anomalies in the Hayyabley basalts 304 



 305 

The origin of Ba, Sr and Eu positive anomalies in LREE-depleted basalts has been 306 

previously investigated in the cases of some Icelandic basalts (e.g., Kokfelt et al., 2006 and 307 

references therein) and of the Manda Hararo basalts (Barrat et al., 2003). The compositions of 308 

LREE-depleted basalts such as those erupted by the Hayyabley volcano might be related to 309 

those of common MORB. The chief differences between them could be due to secondary 310 

processes, such as hot-desert weathering, crystal accumulation, or contamination by a crustal 311 

component. Alternatively, they could be derived from an unusual mantle source, located in 312 

the lithospheric or asthenospheric mantle or in the plume itself.  313 

 In a hot-desert environment, surface processes are able to generate positive Ba and Sr 314 

anomalies in a very short time. The studies of meteorites from Sahara have demonstrated that 315 

some of them, and not only the most weathered ones, exhibit marked Ba and Sr enrichments 316 

that are sensitive indicators of the development of secondary calcite, gypsum, or barytes (e.g., 317 

Barrat et al., 1998, 2003). Such processes would have generated a range of Ba and Sr 318 

abundances from low values typical of unweathered N-MORB (about 10 ppm Ba and 100 319 

ppm Sr) to much higher concentrations. However, Ba and Sr abundances in the Hayyabley 320 

basalts are uniform, and strikingly similar to the concentrations measured in the distant 321 

Manda Hararo basalts. Furthermore, the development of secondary phases is unable to 322 

increase the Eu/Eu* ratio and to generate positive Eu anomalies, hence ruling out this first 323 

explanation. 324 

Positive Ba, Sr and Eu anomalies in basaltic rocks are usually explained by plagioclase 325 

accumulation or assimilation. However this process is unable to produce Sr anomalies as high 326 

as those displayed by the Hayyabley or Manda Hararo basalts without increasing drastically 327 

the Al2O3 contents of the resulting rocks. The fact that the Al2O3 abundances of the LREE-328 

depleted basalts are not anomalously high (Table 2) is inconsistent with the hypothesis of 329 

plagioclase accumulation. Assimilation of plagioclase-rich gabbros from the oceanic 330 

lithosphere during ascent of plume-related magmas has been proposed in the cases of offshore 331 

Tadjoura Gulf basalts (Barrat et al., 1993) and Galapagos basalts (Saal et al., 2007). However, 332 

reproducing the compositions of Hayyabley basalts through this process, and especially their 333 

positive Ba, Sr and Eu anomalies, would require rather high rates of assimilation. In addition, 334 

the Hayyabley and Manda Hararo basalts overlie thinned continental crust which is 25-26 km 335 

thick (Dugda and Nyblade, 2006), while the depleted plateau basalt sample E88 (Pik et al., 336 

1999) is located on normal (ca. 40 km thick) African crust. Due to the presence of a 337 

substantial plume-related basaltic cover in both cases, one may expect the occurrence at 338 



crustal or even subcrustal depths of associated gabbroic cumulates. However, these gabbros 339 

should be LREE-enriched like the vast majority of Afar basalts. Therefore, their interaction 340 

with depleted (N-MORB type) melts is likely to lead to variably LREE-enriched magmas with 341 

isotopic compositions close to those of the flood basalts.  342 

The Hayyabley basalts have radiogenic Sr isotopic compositions and low Nd values 343 

relative to Aden Gulf or Red Sea MORBs (Schilling et al., 1992; Volker et al., 1993; Hase et 344 

al., 2000). The assimilation of a continental component could explain this shift from usual N-345 

MORB values, but incompatible trace element ratios give no support to this interpretation. 346 

Contamination of MORB-like melts by continental crust would produce significant changes in 347 

incompatible trace element ratios. The Hayyabley basalts, like the Manda Hararo LREE-348 

depleted basalts, lack the negative Nb or Ta anomalies observed in the multi-element plots of 349 

crust-contaminated basalts. Moreover, they show a limited range of Ce/Pb ratios from 24 to 350 

28, similar to values measured in oceanic basalts (e.g., Sun and McDonough, 1989). 351 

Therefore, there is no indication for assimilation of significant amounts of material derived 352 

from the continental crust in the LREE-depleted basalts. In the case of the Manda Hararo 353 

basalts, this conclusion is strengthened by their 
18

O values close to 5.5 ‰, which are typical 354 

of mantle composition (Barrat et al., 2003). 355 

Another possible explanation of the specific features of Hayyabley and Manda Hararo 356 

basalts is that they might result from the interaction between ascending depleted (N-MORB 357 

type) melts and the African subcontinental lithospheric mantle. Once again, such a mantle is 358 

expected to be LREE-enriched (Hart et al., 1989; Vidal et al., 1991; Deniel et al., 1994) and 359 

thus should transmit its trace element and isotopic fingerprint to LREE-poor ascending 360 

magmas. In addition, the remarkably similar chemical features of Hayyabley, Manda Hararo 361 

and E88 basalts suggest that they derive from almost identical sources and petrogenetic 362 

processes. Their distinct locations, emplacement ages (Oligocene for E88, ca. 1 Ma for 363 

Hayyabley and less than 0.2 Ma for Manda Hararo) and underlying crustal/lithospheric 364 

thickness (normal for E88, thinned for the two other occurrences) are hardly consistent with a 365 

similar petrogenetic history.  366 

Therefore, as previously pointed out for the Manda Hararo basalts (Barrat et al., 2003), 367 

the positive Sr, Ba and Eu anomalies and the particular Sr-Nd-Pb isotopic features of the 368 

Hayyabley basalts, are more likely a genuine feature inherited from their deep mantle sources. 369 

The same conclusions have been reached for depleted basalts with similar positive anomalies 370 

from Iceland. Chauvel and Hémond (2000), Skovgaard et al. (2001), and Kokfelt et al. (2006) 371 

have suggested that the sources of Icelandic lavas contained an old recycled oceanic 372 



lithosphere component and that melting of the gabbroic portion of this lithosphere led to the 373 

formation of basalts that exhibit large positive Ba, Sr and Eu anomalies. At first glance, such 374 

an explanation is attractive because if this recycled gabbroic component has been 375 

hydrothermally altered, one may expect 
87

Sr/
86

Sr ratios much more radiogenic than those of 376 

typical MORB. Hence, the involvement of such component could account for the relatively 377 

high 
87

Sr/
86

Sr ratios of the Manda Hararo and Hayyabley depleted basalts. However, an old 378 

LREE-depleted recycled gabbroic component from the oceanic lithosphere would also be 379 

characterized by high Nd values. On the contrary, the Manda Hararo and Hayyabley lavas 380 

display Nd values unexpectedly low ( Nd = 5-7) for depleted basalts. Thus, we conclude that, 381 

at best, this model only partially fits the observations. 382 

 383 

5.2. The depleted components in the sources of Djibouti and Ethiopian basalts 384 

 385 

Previous geochemical studies have demonstrated the participation of a depleted 386 

component during the genesis of the Horn of Africa basalts. In the case of basalts emitted by 387 

the young oceanic ridges from the Red Sea or the Aden Gulf, major involvement of MORB-388 

related sources has been proposed (e.g., Barrat et al., 1990, 1993; Schilling et al., 1992; 389 

Volker et al., 1993). These submarine basalts do not have the unradiogenic Pb isotopes of the 390 

Carslberg Ridge ca. 1600 km east of Hayyabley volcano (Hart, 1984) but do extend away 391 

from the Indian Ocean MORB toward a more HIMU composition. On land, huge volumes of 392 

enriched basalts were emplaced in Afar and Ethiopia. The trace element and isotopic features 393 

of the depleted reservoirs which have been involved during the genesis of the scarce LREE-394 

depleted lavas are very difficult to constrain. Two distinct LREE-depleted components have 395 

been unambiguously detected.  396 

First, a depleted MORB mantle component is clearly involved in the genesis of 397 

Quaternary basalts from Northern Afar. The Sr-Nd-Pb isotopic relationships displayed by the 398 

Erta‟Ale basalts (Figs. 4 to 6) point to the participation of two mantle end-members, namely a 399 

HIMU component and a depleted mantle (DM) component undistinguishable from the source 400 

of the Red Sea MORB (Barrat et al., 1998). Furthermore, a similar depleted component has 401 

been detected in the sources of the Oligocene lavas from the Northwestern Ethiopian volcanic 402 

province (Meshesha and Shinjo, 2007). The entrainment of depleted asthenospheric mantle 403 

during plume ascent (Furman et al., 2006) is a possible explanation for the contribution of this 404 

component to the sources of some of the basalts erupted in Afar and Ethiopia, as well as to 405 

those of Kerguelen basalts (Doucet et al., 2002). However, numerical models (Farnetani et al., 406 



2002; Farnetani and Samuel, 2005) suggest that incorporation of depleted upper mantle within 407 

ascending plumes is unlikely to occur. 408 

In addition, the compositions of LREE-depleted basalts from Hayyabley and Manda 409 

Hararo point to a depleted end-member chemically (Fig. 3) and isotopically (Figs. 4 to 6) 410 

distinct from an asthenospheric MORB-like component. A single Oligocene LREE-depleted 411 

basalt displaying chemical features similar to those of the Quaternary depleted ones has been 412 

collected in Ethiopia (sample E88, Pik et al., 1999). Although its isotopic composition is 413 

slightly different from those of the Hayyabley basalts (Figs. 4 to 6), the occurrence of this 414 

sample indicates that a depleted component distinct from the MORB source was involved in 415 

this area at an early stage of plume emplacement. Therefore, we suggest that a depleted 416 

component, intrinsic to the plume at depth, has contributed to the sources of both young and 417 

old lavas related to the Afar plume. Similar conclusions have been reached for the Hawaiian 418 

(Frey et al., 2005) and Icelandic (Thirlwall, 1995; Kerr et al., 1995; Fitton et al., 1997; 419 

Chauvel and Hémond, 2000; Thirlwall et al., 2004; Skovgaard et al., 2001; Kokfelt et al., 420 

2006) plumes. However, the nature of this component is currently difficult to constrain in the 421 

Afar case. Indeed, melting of the gabbroic part of an old recycled oceanic lithosphere (e.g., 422 

Kokfelt et al., 2006) would produce high Nd magmas and therefore this process does not 423 

account for the low Nd values of Hayyableh and Manda Hararo basalts. Alternatively, LREE 424 

depletion could be due to a previous melting event affecting the plume materials, as proposed 425 

by Thirlwall et al. (2004) for their ID2 (or RRD2) depleted component of the Icelandic plume. 426 

This hypothesis may account for the Pb isotopic differences between Hayyabley/Manda 427 

Hararo basalts and the other (enriched) Djibouti basalts (Figs. 4 to 6) but can hardly explain 428 

the higher Sr isotopic ratios of Hayyabley and Manda Hararo basalts.  429 

Finally, another intriguing problem is the causal mechanism for the sporadic eruption of 430 

small volumes of such nearly pure “depleted” melts in spatially and temporally distinct 431 

locations, without any significant contamination by the dominant enriched materials. Indeed, 432 

such features are difficult to reconcile with models postulating a large concentrically-zoned 433 

Afar plume (e.g., Beccaluva et al., 2009). Numerical simulations of the evolution of thermal 434 

and thermo-chemical plumes (Farnetani et al., 2002; Farnetani and Samuel, 2005; Farnetani 435 

and Hofmann, 2009) suggest that small heterogeneous mantle domains present in the thermal 436 

boundary layer feeding the plume are converted, during the ascent of the latter, into long-lived 437 

elongated and narrow filaments within the plume conduit. Such filaments would melt 438 

sporadically, and then eventually communicate their specific geochemical fingerprint to small 439 

volumes of basaltic lavas (Farnetani and Hoffmann, 2009). 440 



 441 

6. Conclusions 442 

 443 

 The ~1 Ma-old Hayyabley volcano (SE Djibouti) has emitted ca. 0.6-0.8 km
3
 of 444 

LREE-depleted basalts (Lan/Smn=0.76-0.83) that display unusual chemical features (positive 445 

Ba, Sr and Eu anomalies). These lavas are chemically distinct from the N-MORBs erupted 446 

from the nearby Red Sea and Gulf of Aden oceanic ridges, and instead closely resemble the 447 

LREE-depleted basalts from the Manda Hararo rift in Central Afar (Barrat et al., 2003). 448 

Another similar occurrence, Oligocene in age, has been reported from the trap series in the 449 

Ethiopian Plateau by Pik et al. (1999). Our new results confirm the presence within the Afar 450 

region of basalts derived from an uncommon depleted component, isotopically distinct from 451 

the source of the Red Sea MORBs and from the similarly depleted mantle (DM in Figs. 4 to 452 

6) which contributes to the genesis of Erta„Ale volcanics (Barrat et al., 1998). This component 453 

is not unusual from an isotopic (Sr, Nd, Pb, O) point of view, and is mainly recognizable from 454 

the specific trace element signature of the corresponding basalts (positive Ba, Sr, Eu 455 

anomalies combined with LREE depletion).  456 

The origin of the Hayyabley-Manda Hararo basalts fingerprint could be ascribed to the 457 

interactions between (i) depleted (N-MORB type) basalts derived from an asthenospheric 458 

mantle component similar to the Erta „Ale depleted end-member and (ii) enriched lithospheric 459 

materials which would be responsible for the positive Ba, Sr and Eu anomalies. These 460 

materials could be either the African continental crust, flood basalt-related gabbroic 461 

cumulates stored within or below it, or finally the subcontinental lithospheric mantle. 462 

Hovever, all these materials are mostly LREE-enriched, and the contamination hypothesis can 463 

hardly explain the clear LREE, Rb and Th depletion and concomitant Ba, Sr and Eu 464 

enrichment of Hayyabley basalts (Figs. 2 and 3) as well as their Pb isotopic signature (Figs. 5 465 

and 6). Moreover, contamination in plume-related volcanic series is often described as a 466 

variable, occasional or random process. Thus, it can hardly account for the very specific trace 467 

element and isotopic signature of the Afar depleted basalts, which were erupted in three 468 

separate locations, with distinct emplacement ages and underlying crustal/lithospheric 469 

thickness. 470 

Therefore, our preferred conclusion is that these depleted basalts derive from a intrinsic 471 

(although volumetrically minor) depleted component from the Afar plume, possibly present as 472 

elongated and narrow filaments within the plume conduit. Sporadic melting of such filaments 473 



might account for the restricted spatial and temporal distribution of the Afar depleted basalts. 474 

The precise origin of this deep mantle component is currently difficult to constrain, given the 475 

small number of depleted basalt samples and the limited amount of corresponding 476 

geochemical data. The most likely hypothesis is the contribution of recycled gabbros from 477 

ancient oceanic crust. 478 
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 799 

Fig. 1. Geological setting of the Djibouti Plain. (a) Location of the study area in the Tadjoura 800 

Gulf context. (b) ASTER satellite image showing the Hayyabley volcano post-dating the 801 

coastal fault belt related to the Tadjoura rift. (c) Geological interpretation of Fig. 1b. 802 

 803 

Fig. 2. Chondrite-normalized REE patterns of Hayyableh basalts compared to the field of 804 

older Tadjoura Gulf basalts located onland in Djibouti (Barrat et al., 1993; Daoud, 2008). The 805 

reference chondrite is from Evensen et al. (1978). The pattern of a southern Red Sea N-806 

MORB (sample V84, Barrat etal., 1990) is shown for comparison. 807 

 808 



Fig. 3. Primitive mantle-normalized element patterns for Hayyabley basalts, LREE-depleted 809 

Manda Hararo basalts (Barrat et al., 2003), two submarine MORB from the East of the Gulf 810 

of Tadjoura (Barrat et al., 1990, 1993), the southern Red Sea N-MORB sample V84 (Barrat 811 

et al., 1990), and the LREE-depleted sample E88 from the Oligocene Ethiopian Plateau (Pik 812 

et al., 1999). The primitive mantle values are from Sun and McDonough (1989). 813 

 814 

Fig. 4. Plot of εNd vs. 
87

Sr/
86

Sr for young onland basalts from Djibouti (Deniel et al., 1994, and 815 

this study). Only the two reliable Sr isotopic ratios of Hayyabley basalts have been plotted. 816 

Basalts older than 4 Ma have been omitted because of their possible contamination by 817 

continental crust. The fields of (1) basalts from the South Red Sea occurrences, which include 818 

oceanic ridge segments, Ramad seamount and Zubair and Hanish islands (Barrat et al., 1990, 819 

1993; Volker et al., 1993, 1997), (2) submarine basalts from the East of the Gulf of Tadjoura 820 

and the Aden Gulf (Barrat et al., 1990, 1993; Schilling et al., 1992), (3) Erta „Ale volcanics 821 

(Barrat et al., 1998), (4) LREE-depleted basalts from Manda Hararo (MH, Barrat et al., 2003), 822 

and (5) some Ethiopian samples (E88: depleted Oligocene basalt; HT2: average composition 823 

of high-Ti basalts, Pik et al., 1999) are shown for comparison. DM refers to the regional 824 

depleted mantle composition deduced from the study of South Red Sea and Gulf of Aden 825 

basalts. 826 

 827 

Fig. 5. Plot of 
207

Pb/
204

Pb and 
208

Pb/
204

Pb vs. 
206

Pb/
204

Pb for young (less than 4 Ma) onland 828 

enriched basalts from Djibouti (Deniel et al., 1994) and Hayyabley depleted basalts (this 829 

study). Other fields as in Fig. 4. E‟A: field of Erta „Ale volcanics (Barrat et al., 1998). Most 830 

207
Pb/

204
Pb data taken from the regional literature (e.g. on E88 and Erta „Ale) are less precise 831 

than those measured on Hayyabley basalts, and should therefore be considered with caution. 832 

 833 

Fig. 6. Plot of 
206

Pb/
204

Pb vs. εNd for young (less than 4 Ma) onland enriched basalts from 834 

Djibouti (Deniel et al., 1994) and Hayyabley depleted basalts (this study). Other fields as in 835 

Fig. 5. 836 
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Table 1. Unspiked 
40

K-
40

Ar datings of Hayyabley basalts. See text for the analytical 840 

procedures.  841 



 842 

Table 2. Major and trace element analyses of Hayyabley basalts (major oxides in wt%, trace 843 

elements in ppm). ICP-AES and ICP-MS analytical methods described in the text. 844 

 845 

Table 3. Compositions of LREE-depleted basalts from Hayyabley (average of the samples 846 

analysed by ICP-MS), Manda Hararo (average data from Barrat et al., 2003), Ethiopian 847 

Plateau (sample E88, Pik et al., 1999), and of a N-MORB from Tadjoura Gulf (sample A3D3, 848 

Joron et al., 1980; Barrat et al., 1993). Major oxides in wt%, trace elements in ppm. n denotes 849 

ratios normalized to the primitive mantle composition from Sun and McDonough (1989). 850 

 851 

Table 4. Sr, Nd and Pb isotopic compositions of Hayyabley basalts (B: bulk rock; R: residue 852 

after leaching). See text for the analytical procedures. Δ7/4 and Δ 8/4 denote the deviation (in 853 

0
/00) of 

207
Pb/

204
Pb and 

208
Pb/

204
Pb ratios with respect to the Northern Hemisphere Reference 854 

Line (NHRL: Hart, 1984, 1988). 855 



 

 

Figure 1: Geology and tectonics of Djibouti Plain
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Table 1. Unspiked 40K-40Ar datings of Hayyabley basalts. See text for the analytical 1

procedures. 2

3

Sample id Split Weighted mean
Experiment 
#

K (wt%)
± 1

Mass 
molten 

(g)

40Ar*% 40Ar* 10-13

(mol./g) 
± 1 

40Ar* 10-13

(mol./g) 
± 1 

Age
(Ma) 
± 2

DJ54B
7040 0.09 ± 0.005 2.10972 1.254 1.430 ± 0.057
7056 « ………….. » 2.07428 1.213 1.468 ± 0.058 1.449 ± 0.041 0.93 ± 0.06
DJ54F
7039 0.04 ± 0.004 2.77642 0.577 0.642 ± 0.046
7063 « ………….. » 3.01844 0.699 0.745 ± 0.040 0.701 ± 0.030 1.06 ± 0.09

4
Table 1.5

Table 1
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Table 2. Major and trace element analyses of Hayyabley basalts (major oxides in wt%, trace elements in ppm). ICP-AES and ICP-MS analytical 1

methods described in the text.2

3

DJ54B DJ54B DJ54C DJ54D DJ54F DJ54G DJ54H DJ54H DJ57 DJ57 DJ58 DJ58 DJ59 DJ59
ICP-AES ICP-MS ICP-AES ICP-AES ICP-AES ICP-AES ICP-AES ICP-MS ICP-AES ICP-MS ICP-AES ICP-MS ICP-AES ICP-MS

SiO2 47.15 47.00 46.8 46.6 46.8 46.5 47.2 46.6 47.6
TiO2 0.93 0.91 0.95 0.95 0.89 0.89 0.91 0.99 0.92 0.90 0.85 0.88 0.96 0.97
Al2O3 16.53 16.55 16.40 17.00 16.60 16.50 16.52 16.60 17.05
Fe2O3 11.33 11.50 11.33 11.16 11.22 11.29 11.41 10.29 11.07
MnO 0.17 0.16 0.17 0.17 0.17 0.16 0.16 0.17 0.17 0.16 0.15 0.14 0.16 0.15
MgO 9.45 8.92 8.75 9.46 9.47 9.30 9.80 9.18 9.25
CaO 12.90 13.25 13.50 12.50 12.85 13.10 12.90 13.80 12.90
Na2O 1.99 2.00 1.90 1.98 1.98 1.92 1.96 1.96 2.08
K2O 0.08 0.07 0.08 0.05 0.09 0.06 0.07 0.1 0.06
P2O5 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07
LOI 0.46 0.6 0.72 0.63 0.49 0.92 0.05 1.36 -0.38

Total 101.06 101.08 100.67 100.51 100.62 100.73 101.07 100.96 100.82

Li 2.77 3.09 2.81 2.67 3.05
Be 0.24 0.26 0.25 0.27 0.29
Sc 45 43.9 46 46 44 44 44 47.4 45 45.5 38 39.6 40 41.1
V 285 266 290 290 275 280 275 291 285 279 245 244 270 253
Cr 380 362 340 340 350 359 355 351 405 388 362 352 370 364
Co 51 52 52 50 53 52 52 55 53 53 48 51 51 51
Ni 198 192 175 175 208 209 198 208 210 201 173 179 175 174
Rb 1.05 0.82 0.8 1 0.5 1 0.85 0.32 0.5 0.42 1.15 1.24 0.5 0.45
Sr 154 149 156 157 155 153 155 160 147 144 174 174 170 168
Y 20.5 20.89 21 20.5 19.5 20 20.5 21.08 20 19.99 17.5 18.49 19 19.57
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Zr 48 44.91 48 47 43 46 47 44.09 44 42.81 45 46.87 48 47.77
Nb 2.7 2.28 2.5 2.4 2.5 2.45 2.3 2.26 2.4 2.37 2.6 2.59 2.4 2.56

Table 2 (continued).4
5

DJ54B DJ54B DJ54C DJ54D DJ54F DJ54G DJ54H DJ54H DJ57 DJ57 DJ58 DJ58 DJ59 DJ59
ICP-AES ICP-MS ICP-AES ICP-AES ICP-AES ICP-AES ICP-AES ICP-MS ICP-AES ICP-MS ICP-AES ICP-MS ICP-AES ICP-MS

Ba 34 32.19 41 55 40 50 30 29.81 25 24.11 40 40.01 22 20.49
La 2.6 2.37 2.5 2.4 2.5 2.4 2.5 2.34 2.7 2.40 2.7 2.53 2.5 2.44
Ce 7.1 6.34 7.0 6.5 6.3 6.4 6.7 6.38 6.5 6.47 7.3 6.81 7.0 6.73
Pr 1.00 1.02 1.00 1.06 1.08
Nd 5.3 5.39 5.5 5.3 4.8 5.2 5.4 5.43 5.4 5.34 5.4 5.73 5.8 5.89
Sm 2.0 1.82 2.0 1.7 1.9 1.7 1.8 1.85 1.9 1.82 1.8 1.99 1.9 2.02
Eu 0.8 0.75 0.78 0.78 0.73 0.76 0.77 0.79 0.74 0.76 0.75 0.81 0.82 0.83
Gd 2.3 2.45 2.3 2.4 2.5 2.05 2.4 2.52 2.3 2.43 2.5 2.48 2.5 2.53
Tb 0.47 0.47 0.45 0.46 0.47
Dy 3.3 3.26 3.4 3.3 3.1 3.15 3.25 3.40 3.25 3.21 2.9 3.10 3.25 3.18
Ho 0.73 0.76 0.72 0.67 0.68
Er 2.1 2.19 2.1 2.1 2 2.1 2.15 2.23 2 2.14 1.8 1.93 1.9 2.02
Yb 2.18 2.23 2.29 2.2 2.08 2.1 2.15 2.28 2.1 2.20 1.75 1.84 1.9 1.95
Lu 0.33 0.33 0.32 0.27 0.28
Hf 1.23 1.23 1.21 1.34 1.34
Ta 0.17 0.18 0.18 0.19 0.19
Pb 0.26 0.23 0.26 0.24 0.26
Th 0.25 0.22 0.23 0.25 0.22
U 0.06 0.06 0.05 0.07 0.03
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Table 3. Compositions of light REE depleted basalts from Hayyabley (average of the 
samples analyzed by ICP-MS), Manda Hararo (average from data given by Barrat et al., 
2003), Ethiopian Plateau (sample E88, Pik et al., 1999), and of a N-MORB from 
Tadjoura Gulf (sample A3D3, Joron et al., 1980; Barrat et al., 1993). (oxides in wt%, 
traces elements in µg/g).

Hayyabley Manda Ethiopian Tadjoura
Hararo Plateau Gulf

(n=5) (n=4) (n=1) (n=1)

SiO2 47.01 48.50 48.05 48.40
TiO2 0.91 1.04 1.08 0.83
Al2O3 16.64 15.50 16.05 15.50
Fe2O3 11.08 11.94 11.63 9.78
MnO 0.16 0.18 0.17 0.13
MgO 9.40 8.47 8.67 8.83
CaO 13.12 11.32 10.58 12.90
Na2O 1.98 2.33 2.38 2.06
K2O 0.07 0.08 0.16 0.09
P2O5 0.07 0.08 0.10 0.05
total 100.93 99.44 98.87 98.57

Sc 43.5 36.7 37.9
V 267 260 229
Cr 363 64 182
Co 52.4 54.80 47.7
Ni 191 101 152 139
Rb 0.65 0.68 1.0 0.53
Sr 159 177 224 114.5
Y 20.0 23 21
Zr 45 41 61
Nb 2.41 2.43 2.1
Ba 29.32 28.01 48 8.68
La 2.42 2.63 2.9 1.68
Ce 6.55 7.41 8.2 4.90
Nd 5.56 6.03 7.2 4.33
Sm 1.90 1.94 2.40 1.58
Eu 0.79 0.80 1.00 0.63
Gd 2.48 2.73 3.30 2.30
Dy 3.23 3.40 3.60 2.96
Er 2.10 2.14 2.00 1.88
Yb 2.10 2.04 1.90 1.77
Lu 0.31 0.30 0.29 0.28
Hf 1.27 1.34 2.0 0.95
Ta 0.18 0.18 0.1 0.14
Th 0.23 0.17 0.19 0.18
U 0.05 0.06 0.06 0.28

(La/Sm)n 0.80 0.85 0.76 0.67
Eu/Eu* 1.11 1.06 1.09 1.01
(Ba/Rb)n 4.10 3.75 4.36 1.49
(Sr/Ce)n 2.04 2.01 2.30 1.97



Table 4. Sr, Nd and Pb isotopic compositions for Hayyabley basalts (R: residue after 
leaching).

DJ54B DJ54H DJ57 DJ58 DJ59

87Sr/86Sr 0.703909±3 0.703962±5 0.703869±4 0.703871±4 0.703693±5
87Sr/86Sr (R) 0.703762±9

143Nd/144Nd 0.512961±4 0.513001±3 0.512965±4 0.512942±3 0.513010±4

Nd +6.3 +7.1 +6.4 +5.9 +7.3

206Pb/204Pb (R) 18.4856±15 18.4776±15 18.5502±27 18.4842±17 18.4979±21
207Pb/204Pb (R) 15.5478±14 15.5421±14 15.5662±25 15.5407±16 15.5292±20
208Pb/204Pb (R) 38.6917±43 38.6658±44 38.7692±78 38.6217±50 38.5842±61
7/4 5.3 4.8 6.4 4.6 3.3
8/4 71.6 69.9 71.5 64.7 59.3



Hayyabley Manda Ethiopian Tadjoura

Hararo Plateau Gulf

(n=5) (n=4) (n=1) (n=1)

SiO2 47.01 48.50 48.05 48.40
TiO2 0.91 1.04 1.08 0.83
Al2O3 16.64 15.50 16.05 15.50
Fe2O3 11.08 11.94 11.63 9.78
MnO 0.16 0.18 0.17 0.13
MgO 9.40 8.47 8.67 8.83
CaO 13.12 11.32 10.58 12.90
Na2O 1.98 2.33 2.38 2.06
K2O 0.07 0.08 0.16 0.09
P2O5 0.07 0.08 0.10 0.05
total 100.93 99.44 98.87 98.57

Sc 43.5 36.7 37.9
V 267 260 229
Cr 363 64 182
Co 52.4 54.80 47.7
Ni 191 101 152 139
Rb 0.65 0.68 1.0 0.53
Sr 159 177 224 114.5
Y 20.0 23 21
Zr 45 41 61
Nb 2.41 2.43 2.1
Ba 29.32 28.01 48 8.68
La 2.42 2.63 2.9 1.68
Ce 6.55 7.41 8.2 4.90
Nd 5.56 6.03 7.2 4.33
Sm 1.90 1.94 2.40 1.58
Eu 0.79 0.80 1.00 0.63
Gd 2.48 2.73 3.30 2.30
Dy 3.23 3.40 3.60 2.96
Er 2.10 2.14 2.00 1.88
Yb 2.10 2.04 1.90 1.77
Lu 0.31 0.30 0.29 0.28
Hf 1.27 1.34 2.0 0.95
Ta 0.18 0.18 0.1 0.14
Th 0.23 0.17 0.19 0.18
U 0.05 0.06 0.06 0.28

(La/Sm)n 0.80 0.85 0.76 0.67
Eu/Eu* 1.11 1.06 1.09 1.01
Ba/Rb 45.11 41.26 48.00 16.38
(Sr/Ce)n 2.05 2.01 2.30 1.97
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Table 3. Compositions of LREE-depleted basalts from Hayyabley (average of the samples 1

analysed by ICP-MS), Manda Hararo (average data from Barrat et al., 2003), Ethiopian 2

Plateau (sample E88, Pik et al., 1999), and of a N-MORB from Tadjoura Gulf (sample A3D3, 3

Joron et al., 1980; Barrat et al., 1993). Major oxides in wt%, trace elements in ppm. n denotes 4

ratios normalized to the primitive mantle composition from Sun and McDonough (1989).5
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Table 4. Sr, Nd and Pb isotopic compositions of Hayyabley basalts (B: bulk rock; R: residue 1

after leaching). See text for the analytical procedures. Δ7/4 and Δ 8/4 denote the deviation (in 2
0/00) of 207Pb/204Pb and 208Pb/204Pb ratios with respect to the Northern Hemisphere Reference 3

Line (NHRL: Hart, 1984, 1988).4

5
DJ54B DJ54H DJ57 DJ58 DJ59

87Sr/86Sr (B) 0.703909±3 0.703962±5 0.703869±4 0.703871±4 0.703693±5
87Sr/86Sr (R) 0.703762±9

143Nd/144Nd (B) 0.512961±4 0.513001±3 0.512965±4 0.512942±3 0.513010±4

Nd +6.3 +7.1 +6.4 +5.9 +7.3

206Pb/204Pb (R) 18.4856±15 18.4776±15 18.5502±27 18.4842±17 18.4979±21
207Pb/204Pb (R) 15.5478±14 15.5421±14 15.5662±25 15.5407±16 15.5292±20
208Pb/204Pb (R) 38.6917±43 38.6658±44 38.7692±78 38.6217±50 38.5842±61
7/4 5.3 4.8 6.4 4.6 3.3
8/4 71.6 69.9 71.5 64.7 59.3
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