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Preface and Acknowledgments

The distribution of volcanism in the African plate reflects a variety of processes, many of which are
poorly understood, involving interaction between the lithosphere and the underlying convective mantle.
Despite the maturity of the plate tectonic paradigm, our knowledge of the processes involved in the breakup
of continents and the formation of new ocean basins remains limited. The African Rift system provides
a unique natural laboratory to study the transition from continental breakup to seafloor spreading. In this
respect it is important to explore the similarities among the volcanic provinces of the Saharan zone, Camer-
oon volcanic line, Angola and Namibia, and the East African Rift system.

This Special Paper arose out of the symposium on “Cenozoic volcanism and evolution of the African
lithosphere,” held at the 33rd International Geological Congress in Oslo, Norway, in August 2008. The aim
of this volume is to bring together recent and updated contributions on African volcanism (and associated
xenoliths), providing multidisciplinary contexts that include volcanology, geochemistry, petrology, geophys-
ics, and structural geology, for a better understanding of the geological evolution of the African lithosphere.

Nine of the 16 chapters in this Special Paper address volcanism and petrogenetic aspects of various
African provinces, whereas the remaining contributions focus on the characteristics of mantle and crustal
xenoliths and on geophysical investigation of the African lithosphere. The debate on the presence of one or
more mantle plume(s) beneath the African plate is broached in several of these papers, reporting speculations
on mantle dynamics and on scale length and triggering mechanisms of the convective instabilities, as well as
their surface expression.
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Late Mesozoic to Quaternary intraplate magmatism and
its relation to the Neoproterozoic lithosphere in NE Africa—
New data from lower-crustal and mantle xenoliths from
the Bayuda volcanic field, Sudan

Friedrich Lucassen*
Gerhard Franz
Fachgebiet Mineralogie-Petrologie, Technische Universitdt Berlin, Ackerstrasse 71-76, 13355 Berlin, Germany

Rolf L. Romer
Peter Dulski
Deutsches GeoForschungsZentrum, Telegrafenberg, 14473 Potsdam, Germany

ABSTRACT

A variety of xenoliths from the lower crust to mantle transition occur in Qua-
ternary mafic intraplate lavas of the Bayuda volcanic field of northern Sudan. The
lower-crust xenoliths include plagioclase- and garnet-bearing mafic granulite. Ultra-
mafic garnet-bearing pyroxenite, websterite, hornblendite, and distinct peridotite
xenoliths are from the upper lithospheric mantle. Sr, Nd, and Pb isotope signatures
distinguish between ultramafic and granulite xenoliths. The latter show a strong com-
positional affinity to juvenile Neoproterozoic crust. The Pb isotope composition of
the ultramafic xenoliths resembles the distinct high-u signature (**Pb/?Pb >19.5)
of their host basanite. These xenoliths may represent cumulates of late Mesozoic
to Quaternary mafic intraplate magmatism. The felsic upper crust in a schematic
lithospheric profile of the Bayuda area includes predominantly granitoids, migma-
tites, and metasedimentary rocks that represent reworked old cratonic or juvenile
Neoproterozoic rocks. The deep lower crust is represented by mafic granulite, likely
cumulate rocks from Neoproterozoic juvenile magmatism. The crust-mantle transi-
tion is characterized by ultramafic caumulate rocks possibly from the late Mesozoic to
Quaternary magmatism. The peridotites of the same xenolith suites represent typical
lithospheric mantle with variable degrees of depletion by melt extraction.

*lucassen @ gfz-potsdam.de
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INTRODUCTION

The surface geology of NE Africa is dominated by eroded
Neoproterozoic crust and younger sediments, but exposures
of deep crustal sections are rare. Thus, despite the general
knowledge of the compositional differences between possible
lithospheric reservoirs, derived from the composition of mag-
matic rocks, the composition of NE African lower crust and
its transition to the lithospheric mantle is essentially unknown.
Xenoliths in Cenozoic alkaline magmatic rocks open a window
into the makeup of the present deeper crust and upper man-
tle. The only studies of xenoliths from the lower crust in the
region are from the Arabian plate, where juvenile Neoprotero-
zoic crust is dominant (McGuire and Stern, 1993; Al-Mishwat
and Nasir, 2004). The target area of this study, the Quaternary
Bayuda volcanic field, is near the boundary between reworked
Paleoproterozoic craton and Neoproterozoic juvenile crust
(Fig. 1A; e.g., Abdelsalam et al., 2002). The upper felsic crust
of the Bayuda region consists of abundant cratonic material
reworked during the Pan-African orogeny, but hybrid granitoid
and metamorphosed mafic rocks also indicate the activity of a
Pan-African juvenile source (Kroner et al., 1987; Kiister and
Liégeois, 2001; Kiister et al., 2008). Thus, the area might pro-
vide insight into formation and modification processes in the
lower crust to upper mantle transition, including both juvenile
and cratonic material.

The NE African lithosphere was stabilized during the Neo-
proterozoic, manifested in pre- Neoproterozoic ca. 920 Ma meta-
morphism and granitoid magmatism, Neoproterozoic island-arc
formation, collision, and metamorphism ca. 800-700 Ma, and
abundant postcollisional granitoids between ca. 620 and 560 Ma
(e.g., Kroner et al., 1987; Stern and Kroner, 1993; Stern, 1994;
Kiister and Harms, 1998; Kiister and Liégeois, 2001; Kiister et
al., 2008). The region has been a stable cratonic area since then.
The first-order growth and compositional pattern of the Neopro-
terozoic orogen in NE Africa involve (1) reworked Paleoprotero-
zoic basement with high-grade metamorphic rocks and granitoids
at the margin of the Sahara metacraton (Abdelsalam et al., 2002)
and (2) accretion of abundant Neoproterozoic juvenile island-arc
material toward and on the Arabian plate (Fig. 1A; Brueckner
et al., 1988, 1995; Zimmer et al., 1995; Stern and Abdelsalam,
1998; Teklay et al., 2002; Abdelsalam et al., 2002; Bailo et al.,
2003; Stoeser and Frost, 2006). During the long period of relative
tectonic quiescence, up to the mid-Tertiary, abundant small-scale
intraplate magmatism from the Paleozoic onward records the
expression of scattered local thermal disturbances in the mantle
(e.g., Vail, 1989; Schandelmeier and Reynolds, 1997). In the Ter-
tiary, at ca. 30 Ma, a major change in the tectonic regime triggered
eruption of flood basalt (e.g., Hofmann et al., 1997) in the Afar
region and subsequent plate separation with ongoing rifting and
ocean floor formation in the Gulf of Aden and Red Sea (Fig. 1A;
e.g., Bosworth et al., 2005). Mafic intraplate magmatism of small
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Figure 1. (A) Distribution and ages of intraplate magmatism in NE Africa and occurrences of intraplate volcanism on the western Arabian
plate and the Ethiopian-Yemenite “Afar” flood basalt province (compiled from Schandelmeier and Reynolds, 1997; Bertrand et al., 2003;
Shaw et al., 2003). The Neoproterozoic basement is subdivided by the thick gray line into mainly reworked Paleoproterozoic craton (west)
and mainly Neoproterozoic juvenile crust (east; e.g., Kiister and Liégeois, 2001; Abdelsalam et al., 2002). (B) Enlarged map from the Bayuda
main volcanic field. Sample locations of the lower crust xenoliths are indicated (Table 1). Blank areas are thin cover of sedimentary rocks or

metamorphic-magmatic basement.
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to moderate volume in NE Africa intensified before and after
flood basalt extrusion and onset of rifting, whereas on the Ara-
bian plate, many occurrences of intraplate magmatism postdate
the onset of rifting (Fig. 1A). This widespread mafic intraplate
magmatism provides information on the composition of the
lithospheric mantle (e.g., Franz et al., 1999; Bertrand et al., 2003;
Shaw et al., 2003; Lucassen et al., 2008a), whereas the magma-
tism related to the formation of the Red Sea gives insight into
the convective, asthenospheric mantle (e.g., Altherr et al., 1990;
Volker et al., 1993, 1997, Schilling et al., 1992).

This study presents new data on the petrology of whole-rock
samples and mineral separates from a suite of xenoliths, includ-
ing pressure-temperature (P-T) estimates and compositional and
radiogenic isotope data that reflect the transition from the lower
crust to the upper mantle beneath the Bayuda volcanic field, NE
Sudan (Fig. 1). This suite consists of plagioclase-bearing granulite
and—summarized as ultramafic rocks—garnet pyroxenite, horn-
blendite, websterite, and amphibole megacrystals. The composi-
tions of Quaternary intraplate lavas of the Bayuda volcanic field
and peridotite xenoliths of the same suite have already been studied
(Lucassen et al., 2008a, 2008b) and resemble characteristics of the
mantle lithosphere known from NE Africa and the Arabian plate
(e.g., Franz et al., 1999; Bertrand et al., 2003; Shaw et al., 2003,
2007; Lucassen et al., 2008a, 2008b). The new data set completes
the section of the deep and shallower mantle lithosphere (derived
from Quaternary intraplate magmas and spinel-lherzolite xeno-
liths, respectively) and upper crust (Neoproterozoic metamorphic
and magmatic rocks), all from a restricted area with a coherent
geological evolution from the Neoproterozoic onward.

BAYUDA VOLCANIC FIELD AND ITS BASEMENT

The explosive successions of Quaternary alkaline volca-
nism (age <1.5 Ma; Barth and Meinhold, 1979; Almond et al.,
1984) from the main volcanic field in the Bayuda desert of NE
Sudan (Fig. 1) bear abundant xenoliths of upper-mantle and,
less commonly, lower-crust origin. Bayuda volcanism is com-
positionally related to the mainly alkaline province of intraplate
magmatism in north Sudan and south Egypt (Fig. 1; e.g., Franz
etal., 1987, 1999; Lucassen et al., 2008a). The age of some lavas
is Mesozoic, but most are Paleogene to Holocene in age (Barth
and Meinhold, 1979; Franz et al., 1987; Schandelmeier and Rey-
nolds, 1997; Lucassen et al., 2008a; Schandelmeier and Reyn-
olds, 1997). Alkaline magmatism north of the Bayuda field is
Late Cretaceous to Paleogene (Satir et al., 1991) whereas mag-
matism to the east is only slightly older than that in the main
volcanic field (4 Ma; Jebel Umm Arafieb; Barth and Meinhold,
1979). The magmatism is not related to a systematic fault pat-
tern (Fig. 1).

The Bayuda desert is located at the eastern edge of the
Sahara metacraton (Fig. 1; Abdelsalam et al., 2002). The latter is
made up of mainly reworked Paleoproterozoic cratonic material,
whereas the basement east of the inferred suture is dominated by
juvenile Neoproterozoic crust. Detailed studies of granitoids and

metamorphic rocks have revealed the transition from reworked
cratonic to juvenile crust toward the east (e.g., Kroner et al.,
1987; Kiister and Liégeois, 2001; Kiister et al., 2008). Neopro-
terozoic metamorphism and magmatism (ca. 860-550 Ma) were
preceded by ca. 920-900 Ma metamorphism and magmatism
in the reworked Paleoproterozoic cratonic rocks (Kiister et al.,
2008). The isotopic composition of Neoproterozoic granitoids
from Bayuda and surroundings indicates an origin from hybrid
melts of a depleted mantle and cratonic metamorphic basement
(e.g., Kiister et al., 2008, and references therein). Early Paleozoic
to Mesozoic anorogenic alkaline ring complexes are common in
NE Africa (e.g., Vail, 1989) and occur also in the Bayuda area
(Barth et al., 1983). They have not been studied in detail, and
therefore their genesis is largely unknown. Except for this spo-
radic small-volume magmatism, the area became geologically
quiet after the Neoproterozoic consolidation.

PETROGRAPHY OF THE XENOLITHS

The xenoliths samples were collected from the Bayuda vol-
canic field by D. Pudlo and R. Brumm in the year 1995 within
the frame of the Sonderforschungsbereich (collaborative research
center) 67 project hosted by Technische Universitit Berlin. They
occur within the deposits of the Quaternary explosive volcanism
(Fig. 1B). Samples for this study were chosen after the study
of thin sections from a collection of >50 pyroxenite- and >30
plagioclase-bearing xenoliths. Sample locations considered in
this study are given in Figure 1B.

The xenoliths were subdivided according to their mineral
paragenesis into two groups, a “granulite” and an “ultramafic”
group. The granulites are plagioclase and occasionally quartz-
bearing and include both garnet-free and garnet-bearing sam-
ples. Details of mineral modes and petrographic features are
given in Table 1. Both groups show similar granoblastic texture
with polygonal grain-shapes and common 120° grain intersec-
tions. Such textures are typical for high-temperature equilibra-
tion (upper amphibolite— to granulite-facies conditions) of rocks
dominated by pyroxene or amphibole. There is no evidence for
pervasive deformation after the high-temperature event, and
compositional layering in some samples is the only planar tex-
ture. Textures that are younger than the formation of the domi-
nant fabric and mineral assemblage are absent except in sample
C4 (Table 1). This sample is the only one with visible, likely in
situ modal metasomatism. The minerals in general show no opti-
cal zoning, and there are no traces of metamorphic or inherited
magmatic growth patterns. Small, optically different rims are
restricted to contacts with secondary minerals, such as the com-
mon kelyphitic rims around garnet. Weathering is restricted to
hydro-oxidation around magnetite-ilmenite grains and to thin
films that do not invade into the grains.

The ultramafic xenoliths are near-monomineralic aggregates
of clinopyroxene or hornblende, or their mineralogy is domi-
nated by one of the latter minerals with variable amounts of other
Fe-Mg minerals. Olivine occurs in one sample only. Large single
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crystals of amphibole up to 5 cm long are common in the debris of
the explosive volcanism and are included in the ultramafic group.
Similar clinopyroxene crystals were found but not included in the
study, because clinopyroxene-dominated xenoliths were studied.

MINERAL COMPOSITIONS

Mineral analyses were obtained using an automated CAM-
EBAX microprobe at Technical University Berlin (analytical
procedure in Lucassen et al., 2008b). Representative analyses are
listed in Table 2.

Clinopyroxene from the ultramafic and granulite xenoliths
shows overlapping compositions with quadrilateral components
(diopside-hedenbergite-enstatite-ferrosilite) >85-90 mol%. They
are classified as augite, with ~34-44 mol% wollastonite and
~T7-15 mol% ferrosilite (Fig. 2A). Compositional zoning was
determined in detail for clinopyroxene from samples C27, C54,
and C56 of the ultramafic group. The rims are generally <50 um
and small compared to the size of the grains, which commonly
exceed 500-1000 pm. Variable, small systematic variations are
restricted to these rims, whereas the cores are uniform within the
small scatter between the analysis points. The depletion of Al,

TABLE 1. MINERALOGY, TEXTURES, AND PRESSURE-TEMPERATURE (P-T) ESTIMATES

Sample Location Mineralogy and textures T(°C)* T (°C)*
Fe*= Fem« Fez+ca\culaﬁed

Ultramafic Cpx (~0.5 mm; >50-70 vol%), euhedral gt surrounded by kelyphite (10-30
garnet-clinopyroxenite vol%), sp, ilm, brown hbl (<5 vol%, sample C36 contains ~30 vol% of
C36 Maar BD95 opaque minerals; hbl in C42 and 59); granoblastic fabric with common triple 1030 940
C42 Maar BD95 junctions between gt, cpx, sp 1030 950
C59 Scoria cone BD98 1030 890
Garnet-websterite Cpx (60-80 vol%), variable modes opx, gt, sp (also as inclusion in gt), and ilm,
C25 Maar BG72 minor brown hbl (C25 only); gt rimed by kelyphite; exsolution lamellae of gt 890 850
c27 Scoria cone BD97 and Ti-rich sp in cpx of sample C25. Granoblastic fabric between cpx, opx, 940 850
C54 Scoria cone BD98 gt; also some interstitial gt between cpx in C27 880 850
Garnet-hornblendite Brown hbl (~1-3 mm; >90 vol%), minor cpx forms mainly on triple junctions or
C19 Scoria cone BD88 as inclusion in hbl; subordinate ilm; gt framed or totally displaced by
C39 Scoria cone BD88 kelyphite in a matrix of pl, cpx, minor opaque minerals, sp, and glass;

ophitic texture of the matrix indicates former melt-pods; cpx-rims in contact

with the latter have pinkish to gray pleochroism; protogranular fabric
Olivine-amphibole-spinel Variably cpx-rich (<50 vol%) and ol-rich (<30 vol%) layers, crosscut by
pyroxenite hornblendite veins (<30 vol%); adjacent cpx likely replaced by hbl, but grain
C4 Scoria cone BD87 boundaries between cpx and hbl indicate textural equilibrium; minor sp

forms rounded inclusions (0.05-0.2 mm) in ol and cpx; granoblastic fabric of

ol and cpx
Hornblende megacrystal Single hbl crystal (~5 x 3 x 3 cm) with small spherical inclusions (diameter
M1 <150 pm) of opaque minerals including rare sulfide; solitary and along trails
Granulite-pyroxene-plagioclase BD72 and BD88: cpx (~70-80 vol%), opx (<10 vol%), pl (<10 vol%), opaque
BD59 Maar BD59 minerals (<1 vol%, BD88; <10 vol%, BD72); BD59: pl (~90 vol%), cpx, opx
BD72 Maar BG72 (<10 vol%), opaque minerals (<1 vol%), cpx (BD59) framed by palisade
BD88 Scoria cone BD88 textures of secondary cpx and interstitial symplectite in contact to pl;

granoblastic fabric, 120° intersections
Clinopyroxene-plagioclase- Cpx (~40-60 vol%), pl (~20—40 vol%), gt and kelyphite (~10-30 vol%), opaque
garnet minerals (<2, BD88a <~10 vol%), kelyphite rims vary from ~20 pm to near
BD88a  Scoria cone BD88 consumption of the garnet; BD98 with subordinate qgtz; granoblastic fabrics, 880 -
BD88b  Scoria cone BD88 no deformation after high- T equilibration 860 840
BD98 Scoria cone BD88 920 890

Garnet-quartz-amphibole
BD31 Maar BD31

Gt and gtz in approx. equal amounts (together <80 vol%), green hbl (<20
vol%), opaque minerals (<5 vol%); cpx at two spots in contact with hbl and

qtz is largely reacted to symplectite; no kelyphite

Note: Sample locations are given in Figure 1B. Abbreviations: cpx—clinopyroxene, opx—orthopyroxene, gt—garnet, hbl—hornblende, pl—

plagioclase, sp—spinel, iim—ilmenite, gtz—quartz.
*Temperature estimates are after Ellis and Green (1979), and Fe*"

calculated

is from charge balance; all T values were calculated for P=1.0

GPa (uncertainty in P of 0.5 GPa introduces an uncertainty of ~+20 °C in the T calculated at 10 kbar); the last digit in the T estimates is

rounded off.
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Figure 2. Mineral compositions: (A) Clinopyroxene (cpx), 0O Granulite
(B) orthopyroxene (opx), (C) garnet, and (D) amphibole. Peri- 0.0 .
dotite xenoliths in A are from Lucassen et al. (2008b). p.f.u— : T T
per formula unit. 7.0 6.5 6.0 5.5 5.0
Si (p.f.u.)

Ti, and Na and enrichment of Mg and Si at the rim appear to be
independent of the mineral in contact, which is garnet (kelyphite)
and other clinopyroxene in samples C59 (Fig. DR1A') and C27.
Clinopyroxene (sample C54) in contact with orthopyroxene
shows increases in Al, Fe, and Ti and decreases in Ca, whereas
at the rim of the orthopyroxene, these elements are nearly
unchanged (slight increase of Al and Ca). In the granulite xeno-
liths, rim analyses of clinopyroxene in contact with kelyphite,
plagioclase, or hornblende show generally lower Ti, Al, Fe, and
Na, and higher Si, Mg, and Ca contents compared to the core.
A slight increase of wollastonite and enstatite component in the
outer rims is common in the ultramafic and granulite xenoliths.

!GSA Data Repository item 2011166, Figure DR1: Composition of pyrox-
enes and Figure DR2: Normalized trace element distribution of the xenoliths,
is available at http://www.geosociety.org/pubs/ft2011.htm or by request to

editing @geosociety.org.

Orthopyroxene was analyzed only in the garnet-websterite
(samples C25, C27, and C54) of the ultramafic xenoliths, but it
also occurs in the garnet-free granulite xenoliths. Orthopyroxene
is enstatite with ~20 mol % ferrosilite (Fig. 2B). Compositional
differences between outer rims and cores are small, e.g., Al con-
tents at rims of C25 and C27 is ~0.02 cations per formula unit
(p-f.u.) lower than at cores, whereas C54 shows a slight increase
in Al at rims to garnet (Fig. DR1B [see footnote 1]).

Garnet crystals in granulite and ultramafic xenoliths do not
show systematic compositional zoning. However, compositional
variations at the outermost rims (which are observed in coexist-
ing pyroxene) could be blurred by the common kelyphite rims.
Garnet crystals of the ultramafic rocks and the granulites do not
differ significantly, although compositions are slightly more vari-
able in granulitic xenoliths (Fig. 2C). They have ~40-60 mol%
pyrope, ~25-40 mol% almandine, ~15-20 mol% grossular, and
<1.5 mol% spessartine contents. One granulite sample (BD 31)
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has a much higher almandine and grossular content. Analy-
ses of the kelyphite rims with a defocused electron beam very
closely match the compositions of the respective garnets. Cal-
culated amounts of andradite by charge balance from electron
microprobe analyses are small and not systematic in the grains or
between the different types of xenoliths.

Amphibole in granulite and ultramafic xenoliths is cal-
cic amphibole (Fig. 2D; Leake et al., 1997). In the ultramafic
xenoliths, it is assigned to the subgroup titanian pargasite (sam-
ples C19, C25, C39, C42, and C59) and straddles the border to
magnesio-hastingite in the olivine pyroxenite (C4). In the granu-
lite xenoliths, the amphibole is titanian pargasite (BD88B and
BD98), or its composition plots around the border between fer-
rohornblende and ferrotschermakite (BD31).

The compositions of the Fe-Mg minerals clinopyroxene,
garnet, and amphibole from granulite and ultramafic xenoliths
overlap, respectively, except those of sample BD31. The ranges
of whole-rock Mg# in both xenolith groups largely overlap (Mg#
~41-77, except the low value of ~21 from BD31; Table 3).

Plagioclase of the granulite xenoliths has ~40—49 mol%
anorthite, ~50-59 mol% albite, and <~1.6 mol % K-feldspar.
Compositional variations of the outermost rims are indicated
by a slight increase in Na and K values (samples BD8SA
and BD88B).

Olivine of the olivine-spinel-pyroxenite (C4) has forsterite
contents of ~70-80 mol%, with compositional variations occur-
ring among different grains.

Oxides are spinel and ilmenite in the ultramafic and ilmenite
in the granulite xenoliths. Spinel typically has ~20-35 mol% her-
cynite (~10 mol% in a single grain with high Cr contents of sam-
ple C4), and ~5-12 mol% magnetite, whereas chromite content
is only elevated in garnet websterite C27 (~4 mol%) and olivine
pyroxenite C4 (~2-3 mol%, one grain ~10 mol%). Ilmenite in the
garnet pyroxenite has ~16-21 mol% geikielite and ~9-21 mol%
hematite and ~16-26 mol% and ~3-8 mol% in garnet websterite,
respectively. Ilmenite in granulite xenoliths BD88A and BD88B
has ~12-17 mol% geikielite and ~8—12 mol% hematite and is
nearly pure ilmenite (~96-98 mol%) in BD31.

CHEMICAL AND ISOTOPIC COMPOSITION
Sample Preparation and Analytical Procedure

Samples for geochemical studies were selected after petro-
graphic examination of thin sections applying the following cri-
teria (1) absence of magma infiltration; (2) lowest grade of altera-
tion by weathering; and (3) sufficient material (>200 g) for bulk
rock analyses. Selected samples were cleaned of any crusts of
host basanite, placed in polyethylene bags, and broken into frag-
ments <10 mm. The fragments were cleaned in distilled water to
remove dust. The volumes (~50 g) used for milling in an agate box
were checked for irregularities such as host rock fragments under
a binocular microscope before processing. Minerals for trace-
element and isotope analyses were handpicked under a binocular

microscope: five plagioclase separates of BD98, BD88, BD88b,
and BD59 (clear and cloudy plagioclase in BD59) were prepared
for Pb and Sr isotope analyses, and hornblende of samples C4
(additionally clinopyroxene), C39, and M1 for trace element and
isotope analyses. Garnet, amphibole, and the nonmagnetic frac-
tion of sample BD31 were separated for Sm-Nd isotopic dating.
Analytical procedures and data quality of X-ray fluorescence
(XRF) (major elements), solution inductively coupled plasma—
mass spectrometry (ICP-MS) (trace elements), and thermal ion-
ization mass spectrometry (TIMS) (Sr, Nd, Pb isotope ratios) are
the same as those presented by Lucassen et al. (2008a, 2008b).

Major and Trace Elements

Variable major-element compositions of the ultramafic
xenoliths and MgO contents as a possible indicator of progres-
sive magmatic differentiation or melt extraction do not define any
systematic trends (Fig. 3; Table 3). Major-element contents of the
granulite xenoliths show no well-defined correlation with MgO
and preclude a direct genetic link of the samples by differentia-
tion from common parent magma (Fig. 3; Table 3). Whole-rock
chemistry of the near monomineralic garnet hornblendite and the
heterogeneous olivine-pyroxenite C4 was not measured.

Ultramafic Xenoliths

Variations of the normalized trace-element patterns are
similar in garnet-pyroxenite and websterite and always simi-
lar or higher than the values of the primitive mantle (Fig. 4A;
Fig. DR2A [see footnote 1]), with the exception of Rb, Ba, and
K in two samples. Incompatible elements (Sr, Rb, K, Ba, Th, U,
Nb, and Ta) are—in comparison with the compatible elements—
variably depleted, except Cs and Pb, which are enriched. Nb,
Ta, and Ti of garnet-pyroxenite C36 is enriched, probably due to
accumulation of a Ti-Fe mineral, likely ilmenite. Hornblendite
(C19, C39), hornblende megacrystal M1, and separated horn-
blende from C4 are similar and show a characteristic enrichment
of Sr, Pb (except C4, where Pb is partitioned into coexisting clino-
pyroxene), Ta, Nb, and Ba and a relative depletion of Rb and Cs
(Fig. 4A; Fig. DR2A). Distribution coefficients between clino-
pyroxene and hornblende in C4 appear to be close to 1 for REE
(rare earth elements), but different for the other trace elements
(Fig. DR2A). Chondrite-normalized REE patterns of most ultra-
mafic xenoliths are upward convex and show a relative depletion
of La, Ce, and the heavy REE, except sample C54, which has a
negative Eu anomaly and no depletion of heavy REE (Fig. 4B).

Granulite Xenoliths

Variable trace-element composition is in line with the vari-
able major-element composition, e.g., plagioclase-rich BD59 and
garnet-hornblende-quartz-rich BD31 (Fig. 4C; Fig. DR2B [see
footnote 1]). REE patterns show variable Eu anomalies and are—
in comparison with the upward convex pattern of the ultramafic
xenoliths—flat or mildly LREE (light REE) depleted (Fig. 4).
The REE pattern of sample BD59 reflects high plagioclase with
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TABLE 3. CHEMICAL AND ISOTOPE COMPOSITION OF ULTRAMAFIC AND GRANULITE XENOLITHS

Sample: C36 CB42 C59 C25 cz7 C54 C19 C39 C4
Rock: Ultramafic

wr wr wr wr wr wr hbl hbl CcpX
XRFE (wt%
SiO, 31.2 39.0 37.0 47.8 45.9 47.6
TiO, 1.7 2.25 2.16 1.16 1.16 0.77
AlLO, 121 17.2 185 7.20 10.2 10.6
Fe,O, 21.2 141 14.9 9.71 1141 10.2
MnO 0.21 0.19 0.18 0.18 0.13 0.21
MgO 1141 12.8 12.7 144 185 15.7
CaO 10.8 13.2 12.7 17.9 11.8 132
Na,O 0.65 0.87 0.95 0.61 0.21 0.95
KO 0.03 0.04 0.05 0.00 0.01 0.06
P,Os 0.03 0.03 0.03 0.02 0.02 0.03
LOI —0.38 0.07 —0.01 0.30 0.26 0.23
Total 98.7 99.8 99.2 99.4 99.7 99.6
ICP-MS (ppm)
Li 2.18 1.58 2.04 2.29 1.47 4.03 1.87
Rb 1.63 0.94 1.42 0.21 0.29 0.86 9.43 3.46 0.81
Sr 62.7 69.2 78.9 422 28.8 51.7 541 707 87.6
Y 12.7 154 13.9 17.2 9.0 220 18.1 214 15.7
Zr 814 55.9 54.3 452 401 375 68.7 1116 1094
Nb 21.6 2.21 3.30 0.83 1.21 3.19 254 19.2 1.89
Mo 2.65 2.16 0.84 0.20 0.28 0.31 0.29
Cs 0.07 0.04 0.09 0.03 0.02 0.01 0.02 0.20 0.18
Ba 10.7 8.67 135 3.94 225 10.0 248 165 124
La 2.56 2.29 3.01 1.95 1.64 249 6.56 6.82 7.82
Ce 8.35 8.44 10.0 6.84 6.28 7.54 20.2 234 21.1
Pr 1.47 1.59 1.74 1.30 1.20 1.38 3.30 4.33 3.15
Nd 8.40 9.17 10.0 7.70 6.67 7.96 16.7 24.4 15.3
Sm 2.59 2.97 3.22 2.84 2.21 2.90 457 7.63 3.95
Eu 0.99 1.18 1.27 1.07 0.77 0.76 1.62 2.73 1.30
Gd 3.03 3.53 3.66 3.81 2.60 3.73 4.87 8.11 411
Tb 0.47 0.57 0.55 0.61 0.39 0.68 0.70 1.09 0.63
Dy 2.80 348 3.36 3.79 2.28 4.38 413 5.58 3.51
Ho 0.56 0.67 0.62 0.72 0.43 0.95 0.76 0.90 0.67
Er 1.40 1.76 1.66 1.86 1.01 2.74 1.78 1.96 1.64
Tm 0.19 0.24 0.22 0.24 0.12 0.38 0.24 0.21 0.21
Yb 1.11 1.43 1.22 1.44 0.68 2.46 1.35 1.16 1.25
Lu 0.14 0.19 0.19 0.21 0.09 0.35 0.18 0.16 0.18
Hf 2.59 1.99 1.98 1.77 1.55 1.10 2.37 3.67 3.32
Ta 1.76 0.21 0.27 0.10 0.14 0.19 1.49 1.05 0.24
Pb 4.33 0.77 1.32 1.05 0.70 0.68 145 2.86 2.61
Th 0.24 0.08 0.23 0.19 0.12 0.14 0.28 0.67 0.96
U 0.10 0.06 0.07 0.06 0.03 0.09 0.06 0.15 0.21
8"Rb/®éSr 0.075 0.039 0.052 0.014 0.029 0.048 0.050 0.014 0.027
87Sr/%8Gr 0.703238 0.703305 0.703212 0.702922 0.702838 0.703115 0.703083 0.703070 0.703125
26 (m) 0.000008 0.000009 0.000009 0.000011 0.000009 0.000010 0.000012 0.000006 0.000007
* 0.704555 0.704277 0.704304 0.704508 0.704721 0.705251 0.703462

0.000007 0.000007 0.000007 0.000009 0.000008 0.000008 0.000008

47Sm/"**Nd 0.187 0.196 0.194 0.223 0.200 0.220 0.165 0.189 0.156
T43Nd/"*“Nd 0.512801 0.512806 0.512800 0.512984 0.512953 0.512902 0.512880 0.512890 0.512890
26 (m) 0.000004 0.000005 0.000005 0.000005 0.000005 0.000005 0.000005 0.000005 0.000007
238 /204pPp 15 5.1 3.7 3.3 2.8 9.2 29 3.4 53
282Th/2%4pPp 3.8 6.8 11.9 11.9 1.4 144 133 154 24.9
206ppy/204pPp 19.74 19.85 19.85 18.60 19.65 19.62 19.88 18.88 19.62
* 19.89 19.69 19.59 19.87 19.82 19.05
207pp/204pPp 15.64 15.70 15.68 15.56 15.65 15.67 15.64 15.58 15.63
* 15.72 15.70 15.70 15.71 15.71 15.66
208ppy/204pp 39.66 39.58 39.79 38.41 39.35 39.31 39.64 38.68 39.38
* 39.27 39.31 39.06 39.15 39.18 38.94

(Continued)
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TABLE 3. CHEMICAL AND ISOTOPE COMPOSITION OF ULTRAMAFIC AND GRANULITE XENOLITHS (Continued)

Sample C4 M1 BD59 BD59 BD59 BD72 BD88 BD88
Rock: Ultramafic Granulite
hbl hbl wr pl (clear) pl (cloud) wr unl. wr leach. wr pl

XRE (wt%

SiO, 53.6 415 47.9

TiO, 0.13 6.88 1.76

Al,O4 26.7 7.59 7.66

Fe,0,4 1.68 16.4 11.0

MnO 0.02 0.18 0.19

MgO 1.35 105 13.0

Cao 10.3 14.0 16.8

Na,O 5.05 1.65 1.1

K.O 0.25 0.12 0.02

P,Os 0.02 0.05 0.02

LOI 0.31 0.90 0.06

Total 99.5 99.9 99.5

ICP-MS (ppm)

Li 1.76 4.50 3.90 3.23

Rb 7.36 8.76 0.59 nd nd 0.35

Sr 356 397 924 223 197 109

Y 194 145 0.47 122 104 205

Zr 66.0 738 5.98 56.8 53.0 46.1

Nb 34.8 16.1 0.16 117 1.2 0.74

Mo 0.25 0.57 0.42 0.20

Cs 0.05 0.10 0.01 0.02 0.01 0.02

Ba 191 186 86.5 63.2 26.8 11.0

La 8.59 4.90 1.24 424 221 1.69

Ce 241 15.3 222 105 6.79 6.54

Pr 3.70 259 0.26 1.64 1.24 1.38

Nd 18.6 133 1.02 9.19 7.62 8.63

Sm 4.87 3.77 0.16 3.07 2.86 3.28

Eu 1.78 1.35 0.43 1.37 1.26 1.43

Gd 5.37 412 0.14 3.80 354 4.47

Tb 0.77 0.58 0.02 0.56 0.51 0.71

Dy 4.39 3.36 0.10 3.09 272 4.50

Ho 0.81 0.61 0.02 0.53 0.46 0.85

Er 2.02 1.45 0.03 1.27 1.02 229

Tm 0.25 0.17 0.01 0.15 0.12 0.29

Yb 1.42 0.93 0.04 0.86 0.67 1.77

Lu 0.21 0.13 0.01 0.12 0.09 0.24

Hf 2.32 235 0.15 1.93 1.92 1.93

Ta 1.54 1.01 0.04 0.80 0.79 0.09

Pb 0.67 3.92 0.96 0.51 0.43 0.63

Th 0.36 0.52 0.06 0.83 0.51 0.11

u 0.08 0.11 0.02 0.22 0.13 0.03

87Rb/®5Sr 0.059 0.064 0.002 0.009

87Sr/%5Sr 0.703117 0.703143 0.703318 0.703343 0.703311 0.703716 0.703439 0.703466

26 (m) 0.000007 0.000008 0.000009 0.000008 0.000009 0.000010 0.000008 0.000007

* 0.703429 0.705095 0.704061
0.000008 0.000007 0.000009

47Sm/"*4Nd 0.158 0.172 0.096 0.227 0.230

"43Nd/"**Nd 0512912 0.512884 0512616 0.512941 0.512968

26 (m) 0.000006 0.000006 0.000006 0.000004 0.000005

238 /204Pp 76 1.9 1.0 28.1 3.0

232Th/204Ph 36.2 9.0 39 1113 114

206pp204ph 19.68 19.93 18.43 18.23 18.23 20.37 19.04 18.43

* 19.82 19.43 19.79

207ppR04php 15.63 15.63 15.59 15.57 15.57 15.68 15.64 15.59

* 15.72 15.65 15.71

208pp204ph 39.43 39.67 38.05 37.88 37.88 40.47 38.64 38.18

* 39.12 39.31 39.10

(Continued)



12 Lucassen et al.

TABLE 3. CHEMICAL AND ISOTOPE COMPOSITION OF ULTRAMAFIC AND GRANULITE XENOLITHS (Continued)

Sample BD88a BD88b BD88b BD 98 BD 98 BD 98 BD 31 BD 31 BD 31
Rock: Granulite
wr wr pl wr unl. wr leach. pl wr unl. wr leach. unmag.
XRF (wt%)
SiO, 42.8 427 47.8 50.1
TiO, 523 6.08 0.41 2.64
Al,O,4 12.0 17.0 175 11.9
Fe 04 15.7 14.3 7.26 217
MnO 0.22 0.13 0.12 0.44
MgO 10.0 5.45 11.6 293
CaO 121 10.9 12.9 8.20
Na,O 1.56 278 1.80 0.38
K;O 0.07 0.13 0.06 0.46
P,Os 0.02 0.09 0.02 0.26
LOI -0.20 -0.20 0.49 1.03
Total 99.6 99.4 99.9 100.0
ICP-MS (ppm)
Li 2.77 244 2.67 226 274 225
Rb 0.52 0.63 nd nd 6.04 3.94
Sr 281 588 394 396 374 26.5
Y 14.9 6.83 6.47 5.56 62.6 59.2
Zr 43.8 35.1 2041 12.9 254 204
Nb 4.31 6.00 0.89 0.82 11.8 11.8
Mo 0.29 0.25 0.17 0.18 0.70 0.23
Cs 0.03 0.01 0.01 0.01 0.05 0.02
Ba 31.1 64.4 38.6 184 33.9 17.9
La 1.39 1.76 1.74 1.34 9.70 5.19
Ce 4.57 423 425 3.80 252 14.9
Pr 0.86 0.67 0.61 0.55 3.82 249
Nd 5.34 3.71 3.15 290 20.0 13.7
Sm 1.99 1.22 1.05 0.98 6.82 5.18
Eu 0.98 0.74 0.56 0.49 1.85 1.51
Gd 2.82 1.55 1.38 1.21 9.78 8.16
Tb 0.45 0.22 0.23 0.21 1.75 1.55
Dy 3.03 1.46 1.40 1.26 117 10.9
Ho 0.61 0.29 0.27 0.24 253 2.39
Er 1.71 0.76 0.72 0.64 7.59 712
Tm 0.24 0.10 0.10 0.08 1.11 1.06
Yb 1.46 0.62 0.56 0.50 7.21 7.04
Lu 0.22 0.08 0.08 0.07 1.10 1.06
Hf 1.48 1.18 0.67 0.54 1.24 1.09
Ta 0.91 0.49 0.06 0.06 0.73 0.77
Pb 0.93 0.85 0.53 0.27 224 1.46
Th 0.18 0.08 0.12 0.06 1.37 0.51
U 0.05 0.04 0.04 0.02 0.37 0.20
5"Rb/*°Sr 0.005 0.003 0.430
87Sr/%8Sr 0.703563 0.703504 0.703501 0.702898 0.702877 0.711093 0.711893
26 (m) 0.000008 0.000008 0.000008 0.000008 0.000008 0.000014 0.000034
* 0.705144 0.704652 0.705095 0.708913
0.000007 0.000008 0.000010 0.000007
“7Sm/"**Nd 0.225 0.199 0.204 0.229
43Nd/"**Nd 0.512946 0.512890 0.512970 0.512932
26 (m) 0.000005 0.000006 0.000008 0.000005
238 /204Pp 37 28 47 10.6
232 /204Pp 125 6.6 14.4 40.7
206pp/204Phy 18.95 18.69 18.55 18.74 18.74 19.08 2271
* 19.67 19.46 18.89 20.49
207pp/204Ph 15.63 15.49 15.60 15.56 15.56 15.83 15.99
* 15.70 15.69 15.66 15.86
208ppy/204ppy 38.53 40.09 38.27 38.63 38.62 38.77 42.16
* 39.06 38.99 38.80 42.96

Note: X-ray fluorescence (XRF) data are on unleached whole rock (wr) samples in wt%. Mineral separates (hbl—hornblende; cpx—
clinopyroxene; pl—plagioclase) have not been analyzed for major elements. Inductively coupled plasma—-mass spectrometry (ICP-MS) analyses
and isotope ratios are on leached (leach.) sample powders. Sr and Pb isotope ratios of leachates from most samples and three ICP-MS analyses on
unleached (unl.) samples are also shown. Other abbreviations: unmag.—unmagnetic fraction of sample BD31; LOl—loss on ignition; nd—not detected.

*Leachate.
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Figure 3. Major-element compositions of the Bayuda ultramafic and
granulite xenoliths compared with the compositions of their host ba-
sanite (Lucassen et al., 2008a), peridotite xenoliths from the same
suite (Lucassen et al., 2008b), and lower-crust (LC) xenoliths from
the Arabian plate (McGuire and Stern, 1993; Al-Mishwat and Nasir,
2004). The compositions of ultramafic xenoliths and host basanite
show no systematic relations with respect to MgO contents. Most
Arabian meta-igneous xenoliths are compositionally more evolved
than the Bayuda ultramafic and granulite xenoliths. The composi-
tions of Bayuda peridotite xenoliths follow the melt extraction path
from primitive mantle (PM; Sun and McDonough, 1989).

relative depletion of Eu, and BD31 has high garnet contents with
slightly elevated HREE (heavy REE; Fig. 4D).

Sr-Nd-Pb Isotope Data

Results of Whole-Rock Leaching

Rock powders used for isotope measurements were leached
in warm double-distilled 2 N HCI and mineral separates in hot
7 N HNO, for 30 min and washed three times with ultraclean
H,O in an ultrasonic bath. This leaching should remove possible
impurities on grain boundaries and from easily soluble minerals,
which could have been influenced by late-stage fluid-rock inter-
action or weathering. Sr and Pb isotope ratios of leached samples
and leachates of selected samples are presented in Table 3 and
discussed in the following. Nd isotopes in the leachates could not
be determined because Nd contents were too low. This implies
that the Nd isotope ratios were not changed by weathering. Three
of the leached rock powders (BD72, BD98, and BD31) were also
analyzed for trace elements. Leached and unleached samples do
not show systematic and significant differences in their trace-
element contents and patterns (Table 3; Fig. DR2). Therefore,
they are not discussed separately.

The relationships between the individual samples and their
leachates are described in the #’Sr/*Sr—Pb isotope compositional
space (Fig. 5). Leachates of all but two samples show substan-
tially more radiogenic ¥’Sr/*Sr than the leached samples and
205Pp/2Ph in the range of the host basanite. The ¥’Sr/*Sr value
in the granulite rocks is slightly more radiogenic than in many
samples of the ultramafic group, but the compositional range
of the leachates is indistinguishable. The four feldspar sepa-
rates and the respective leached samples of the granulite group
have near-identical ¥Sr/*Sr ratios. The variation of Pb isotope
ratios in the leached samples is considerable, but the ranges in
the leachates are small 2*Pb/”*Pb 19.4—-19.9, 27Pb/**Pb around
15.7, and 2Pb/**Pb around 39 (Fig. 5). The Pb isotope ratios of
feldspar separates are moderately (two samples) or substantially
(one sample) lower than in the leached whole-rock samples; the
Pb isotope compositions of feldspar and whole rock of sample
BDO98 are near-identical.

The leachate of sample BD31 (not shown in Fig. 5) shows
relatively unradiogenic ¥Sr/*Sr of ~0.70891, compared to
0.71109 in the leached sample. Pb isotope ratios of the leachate
are more radiogenic than in the leached sample, with **Pb/**Pb
of 20.48 versus 19.08 and 2%Pb/?*Pb of 42.96 versus 38.77, or
values are similar, with 27Pb/?*Pb of 15.85 versus 15.82. Sam-
ple BD31 indicates the preferred dissolution of a Th (and minor
U)-rich mineral, likely apatite, by the leaching procedure. This
is supported by the radiogenic Pb isotope composition (22.71;
15.99; 42.16) of the nonmagnetic fraction, which is mostly quartz
and some apatite.

Except for sample BD31, the differences in mineralogy
between the samples and sample groups preclude the dominance
of preferred dissolution of possible inherited high ¥St/*Sr (e.g.,
an easily soluble high Rb/Sr mineral) or **Pb/**Pb minerals (e.g.,
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an easily soluble high U/Pb and Th/Pb mineral) in the isotope
signature of the leachates. The source of the leachate signature
is likely external. Infiltrating melt or fluid from the host basanite
is precluded by the radiogenic Sr isotope signature and by the
comparable radiogenic *’Pb/**Pb and unradiogenic **Pb/**Pb
signatures of the leachate (Fig. 5). Further, features of invading
melts were not observed in the thin sections. Therefore, meteoric
fluids likely imprinted their isotopic signature onto the leachates.
The leaching sampled the thin coating of grains, i.e., secondary
deposits on the open grain boundaries. The Pb isotope composi-
tion of the leachate is dominated by the crustal signature (average
Bayuda basement: *’Sr/*Sr of 0.739 and Pb isotope composition
of 19.72, 15.80, 39.61; Kiister et al., 2008), likely from mete-
oric fluids circulating through the weathered basement. The Sr
isotope signature of the leachate likely represents a mixture of
crustal signature and original signature of the xenoliths (Fig. 5).
The following observations support the validity of this assump-
tion. Samples of different mineralogy, isotope composition,
and possibly different age show similar leachate composition.
Feldspar separates reproduce the Sr isotope compositions of the
leached samples but have less radiogenic or similar Pb isotope
compositions. In summary, we believe that the isotope signa-
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ture of the leached whole-rock samples is representative for the
unweathered samples.

Sr and Nd Isotopes

All granulite and ultramafic xenoliths have a narrow range
of Sr isotope ratios near 0.7035, except sample BD31, which is
more radiogenic (Table 3; Fig. 6). All xenoliths except BD31
have ¥Rb/*Sr <0.07 (Table 3). Nd isotope ratios are variable
between bulk solid earth and depleted-mantle composition. Sr
and Nd isotopes of the ultramafic xenoliths are negatively cor-
related. Nd isotope ratios of all but one (BD59) sample of the
granulite group are similar or slightly more radiogenic than in the
ultramafic xenoliths. Sr isotope ratios of most granulite samples
are more radiogenic than the ultramafic samples (Fig. 6A). Sam-
ple BD59 has a relatively unradiogenic Nd isotope ratio but the
Sr isotope ratio is also unradiogenic.

Pb Isotopes

Pb isotope ratios of all but two ultramafic xenoliths plot
tightly around the composition of their host basanite (Fig. 7).
The two deviating samples (C39, C25; Fig. 7) have less radio-
genic *Pb/*™Pb isotope ratios and plot into the compositional
range of granulite xenoliths and feldspar separates of the latter.
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Figure 5. Sr and Pb isotope composition of leached ultramafic and
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noliths compared to the composition of the host basanites (BV;
Lucassen et al., 2008a). (A) Lines connect sample and respective
leachate, and feldspars and respective whole-rock samples. (B,
C) The composition of the average Bayuda upper Pan-African
crust (Kiister and Liégeois, 2001; Kiister et al., 2008) is far off
the diagram, indicated by the arrow between the field of leachate
compositions and average Bayuda. For discussion see text.
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Figure 6. Present-day Sr and Nd isotope composition of
(A) the Bayuda xenoliths compared to the juvenile Pan-
African basement (JP), Bayuda host volcanic rocks of
the xenoliths (BV), and (B) the Bayuda Neoproterozoic
basement (PB; aPB—average Bayuda Neoproterozoic
basement). Sample BD31 is a granulite xenolith of spe-
cial composition (see text). The field of the Bayuda pe-
ridotite xenoliths and juvenile Neoproterozoic basement
(gray area) extends to more radiogenic '““Nd/"*Nd ratios
than average depleted mantle (up to ~0.5138); the field
of the Bayuda Neoproterozoic basement extends to more
radiogenic ¥’Sr/*Sr ratios, up to ~0.8. Data sources: Ju-
venile Neoproterozoic basement (Brueckner et al., 1988,
1995; Zimmer et al., 1995; Stern and Abdelsalam, 1998;
Teklay et al., 2002; Bailo et al., 2003); Bayuda basement
(Kiister and Liégeois, 1998; Kiister et al., 2008); Bayuda
peridotite xenoliths (Lucassen et al., 2008b); Bayuda
volcanic rocks (Lucassen et al., 2008a); average depleted
mantle (DM; e.g., Workman and Hart, 2005); bulk sili-
cate earth (BSE; e.g., Zindler and Hart, 1986).
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Granulite sample BD72 has a radiogenic Pb isotope composi-
tion; sample BD31 is very radiogenic in 2’Pb/**Pb (~15.83); and
sample BD59 has radiogenic **Pb/**Pb at given *Pb/**Pb val-
ues (Fig. 7). The Pb isotope ratios of all other samples from both
groups are situated near the Northern Hemisphere reference line
(NHRL). Isotope ratios of clinopyroxene from the matrix and
hornblende from veins in sample C4 are near-identical within
their error ranges (Table 3).
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Figure 7. (A, B) Present-day whole-rock and feldspar Pb isotope com-
position of the Bayuda xenoliths, compared to the juvenile Neoprotero-
zoic basement (JP) represented by ophiolite compositions (Brueckner
etal., 1988, 1995; Zimmer et al., 1995), Bayuda host volcanic rocks of
the xenoliths (BV), and the average Bayuda Neoproterozoic basement
(aPB; aPB initial at 800 Ma; Kiister et al., 2008). The initial compo-
sition of this basement could approximate the composition of Neo-
proterozoic U-depleted sections of reworked old cratonic crust in the
deeper crust. The high *"Pb/?*Pb ratio at given **Pb/**Pb is attributed
to an old, Archean? to Paleoproterozoic high-p (3**U/?%Pb) component
in the cratonic crust. The ®Pb/?*Pb ratios of some Bayuda peridotite
xenoliths are as low as ~16 (not shown) and indicate the presence of
old depleted mantle (DM) in the lithosphere. For data sources, see Fig-
ure 6. NHRL—Northern Hemisphere reference line.

20.0

DISCUSSION
Thermobarometry

Interpretation of the mineral chemistry in terms of equi-
librium temperatures and pressures is aimed at the comparison
within the different xenoliths groups. A joint interpretation of
metamorphic conditions in the granulite and ultramafic xenoliths
is not possible. The granulite xenoliths likely represent Neopro-
terozoic crystallization conditions, whereas the ultramafic xeno-
liths are late Mesozoic to Quaternary (see following discussion
of the isotope data). Chemical equilibrium between the minerals
was likely attained at one point of their evolution. This is indi-
cated by the fabrics and the large compositionally homogeneous
cores. Compositional zoning of minerals only occurs in the small
outermost rims of clinopyroxene, and compositional variations
between core and outer rim in orthopyroxene are even less pro-
nounced. Rim analyses are not available for garnet crystals,
which are surrounded by a kelyphite rim. Therefore, we use only
average core compositions (Table 2) for all minerals.

Temperatures are estimated from clinopyroxene-garnet
thermometry (Table 1; Ellis and Green, 1979). In absence of the
measured state of oxidation of Fe, we made two calculations
of T: (1) assuming all Fe in the clinopyroxenes and garnets as
Fe?* and (2) using calculated Fe?* from charge balance. Fe* in
the garnet was calculated in two ultramafic xenoliths (C25 ~4%,
C27 ~6% of Fe total). In clinopyroxenes, calculated Fe** is vari-
able (ultramafic xenoliths ~7-29%, two granulite xenoliths ~5
and 7% of Fe total). Reliable pressure estimates are not pos-
sible with the mineral paragenesis, and we considered a pres-
sure of 1.0 GPa for all temperature calculations in Table 1. The
assumed error on the pressure of 0.5 GPa includes the lower
crust and uppermost mantle realm and introduces an error of
approximately +20 °C on the temperatures calculated at 1 GPa.
Temperatures for the three granulite samples are 880, 860
(840 Fe?* calculated), and 920 °C (890). The variation in the
ultramafic xenoliths is larger, at 880-1030 °C (850-950 °C),
with the lower temperatures at 880-940 °C (850 °C) in the gar-
net-websterites and the higher temperatures at 1030 °C (890-
950 °C) in the garnet-pyroxenites.

The ultramafic xenoliths, garnet-websterite, and garnet-
pyroxenite show compositional relations with the young high-u
magmatism and likely represent cumulates of the latter at the
crust mantle-boundary, i.e., in the lowermost crust or uppermost
mantle (see following discussion). Thermometry in the perido-
tite xenoliths (garnet-free spinel lherzolite) from the same suite
yielded a temperature range of 760-1190 °C (most samples
between 800-960 °C; Lucassen et al., 2008b), which is similar
to the temperature range in the ultramafic xenoliths (Table 1).
Their pressure conditions could not be estimated, but the peri-
dotite xenoliths include some samples with fertile compositions,
and the garnet-in reaction for the given temperatures would be
between ~1.5 and 1.7 GPa (e.g., Green and Ringwood, 1967;
O’Neill, 1981).
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Chemical Composition

Ultramafic Xenoliths

The major-element compositions of the basanites and ultra-
mafic xenoliths are not systematically related (Fig. 3). The MgO
contents and Mg# of the basanites (Mg# 54-71; average 62) and
xenoliths (Mg# 51-77; average 67) are similar. The Mg contents
and Mg# of the pristine basanitic melt likely were higher, con-
sidering possible olivine fractionation (Lucassen et al., 2008a).
Si0,, ALO,, Fe,0,, Ca0, and TiO, contents of the xenoliths
show con51derably broader scatter than respective contents of
the basanites (Fig. 3; Table 3). The high Ti and Fe and low SiO,
contents (Table 3) of sample C36 reflect the accumulation of
ilmenite. Major-element compositions of the ultramafic xeno-
liths are not coherent, in contrast to the peridotite xenoliths of
the same suite, which document in their compositions variable
proportions of melt extraction from a fertile mantle (Fig. 3;
Lucassen et al., 2008b).

The trace-element abundance in the ultramafic xeno-
liths is variable, but the element distribution patterns of the
garnet-pyroxenite and garnet-websterite are similar (Fig. 4).
Those of the garnet-hornblendite, hornblende megacrystal, and
hornblende-bearing pyroxenite are different, and specifically Rb,
Ba, Th, U, Nb, Ta, Pb, and Sr are higher than in most pyrox-
enites and websterites. U, Th, and Pb are higher in the clinopy-
roxene than in the coexisting hornblende from veins in sample
C4, which are both very similar in their isotope composition
(Table 3). Trace-element patterns of ultramafic xenoliths are
different from the patterns of peridotite xenoliths of the same
suite, which mostly show a strong systematic depletion of the
incompatible trace elements (Fig. 4). Hypothetical liquids in
equilibrium with the average trace-element abundances of the
pyroxenite and websterite, and with the most depleted websterite
(sample C27), were calculated assuming a control of most trace
elements in the ultramafic xenoliths by clinopyroxene (Fig. 8).
Despite the uncertainty in the application of experimental and
calculated distribution coefficients to natural systems, the calcu-
lations show that the ultramafic xenoliths are compatible with an
origin from liquids similar to the host basanites.

Granulite Xenoliths

Compared to data from lower-crust xenoliths from the Ara-
bian plate (McGuire and Stern, 1993; Al-Mishwat and Nasir,
2004), the major-element composition of the Bayuda xenoliths is
less evolved (Fig. 3). The granulite xenoliths represent metamor-
phosed cumulates, but they are apparently not related to fraction-
ation of any single magma.

The trace-element patterns of the granulite xenoliths (Fig. 4)
are variable, and similarities between the samples are restricted
to positive Pb (all samples), Sr (all samples except BD31 and
88), and Ti spikes (samples BD88a, BD88b, and BD72). High
heavy REE content in BD31 is attributed to the abundant garnet.
The trace-element pattern of BD59 reflects the high plagioclase
contents of a cumulate. There is no relation between the trace-

element pattern of the host basanite and these granulite rocks,
which crystallized in the plagioclase stability field.

Isotopic Composition: Source and Time Constraints

In NE Africa and Arabia, four regionally important compo-
sitional reservoirs have been distinguished on the base of their
isotope composition. (1) Neoproterozoic reworked old cratonic
crust has variable but generally unradiogenic Nd and radiogenic
Sr isotope composition (Fig. 6) and a distinct Pb isotope signa-
ture (radiogenic *’Pb/**Pb at given 2*Pb/**Pb; Fig. 7A), the
latter of which is due to the contribution of old, Paleoprotero-
zoic or Archean high-u sources of the craton (e.g., Kroner et al.,
1987, Stern and Kroner, 1993; Stern, 1994; Kiister and Harms,
1998; Kiister and Liégeois, 2001; Kiister et al., 2008; Stoeser
and Frost, 2006). (2) The juvenile Neoproterozoic basement
represents melts from the contemporaneous asthenosphere,
i.e., represents isotopic compositions of depleted mantle, plus
variable contributions from reworked old cratonic crust in
magmatic arc settings (Figs. 6 and 7; e.g., Altherr et al., 1990;
Brueckner et al., 1995; Zimmer et al., 1995; Stern and Abdel-
salam, 1998; Teklay et al., 2002; Bailo et al., 2003; Stoeser and
Frost, 2006). (3) The late Mesozoic and younger NE African
intraplate magmatism is characterized by radiogenic Pb isotope
compositions (Fig. 7) and Nd and Sr isotope compositions in
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Figure 8. Trace-element content of modeled liquids in equilibrium with
the average garnet pyroxenite and websterite and garnet (gt) websterite
sample C27. Element distribution coefficients between clinopyroxene
and basaltic liquid are from Hart and Dunn (1993) and McKenzie and
O’Nions (1991). The trace-element patterns of the calculated liquids,
especially of the liquid to sample C27, are similar to the patterns of
the host basanite, except for some of the more incompatible elements
like U and Th. The prominent U and Th peak in the calculated liquid
depends (as the concentration of the other elements) on the chosen
distribution coefficients: those of McKenzie and O’Nions (1991) are
at the lower end of the range of published values for U and Th, which
vary by up to two orders of magnitude (compilation for clinopyrox-
ene/basalt at the Geochemical Earth Reference Model Web site http://
www.earthref.org/GERM). Sample C36, which has >30 vol% opaque
minerals and shows pronounced relative enrichment of Nb, Ta, Pb, and
Ti, was excluded from the calculation of the average garnet pyroxenite
and websterite.
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the field of depleted mantle composition (Fig. 6), which are
believed to originate from the lithospheric mantle modified dur-
ing Neoproterozoic (e.g., Altherr et al., 1990; Stein et al., 1997;
Bertrand et al., 2003; Shaw et al., 2003, 2007; Lucassen et al.,
2008a, 2008b). Their Pb isotope composition resembles the
field of high-p (u = *8U/*"Pb) ocean-island basalts (OIB) of the
focal zone type (sensu Stracke et al., 2005). (4) Composition
of the present asthenospheric convective mantle is known from
late Cenozoic magmatism along the divergent plate boundary
along the Red Sea—Gulf of Aden rift (Fig. 1A; e.g., Altherr et
al., 1990; Volker et al., 1993, 1997; Schilling et al., 1992). The
isotope composition of this reservoir resembles present average
depleted mantle (Figs. 6 and 7; e.g., Salters and Stracke, 2004;
Workman and Hart, 2005). This reservoir did not substantially
contribute to the intraplate magmatism in NE Africa (Lucassen
et al., 2008a).

Ultramafic Xenoliths

Sr isotope ratios of seven samples are within the composi-
tional range of the host basanite, and the others plot close to the
basanite field (Fig. 6). The ¥St/%Sr ratio of the xenoliths is more
radiogenic than average depleted mantle (Fig. 6). The ¥Rb/*Sr
ratio (0.02-0.07; Table 3) in the xenoliths are similar or slightly
higher than assumed for average depleted mantle (Salters and
Stracke, 2004; Workman and Hart, 2005) and do not explain
the observed ¥Sr/*Sr by radiogenic growth after separation
from depleted mantle, e.g., in Neoproterozoic (ca. 800 Ma). The
Nd/"Nd ratios of two xenolith samples are slightly more and,
for another three samples, slightly less radiogenic than the very
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Figure 9. Relations between Sm/'"Nd and '*Nd/"Nd of the
Bayuda xenoliths and their host basanite (Lucassen et al., 2008a)
compared to lower-crust xenoliths from Arabia (McGuire and
Stern, 1993). The Arabian xenoliths align to a 500 Ma reference
line. DM—depleted mantle; BSE—bulk silicate earth.

uniform host basanite (Figs. 6 and 9). All xenoliths show consid-
erably less radiogenic '"“Nd/'*Nd than average depleted mantle.
The 'YSm/"*Nd ratios in the ultramafic xenoliths are higher than
in the host basanite and lower, similar, or higher than in average
depleted mantle, but they show no correlation with *Nd/"**Nd
(Fig. 9). The '"Sm/"“Nd ratio similar or higher than in average
depleted mantle is mismatched with the comparable unradio-
genic '"*Nd/"*“Nd. The latter requires a prolonged evolution with
low "’Sm/"**Nd in an enriched mantle.

Pb isotope ratios of all samples, except C25 and C39, are
closely related to the radiogenic Pb isotope ratios of their host
basanite (Figs. 7 and 10). U-Pb isotope ratios and p-ratios are
not related, and the data fall on the trend defined by the host
basanite, which shows variable u ratios and uniform Pb iso-
tope compositions (Fig. 10; Table 3). The p ratios of the ultra-
mafic xenoliths are much too low (all but one are <8, the ratio
assumed for depleted mantle evolution) to explain the radio-
genic Pb isotope composition by in situ growth at any time-
scale. Again, a prolonged evolution in an enriched mantle is
required. Pb isotope compositions of clinopyroxene and amphi-
bole in sample C4 are very similar despite higher U/Pb and
Th/Pb in the amphibole (Table 3). Ancient, e.g., Neoprotero-
zoic, variations in Sm/Nd and U/Pb should cause systematic
variations in the related isotope compositions. This is not the
case, and we conclude that these xenoliths formed at a time
close to their host basanite.
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Figure 10. Relations between 2**U/**Pb and 2*’Pb/**Pb of the Ba-
yuda xenoliths and their host basanite (Lucassen et al., 2008a).
All granulite except sample BD72 show unradiogenic ***Pb/**Pb
compared to the signature of most ultramafic xenoliths and all
host basanite. The ratios of some granulite xenoliths align to a
600 Ma reference line (mainly defined by sample BD72), and the
high-u Pb isotope signature of granulite BD72 could be also in-
terpreted as a high->**U/**Pb sample of Neoproterozoic age with
an initial Pb isotope signature similar to the other granulite. The
ratios of ultramafic xenoliths and host basanite are not correlated
(0 Ma reference line).
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Granulite Xenoliths

Sr isotope ratios in granulite xenoliths (5 of 7) are slightly
more radiogenic at similar or slightly more radiogenic '*Nd/"*Nd
ratios (6 of 7 samples) than in host basanite and ultramafic
xenoliths (Fig. 6A). The *’Pb/***Pb ratios of five granulite sam-
ples and C25 and C39 are distinctly lower than of the average
reworked cratonic basement of the Bayuda area. Their Pb iso-
tope ratios are distinctly less radiogenic than those of ultramafic
xenoliths and the host basanites (Fig. 7A). They plot between the
composition of the latter and the field defined by Neoproterozoic
ophiolite, which plots around average depleted mantle composi-
tion (Fig. 7). Sr and Nd isotope compositions of most granulite
xenoliths and Neoproterozoic juvenile basement are similar or
overlap (Figs. 6 and 9). Nd isotope compositions of the granulite
xenoliths and xenoliths from the juvenile Arabian lower crust
overlap, but the latter show a much broader Nd isotope composi-
tional range and a rough alignment with their 'Sm/'**Nd around
a 500 Ma reference line (Fig. 9; McGuire and Stern, 1993). Five
granulite xenoliths have very similar high '“’Sm/"*Nd, ranging
from 0.225 to 0.229 (Fig. 9; Table 3). This range is above the
value of average depleted mantle (0.214; Goldstein et al., 1984)
and at odds with the low related '**Nd/"*Nd ratios (~0.51289—
0.51297; present-day depleted mantle '*Nd/"“Nd ~0.5132;
Goldstein et al., 1984). Only sample BD59 has low '*"Sm/"*Nd
(plagioclase-dominated REE pattern; garnet absent) and com-
parably unradiogenic "*Nd/'*Nd. All samples except BD31
(*Rb/ASSr ~0.43) show very low ¥Rb/*6Sr (<0.08; Table 3) ratios,
which are not correlated with the *Sr/*Sr ratios. All Sr isotope
ratios are considerably higher than average depleted mantle and
cannot be explained by radiogenic growth from the ®Rb/*Sr,
not even for a Neoproterozoic age (ca. 800 Ma). The p ratios in
five of seven samples are below ~8 (Fig. 10; Table 3), which is
the ratio assumed for the Pb isotope evolution of the depleted
mantle. The *Pb/?***Pb ratios are moderately higher than in pres-
ent average depleted mantle, and hence not in accordance with
the low p ratios.

Nd, Sr, and Pb isotope compositions of the granulite xeno-
liths indicate similarity with the composition of Neoproterozoic
juvenile rocks. However, Sm/Nd, Rb/Sr, and U/Pb of the granulite
xenoliths are at odds with the related isotope ratios and preclude a
single-stage evolution from magmatic crystallization. Two expla-
nations for the mismatch of elemental and isotope composition
are given, both of which likely contributed to the observed varia-
tions in the isotope compositions.

The first explanation suggests that the parent-daughter pairs
of the Rb-Sr, U-Pb, and Sm-Nd isotope systems were changed
from variable but initially high Rb/Sr and U(Th)/Pb and low
Sm/Nd ratios by depletion of the incompatible elements Rb,
U, and Nd. This could have happened a considerable time
(>100 m.y.) after crystallization from Neoproterozoic juvenile
magma by melt extraction from the meta-igneous rocks. The
high temperatures in the lower crust required for melting were
reached during several stages of metamorphism and granitoid
magmatism between ca. 920 and 560 Ma in the Bayuda and

surrounding Neoproterozoic basement (e.g., Stern and Kroner,
1993; Kiister and Harms, 1998; Kiister and Liégeois, 2001;
Kiister et al., 2008). A (late) Neoproterozoic age is preferred,
because the isotope compositions of these xenoliths show
strong affinities to the juvenile Neoproterozoic basement. A
possible Mesozoic to Holocene high-temperature regime in the
lower crust would be likely linked to the small-volume high-u
intraplate magmatism. This should have compositional con-
sequences for the intruded region. The radiogenic Pb-isotope
(high-p) signature in the granulite sample BD72 could indi-
cate such an influence, but this sample also has high U/Pb and
Th/Pb ratios, which allow an interpretation of the radiogenic Pb
isotope signature by the assumption of a Neoproterozoic age of
the last reset of the U-Pb system (Fig. 10).

The second explanation suggests that isotopic hetero-
geneity was acquired by mixing of compositionally different
sources. Source contamination of magmatic arc magmas is a
common phenomenon (e.g., Hildreth and Moorbath, 1988) and
could occur in the mantle source of such rocks by subducted
material or during magmatic evolution of the mantle-derived
magma in the crust. Reworked old cratonic basement is an
important constituent of the crust in the Bayuda area (Kiister
and Liégeois, 2001; Kiister et al., 2008, and references therein).
A small contribution of such basement could be inferred from
the Sr-Pb isotope relation in some granulite xenoliths. The
87S1/%Sr and *’Pb/***Pb ratios (less pronounced for other Pb iso-
tope ratios) are correlated in the granulite xenolith whole-rock
samples and related feldspars (Fig. 5). Such small contributions
could induce initial isotope heterogeneity to granulite xenoliths
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Figure 11. Sm-Nd isotope compositions of garnet, amphibole, and the
nonmagnetic fraction of sample BD31. For data, see inset; Sm and
Nd contents were determined by isotope dilution. The data align to a
800 Ma reference line and indicate a possible Neoproterozoic crystal-
lization age.
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during their magmatic evolution. Sample BD31 illustrates the
complexity of the possible crustal interaction. Sm-Nd isotope
composition of garnet, amphibole, and the nonmagnetic frac-
tion (mainly apatite) align to a 800 Ma reference line (Fig. 11)
and indicate a possible Neoproterozoic age of crystallization.
The Pb isotope composition of this sample resembles the “old
high-u” signature, i.e., the radiogenic **’Pb/**Pb of the reworked
Archean (?) to Paleoproterozoic cratonic crust (Fig. 7). It also
has radiogenic ¥’Sr/**Sr (800 Ma) of 0.7063 (Fig. 6), but the €,
(800 Ma) of +2.5 indicates the contribution of juvenile material
to this rock. Contamination of juvenile Neoproterozoic mate-
rial would require an agent with high Sr (and Pb) and very low
Nd contents and the isotope signature of the cratonic basement.
Anomalous radiogenic Sr and relatively radiogenic Nd isotope
ratios are known from other Neoproterozoic (meta)igneous
rocks (Fig. 5B).

In summary, the isotope compositions distinguish clearly
between two different xenoliths groups. The ultramafic xenoliths
show a strong relation to the composition of the host basanite,
and their isotope composition indicates a young evolution for the
ultramafic xenoliths (latest Mesozoic or younger). The granulite
xenoliths resemble the composition of juvenile Neoproterozoic
crust, and their isotope compositions indicate an early Paleozoic
or older compositional evolution.

Origin of the Ultramafic Xenoliths

The composition and origin of ultramafic rocks with
pyroxene-dominated mineralogy in peridotite massifs and
upper-mantle xenoliths suites have been investigated in field
and experimental studies (e.g., Frey and Prinz, 1978; Frey,
1980; Kogiso et al., 2003; Keshav et al., 2004; Downes, 2007).
High-P melting of pyroxenite was discussed as the possible
source of alkaline ocean-island basalts (Frey, 1980; Kogiso
et al., 2003; Keshav et al., 2004). Such melting would leave
garnet-pyroxenite as residual in the source. The majority of
pyroxenite in the mantle lithosphere is considered to be cumu-
lates from basaltoid melts, however (for a recent review, see
Downes, 2007).

Isotope composition does not unambiguously allow us
to distinguish between a residual and cumulate origin of the
pyroxenite. The major-element composition of the Bayuda
ultramafic xenoliths and host basanite precludes a residue-
melt relation between the xenoliths and the basanite (and other
rocks of similar composition). The host basanites represent
typical alkaline melts that are strongly enriched in trace ele-
ments (Fig. 5). The Mg# of the basanites is similar, or con-
sidering olivine fractionation, higher than in the ultramafic
xenoliths. Experiments including variable degrees of melting
of garnet-pyroxenite show however significantly lower Mg# in
the melts than the pyroxenite residue (e.g., Kogiso et al., 2003,
2004; Keshav et al., 2004). The ultramafic xenoliths resemble
features of cumulate xenoliths (group II xenoliths of Frey and
Prinz, 1978), such as the variable and relatively low Mg num-

bers (~51-77; Table 3) and convex-upward REE distribution
patterns (Fig. 4). Trace-element patterns of the ultramafic xeno-
liths require equilibrium with a melt reservoir strongly enriched
in trace elements, comparable to the compositions of the host
basanites (Fig. 8). Parent-daughter isotope ratios, e.g., those
of the U-Pb isotope system, indicate a relatively young adjust-
ment. The radiogenic Pb isotopes are distinctive in the regional
compositional framework and indicate a close relationship of
the ultramafic xenoliths and Mesozoic to Quaternary volcanic
rocks (Lucassen et al., 2008a). In summary, we favor the inter-
pretation of the ultramafic xenoliths as cumulates of the Meso-
zoic to Quaternary volcanism.

Lower Crust in the Bayuda Area as Part of the NE
African Lithosphere

A tentative section through the lithosphere of the Bayuda
area is based on the information from the Neoproterozoic meta-
morphic and magmatic rocks of the upper crust (Stern and
Abdelsalam, 1998; Kiister and Liégeois, 2001; Kiister et al.,
2008), lower-crust xenoliths from this study, intraplate magma-
tism (Lucassen et al., 2008a), and mantle xenoliths (Lucassen
et al., 2008b), the latter two describing the mantle lithosphere
(Fig. 12). The assumption of a crustal thickness of ~35 km is
based on the long-term stability criteria of the Neoproterozoic
erosion surface (e.g., Schandelmeier and Reynolds, 1997). The
thickness of the thermal lithosphere is assumed to be ~120 km,
which was proposed for the prerifting lithosphere of the Ethio-
pian plateau (Dugda et al., 2007). Such assumptions are reason-
able considering the long period of tectonic quiescence after the
Neoproterozoic orogeny in this section of the Nubian-Arabian
Shield. Any thick Paleozoic and/or Mesozoic sedimentary
cover, which occurs elsewhere in Africa and Arabia in intracra-
tonic basins related to lithospheric extension (e.g., Bumby and
Guiraud, 2005; Bosworth et al., 2005), is absent in the Bayuda
area (Schandelmeier and Reynolds, 1997). The Bayuda area is
also not affected by the formation of Cenozoic rift-related basins,
which are restricted to the Red Sea rift and its margins (e.g., Bos-
worth et al., 2005).

Upper Crust

Reworked cratonic material dominates in the upper crust
of the Bayuda and nearby areas. This basement consists of
metasedimentary and meta-igneous metamorphic rocks and
abundant granitoid intrusions (Kiister and Liégeois, 2001;
Kiister et al., 2008, and references therein). Anatexis of felsic
crustal rocks and granulite facies mark the peak metamorphic
conditions in the midcrust during the Neoproterozoic orogen
and reworked old cratonic basement with distinct isotope sig-
natures (e.g., Kroner et al., 1987; Kiister and Liégeois, 2001;
Kiister et al., 2008). Hybrid rocks, mixtures between cratonic
and juvenile material of variable Neoproterozoic ages, are
also present, especially visible in the Sr-Nd isotope signatures
toward the depleted mantle array (Fig. 6B; e.g., Stern and
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Abdelsalam, 1998; Kiister and Liégeois, 2001; Kiister et al.,
2008, and references therein).

Lower Crust

Granulite-facies metamorphic conditions would be expected
in the lower crust considering the abundant migmatite (and rare
granulite) in the presently exposed Neoproterozoic midcrust
and the abundant granite intrusions. If the granulite xenoliths
are representative for the lower crust, upper and lower crust of
the Bayuda area are of contrasting composition. The granulite
xenoliths resemble the radiogenic isotope composition of juve-
nile material from Neoproterozoic ophiolite suites (Zabargad—
e.g., Brueckner et al., 1988, 1995; Gabal Gerf—e.g., Zimmer et
al., 1995) and other Neoproterozoic juvenile rocks (Figs. 5 and
6). Deep-seated cumulates of the juvenile contribution to the
longstanding Neoproterozoic magmatism in the Bayuda area
(ca. 860-590 Ma; e.g., Kiister et al., 2008, and references therein)
likely formed the protoliths of the granulite xenoliths. Peculiari-
ties of the trace-element and isotope composition could be pri-
mary features from minor assimilation of cratonic crust during
the magmatic evolution of the cumulate or induced by possible
melt extraction after crystallization or both. Melting of lower crust

Late Mesozoic-Holocene
intraplate magmatism
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has been invoked for late Neoproterozoic alkaline postcollisional
granitoids (e.g., Kiister et al., 2008, and references therein), or
it could be related to Paleozoic to Mesozoic alkaline ring com-
plexes in the area (Barth et al., 1983; Vail, 1989). Melting did not
change the distinctive isotope signatures of Pan-African juvenile
crust, but it caused the depletion of incompatible trace elements
like Rb, U, and Nd.

Lithospheric Mantle—Magmatic Evidence

A compositionally distinct type of juvenile rock occurs
within the widespread, mainly Cenozoic, mafic intraplate mag-
matism in NE Africa and Arabia (e.g., Franz et al., 1999; Ber-
trand et al., 2003; Shaw et al., 2003; Lucassen et al., 2008a).
The radiogenic (high-u) Pb isotope signature of these rocks,
e.g., the Bayuda host basanite (Fig. 7), is characteristic and
distinct from reworked craton and juvenile Neoproterozoic
crust. There is no or little influence from both types of Neopro-
terozoic crust in the isotope signatures in the Bayuda basan-
ite (Figs. 5, 6, and 7) and many other NE African intraplate
magmatic rocks over a large region (Fig. 1A; e.g., Lucassen
et al., 2008a). The intraplate magmatic rocks are believed
to represent the composition of sections in the Pan-African
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Neoproterozoic prevailing felsic crust
reworked Proterozoic-Archean craton
with old high-py component

0 (km)

Figure 12. Lithospheric section through
the Bayuda region, as derived from the
composition of granulite, peridotite, and
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lithospheric mantle that were enriched in incompatible trace
elements compared to depleted mantle, e.g., in U and Th (Stein
et al.,, 1997; Lucassen et al, 2008a). This part of the litho-
spheric mantle was also separated long-term from convection
and voluminous melt extraction (Fig. 11).

Lithospheric Mantle Xenoliths

Peridotite xenoliths (mainly spinel-lherzolite) occur at
the Bayuda main volcanic field (Lucassen et al., 2008b) and
other localities on the Arabian plate (Shaw et al., 2007). Both
suites show a mantle that was reworked and formed during
the Neoproterozoic and made of very similar Sr, Nd, and Pb
isotope compositions (discussion in Lucassen et al., 2008b).
The Bayuda peridotite xenoliths display a broad compositional
variation in the lithospheric mantle above the source of their
host basanite (Figs. 6 and 7). Xenolith samples with isotope
compositions that require pre-Neoproterozoic strong depletion
of incompatible elements, and samples with high-u signature
that require the recent activity of an enriched mantle source are
found at the same locations.

The ultramafic xenoliths, with their uniform high-u signature
and geochemical features different from peridotite, likely reside
in the uppermost lithospheric mantle. Mismatches between the
major-element composition of intraplate volcanism and ultra-
mafic xenoliths, geochemical features of group II xenoliths (Frey
and Prinz, 1978), and high-u isotope signatures suggest a cumu-
late origin related to the intraplate magmatism, which is docu-
mented since the Late Cretaceous in the region (Satir et al., 1991;
Lucassen et al., 2008a). The overall volume of the cumulate in
the uppermost mantle should be small, because high-yu magma-
tism is of minor volume and includes in the Bayuda area exclu-
sively less evolved alkaline basalt to basanite.

Asthenosphere

Average depleted mantle (e.g., Workman and Hart, 2005),
or ultra-depleted old mantle as known from the Bayuda perido-
tite xenoliths (Lucassen et al., 2008b), is not the major source
of any intraplate magmatic rock. The composition of the con-
vective mantle beneath Bayuda is unknown from direct evi-
dence, but the convective mantle known from the major active
tectonic element of the divergent plate boundary along the Red
Sea—Gulf of Aden rift (Fig. 1A; e.g., Altherr et al., 1990; Volker
et al., 1993, 1997; Schilling et al., 1992) likely extends some
600 km SE of the rift axes.

New and published data on the Bayuda lithosphere prove
the validity of the concept for the Neoproterozoic lithosphere
makeup on a small regional scale. The differences between
reworked old cratonic and juvenile Neoproterozoic crust are pre-
served in the present depth profile, with juvenile material in the
presumably deep-crustal cumulate section of the Neoproterozoic
magmatism. Xenoliths from the mantle lithosphere indicate the
preservation of old compositional features and show traces of the
youngest magmatic activity.
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ABSTRACT

Assessments of the extension directions and their variations are critical for
understanding rifting processes. This study provides an overview of the extension
directions along the axes of the Main Ethiopian Rift and the Red Sea Rift (or propa-
gator) of Afar, two of the three rifts meeting at the Afar triple junction. This over-
view is based on new and published field data on the opening direction of significant
(width >0.2 m) Holocene extension fractures along the rift axis. The data show that
the Red Sea propagator axis opens orthogonally, both in northern and central Afar,
even though a significant strike-slip component is recognized at the rift margins in
central Afar. The Main Ethiopian Rift axis also opens orthogonal to the trend of the
rift, which varies between the different rift segments. Therefore, the axes of two of the
three rifts meeting in Afar are characterized by orthogonal extension. However, given
the variable orientations of the rift segments, the obtained opening directions are
usually not uniform along the rift. Current plate-motion models suggest slightly dif-
ferent divergence directions, especially along the Main Ethiopian Rift, which shows a
significant oblique component. The discrepancy between the data along the rift axis
and those from plate-motion models suggests an across-rift strain partitioning. The
observed orthogonal extension along the rift axis may be magma-induced, provided
that a depth-dependent variation in the kinematics exists, at least below the Main
Ethiopian Rift axis.
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INTRODUCTION

A crucial matter for understanding rifting processes and the
resulting regional extension is the evaluation of fault kinemat-
ics. The extension direction may locally vary along the rift, espe-
cially if it has a complex architecture, characterized by segments
with variable orientations. The overall structure of a rift is closely
related to its kinematics, and both field data and models show that
the higher the obliquity of the extension direction to the rift, the
more complex is its deformation pattern (e.g., Taylor et al., 1994;
McClay and White, 1995). Rifts with orthogonal extension are
usually characterized by swarms of extensional structures with
collinear configuration. Conversely, rifts with oblique extension
consist of faults with a predominantly transtensive motion and
en-echelon geometries that are oblique to the main rift zone (Dau-
teuil and Brun, 1993; McClay and White, 1995; Tuckwell et al.,
1998). Such a deformation pattern may be further complicated at
triple rift junctions, where local variations in the extension direc-
tion, due to the connection between different rifts, are expected
(e.g., Mouslopoulou et al., 2007, and references therein).

Magmatism may also play an important role in influencing
the geometry and kinematics of a rift. In fact, the axis of a rift is
the site of active extension and volcanism: Here extensional frac-
tures and normal faults develop, and their activity is commonly
accompanied by central or fissure eruptions. Different models
have been proposed to explain the relationships between mag-
matism and tectonics along rift axes. While it has been widely
accepted that extension (fracturing and faulting) enhances vol-
canic activity (e.g., Latin and White, 1990), recent studies sug-
gest that a considerable part of the deformation within a rift is
magma-induced (Kendall et al., 2005; Buck, 2006; Casey et al.,
2006). Therefore, an assessment of the opening direction of a rift
axis may be important also to evaluate the relative contributions
of tectonic and magmatic processes on rift growth.

In continental crust, the relationships among rift geometry,
kinematics, and magmatism can be best appreciated in the area of
the Afar triple junction, which is characterized by the connection
between the Aden Rift, the Red Sea Rift, and the Main Ethio-
pian Rift (Fig. 1; McKenzie et al., 1970). While the geometry and
kinematics of the onshore and offshore portions of the oblique
Aden Rift have been established (Needham et al., 1976; Stein et
al., 1991; Manighetti et al., 1998, 2001; Audin et al., 2004), the
current kinematics of the Red Sea Rift and Main Ethiopian Rift
are less well-defined and more debated, respectively. The Red
Sea Rift (or propagator; Manighetti et al., 2001, and references
therein) is poorly known, except for a few selected portions,
including the Dabbahu segment (the site of a recent major rifting
event; e.g., Wright et al., 2006) and the Tendaho graben (Abbate
et al., 1995; Acocella et al., 2008). The current opening direction
of the Main Ethiopian Rift is still controversial, and an orthogo-
nal approximately NW-SE—trending or an oblique approximately
E-W-trending extension direction have both been proposed to
occur in response to plate motion (see overview in Acocella and
Korme, 2002).

This study considers the Holocene kinematics of the axial
portions of the Red Sea propagator and the Main Ethiopian Rift,
based on original (northern part of Main Ethiopian Rift) and pre-
viously collected (Red Sea propagator and part of Main Ethiopian
Rift) data. The data were obtained from the opening directions of
active and large (width >0.2 m) extension fractures, which have
been systematically measured in the axial part of the rift. The
results are largely consistent with an along-axis orthogonal open-
ing, not necessarily coinciding with the direction of plate motion.

TECTONIC FRAMEWORK

In Afar, the Red Sea and Aden propagators (on-land con-
tinuation of the Red Sea and Aden Rifts, respectively) meet with
the northern Main Ethiopian Rift (Fig. 1; McKenzie et al., 1970;
Tazieff et al., 1972; Le Pichon and Francheteau, 1978; Bosworth
et al., 2005). The current mean spreading rates of the Aden and
northern Red Sea propagators are ~1.1 cm/yr (Vigny et al., 2007,
and references therein) and ~2 cm/yr (Jestin et al., 1994), respec-
tively, which are significantly higher than the ~2.5 mm/yr of the
northern Main Ethiopian Rift (Fig. 1; Wolfenden et al., 2004, and
references therein). A factor related to the development of the

Figure 1. Digital elevation model of the investigated area, highlighting
the Main Ethiopian Rift (MER) and its junction with the Red Sea and
Aden Rifts in the Afar triple junction. Arrows represent directions of
plate motion (after Manighetti et al., 2001, and references therein; Keir
et al., 2006).
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Red Sea propagator is the eastward shift and counterclockwise
rotation of the Danakil microplate, over the last ~11 m.y. at least
(Fig. 2; Eagles et al., 2002).

The opening direction of the offshore portion of the axis of
the Aden Rift is constrained by the approximately NE-SW strike
of the fracture zones dissecting the ridge (Dauteuil et al., 2001;
D’ Acremont et al., 2005; Manighetti et al., 1997), while the open-
ing direction of the onshore portion is constrained by field and
global positioning system (GPS) studies (Manighetti et al., 1998;
Cattin et al., 2005; Vigny et al., 2007). The on-land structure of
the Aden propagator consists of two NW-SE-trending rift seg-
ments that are connected by an oblique transfer zone (Manighetti
et al., 2001, and references therein). Each segment consists of
subvertical to riftward-dipping active normal faults and an axial
portion of active tensile fracturing and volcanic activity (Need-
ham et al., 1976; Manighetti et al., 1998).

The Red Sea propagator is characterized, to the north, by
the Erta Ale Range, which separates the Ethiopian Plateau from
the Danakil block (Fig. 2). The Erta Ale Range consists of an
approximately NNW-SSE alignment of active volcanoes, largely
shield volcanoes with basaltic composition, associated with
fracturing (Barberi and Varet, 1970). To the south, the Red Sea
propagator continues into central Afar, in the approximately

Figure 2. General structure of the Afar triple junction and the Red
Sea propagator (RSP). Abbreviations: NRSP—northern Red Sea
propagator; SRSP—southern Red Sea propagator; AP—Aden
propagator; EAR—Erta Ale Range; MHR—Manda Hararo Rift;
TG—Tendaho graben.

NW-SE-trending Tendaho graben (TG; Fig. 2), the largest basin
of central Afar (Fig. 1), forming the currently active NW-SE-
trending Manda Hararo Rift (MHR; Fig. 2; Tapponnier et al.,
1990; Manighetti et al., 2001). A major rifting episode, associ-
ated with the emplacement of a dike that is 60 km long and up to
8 m wide, occurred in 2005 to the NW of the Dabbahu segment
of the Manda Hararo Rift (Wright et al., 2006; Ayele et al., 2007).

The NNE-SSW-trending Main Ethiopian Rift intersected
Afar after propagating northward over the last 11 m.y. (Wolfen-
den et al., 2004). The Main Ethiopian Rift progressively widens
northward. This widening is associated with a decrease in the
length of its rift segments, of the separation of magmatic centers,
and of the effective elastic thickness of the crust (Fig. 3; Ebin-
ger and Hayward, 1996; Hayward and Ebinger, 1996). The rift
started to develop during the Miocene (Davidson and Rex, 1980;
Woldegabriel et al., 1990; Chernet et al., 1998), following a broad
doming centered on the present Afar depression (Almond, 1986;
Ebinger et al., 1989; Collet et al., 2000; Benoit et al., 2006). Dur-
ing the Pliocene and Quaternary, the Main Ethiopian Rift pro-
gressively deepened, evolving through a sequence of interacting
half-graben segments marking the boundary between the Nubia
and Somalia Plates (Hayward and Ebinger, 1996).

The youngest part of the Main Ethiopian Rift is the axial
zone, or rift axis, which coincides with the so-called Wonji fault
belt, which mainly formed during the Quaternary (Fig. 3; Mohr,
1967, 1987; Boccaletti et al., 1998; Corti, 2008). Despite the

Figure 3. Schematic structure of Main Ethiopian Rift (MER), high-
lighting its NNE-SSW-trending northern (NMER) and southern por-
tions (SMER), separated by the NE-SW-trending transfer zone be-
tween Gedemsa caldera and Fantale volcano. WFB—Wonji fault belt.
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overall NE-SW trend of the Main Ethiopian Rift, the Wonji fault
belt is characterized by active NNE-SSW-trending extension
fractures and normal faults. These are often set in a right-stepping
en-echelon arrangement and are associated with volcanic activ-
ity, suggesting a possible overall left-lateral component of motion
along the Wonji fault belt (Bonini et al., 1997). The slightly dif-
ferent trends of the Wonji fault belt and the Main Ethiopian Rift
margins suggest a change in the extension direction during the
Quaternary (Bonini et al., 1997; Boccaletti et al., 1998). How-
ever, different types of data give different information on the
opening directions of the Wonji fault belt. Fault-slip data along
the rift suggest an approximately E-W extension (Bonini et al.,
1997; Boccaletti et al., 1998), while structural data along the rift
axis suggest an approximately NW-SE extension (Chorowicz et
al., 1994; Korme et al., 1997; Acocella and Korme, 2002). GPS
and EDM (electronic distance meter) data along the sides of the

rift suggest an approximately N108° extension direction (Bilham
et al., 1999), while GPS data in the inner part of the rift sug-
gest approximately NW-SE extension (Pan et al., 2002; Pizzi
et al., 2006). Tension (T) axes of earthquake focal mechanisms
from throughout the Main Ethiopian Rift are consistent with an
approximately E-W extension (Ayele, 2000; Keir et al., 2006), in
agreement with those obtained from plate motion models (Jestin
et al., 1994; Chu and Gordon, 1999; Calais et al., 2006; Keir et
al., 2006, and references therein).

METHODOLOGY

In order to evaluate the contemporary opening direction of
the rift axis, we measured 141 opening directions of extension
fractures in dated late Quaternary and, mostly, Holocene volcanic
products in the axial part of the Red Sea propagator and the Main
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Figure 4. (A) Aerial view of extension fractures (pointed by arrows), partially covered by modern lava flows, along the axis of the Erta Ale rift;
scale refers to foreground. (B) Determination of the opening direction of an extension fracture along the rift axis. The opening direction is ob-
tained by matching pairs of asperities on the opposite walls of the fracture. This comparison to the pure opening direction (perpendicular to the
strike of the fracture) allows us to determine any component of horizontal shear, expressed through the angle 3.
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Ethiopian Rift. The axis of the rift is defined as the zone of active
volcanism and extension, not necessarily coinciding with the
central portion. Volcanism is characterized by central felsic vol-
canoes and mafic eruptive fissures responsible for the emplace-
ment of basaltic lava flows (Gibson, 1969; Ebinger and Casey,
2001; Williams et al., 2004). Extension is accommodated by nor-
mal faults with a tensile component (Acocella et al., 2003, and
references therein) and extension fractures, where the separation
between the two walls is primarily by movement normal to the
failure surface. The measured extension fractures have lengths
between 20 and 400 m and openings of 0.2—4 m; their maximum
depth, ~700 m, is inferred from mechanical considerations (Gud-
mundsson, 1992; Acocella et al., 2003). This type of extension
fracture is exclusively found along divergent plate boundaries,
both in oceanic and continental crust. The fracture strike is con-
sistent with that of the main deformation zone characterizing the
rift axis, which supports and confirms the importance of these
fractures in the opening of the rift at the surface.

All measurements were made on extension fractures in lava
flows or highly welded ignimbrites. These rocks have subverti-
cal cooling joints (Fig. 4). The extension fractures partly reac-
tivate preexisting cooling joints during their tectonic develop-
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ment. Small asperities, bounded by the joints, have formed on
the opposite walls of the extension fractures. The vector of total
horizontal displacement across the fractures was measured by
matching associated pairs of asperities on the opposite walls of
the fractures. This vector, measured with a compass, gives the
opening direction of the extension fractures, as discussed in
detail by Gudmundsson (1987) and Acocella et al. (2000). Any
positive or negative variation of the angle § between the opening
direction of the fracture and the direction orthogonal to its strike
(Fig. 4) permits quantification of the amount of horizontal shear
along the fracture.

The asperities along the fracture walls are sharp and have not
been affected by significant erosion (e.g., Fig. 4). This, together
with the predominantly Holocene age of the rocks, confirms that
the fractures are active.

Because of the location (active axial zone), trend (subparallel
to the rift trend), and age (mainly Holocene) of the extension frac-
tures, the recorded opening directions are inferred to be first-order
Holocene kinematic indicators of the shallow part of the rift axis.
The opening directions of the extension fractures were obtained
at two locations along the Red Sea propagator (Erta Ale volcano
slopes and Manda Hararo Rift). Along the Main Ethiopian Rift,
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Figure 5. (A) Geology and structure of the central part of Erta Ale Range, northern Red Sea propagator (modified after Barberi and Varet, 1970);
inset shows location of the north and south rift zones of Erta Ale caldera. (B) Schematic structure and kinematics of the central Erta Ale Range
(same area as in A). The connecting segment (N rift of Erta Ale) is characterized by a local extension direction, different from the regional one
of the Erta Ale segment (S rift of Erta Ale). Inset shows the opening direction of the S rift of Erta Ale with regard to its strike (Acocella, 2006).
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the data have been collected much more regularly, with spacing
less than a few tens of kilometers over a distance of ~500 km.

RESULTS
Northern Red Sea Propagator

Opening directions in the NNW-SSE-trending northern part
of the Red Sea propagator have been determined previously on
the slopes of Erta Ale volcano (Acocella, 2006, and references
therein). Erta Ale has a northern and a southern rift zone, both
a few hundred meters wide and several kilometers long, char-
acterized by extension fractures, normal faults, and fissure vol-
canism (Fig. 5). The northern rift is interpreted to be a connect-
ing segment between noncollinear NNW-SSE-trending regional
rift segments; therefore, both its strike (approximately N-S) and
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opening direction (approximately WNW-ESE) are local features
accommodating the interaction between the main rift segments
(Acocella, 2006). Conversely, the NNW-SSE~trending southern
rift is one of the main regional tectonic features of the Erta Ale
range (Fig. 5), which continues to the south with the same orien-
tation for several tens of kilometers. For this reason, it is thought
to be important for determining the opening direction of the axis
of this portion of the rift. The 33 opening directions of exten-
sion fractures along the southern rift have a mean orientation of
N68° + 10°, at 88° to the trend of the rift and Erta Ale Range
(Fig. 5B), i.e., with a pure orthogonal opening.

Southern Red Sea Propagator

The opening directions in the NW-SE—trending southern part
of the Red Sea propagator were collected in the Tendaho graben
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Figure 6. (A) Simplified structure of the
central part of Tendaho graben (TG), re-
porting the largest faults (smallest-scale
faults are neglected), and the location
of the currently active Manda Hararo
Rift (MHR). (B) Variation of the angle
B across Tendaho graben with regard
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area, mainly along the active Manda Hararo Rift (Fig. 6; Acocella
et al., 2008). The 49 opening directions collected are character-
ized by the following behavior (Fig. 6B). In the area of the rift
axis (~20 km wide), the opening direction has a mean N50°E +
15° orientation, at ~85° to the trend of the rift. This implies an
almost pure orthogonal opening, with a negligible (f ~5°) com-
ponent of sinistral shear. With increasing distance from the rift
axis, the opening direction, as estimated along faults, becomes
progressively more oblique to the trend of the rift, reaching an
approximately N-S orientation and carrying a significant compo-
nent (3 >40°) of sinistral shear (Acocella et al., 2008). This result
is consistent with previous data, which highlight a significant
left-lateral component of slip along the NW-SE—trending faults
bordering Tendaho graben (Tapponnier et al., 1990; Abbate et al.,
1995). Therefore, the southern part of the Red Sea propagator is
characterized, along the rift axis, by pure opening, and, toward
the rift sides, by increasing left-lateral motion, suggesting an
across-rift partitioning in the deformation (Acocella et al., 2008).

Northern Main Ethiopian Rift

The Main Ethiopian Rift consists of two main rift portions
with an overall NNE-SSW trend separated by a major transfer
zone in the Gedemsa-Fantale area, which has an overall NE-SW
trend (Fig. 3). To the north and south of the transfer zone, the Main
Ethiopian Rift has mean trends of N24°E and N32°E, respectively.

The northern part of the Main Ethiopian Rift extends from cen-
tral Afar (Tendaho graben area) to the area north of Fantale volcano,
a distance of ~250 km (Fig. 3). This portion of the rift consists of
two main offset segments, characterized by the same NNE-SSW
trend, with an en-echelon dextral configuration. The segments inter-
act, forming a transfer zone in the area of Gewane (Fig. 7).

The 12 opening directions in the northern Main Ethio-
pian Rift were collected in the southern rift segment, here
named Kereyou-Dofan rift, after the names of its most distinc-
tive volcano-tectonic features (Fig. 7; Wolfenden et al., 2004).
These data, relative to approximately N-S— to approximately

Fracture N ?naetgn f;go
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Extension
direction

12
102°
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Figure 7. (A) Simplified structure of the northern Main Ethiopian Rift (MER), from Fantale volcano to the Tendaho graben area.
(B) Distribution of the strike of the considered extension fractures, with a mean N28°E trend (above), and of their opening direction, with

amean N102° trend (below). st.dev.—standard deviation.
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NE-SW-trending extension fractures, are consistent with a mean
opening direction of N102° + 14°, independent of the fractures
strike (Fig. 7B). This opening direction suggests mainly orthogo-
nal opening along the northern Main Ethiopian Rift, with a minor
component of sinistral shear (§ = 12°).

Southern Main Ethiopian Rift

The data in the southern part of the Main Ethiopian Rift were
collected in the portion of rift between Gedemsa caldera, to the
north, and Lake Abaya, to the south (Fig. 8A). In between the two
locations, the rift has a consistent N32°E trend. Sixteen opening
directions were measured in this portion of the Main Ethiopian
Rift (Acocella and Korme, 2002), along NNE-SSW-trending
extension fractures forming the Wonji fault belt. The mean strike
of these fractures is N23°E, consistent with a mean N54°W + 20°
opening direction, perpendicular (with a negligible scatter of
B = 4°) to the mean trend of the southern portion of the Main
Ethiopian Rift (Fig. 8B). However, this opening direction also
indicates a minor component of dextral shear (in the order of
B = 13°) along the NNE-SSW-trending extension fractures, in
line with field observations showing that the extension fractures
usually do not have pure opening (Acocella and Korme, 2002,
and references therein).
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Figure 8. (A) Relationships among the trend of the southern part of
the Main Ethiopian Rift (MER), the trend of the major transfer zone,
and their related mean extension directions. (B) Relationships among
the trend of southern Main Ethiopian Rift and Wonji fault belt and
the mean extension direction of the extension fractures in the south-
ern Main Ethiopian Rift. The angles obtained show that the southern
Main Ethiopian Rift undergoes an orthogonal extension, whereas the
Wonji fault belt shows a component of right-lateral shear (Acocella
and Korme, 2002).

In order to further constrain the kinematics of the Main Ethi-
opian Rift, we also considered the opening directions obtained
from the fractures along the axis (Wonji fault belt area) of the
rift in the transfer zone between Fantale volcano and Gedemsa
caldera. This transfer zone has a mean N47°E orientation.
These 32 opening directions, which were collected along exten-
sion fractures with a mean N23° strike, have a mean trend of
N51°W +20° (Acocella and Korme, 2002). This direction, simi-
lar to the previous one, is almost perpendicular to the NE-SW
trend of the transfer zone, with a minor 3 = 8° of left-lateral
shear. The N51°W opening direction is also almost perpendicu-
lar to the NNE-SSW trend of the southern Main Ethiopian Rift,
with B = 7° of right-lateral shear. Finally, this direction implies
a moderate component of dextral shear along the extension frac-
tures (having a mean N23°E direction) in the axial part of the
rift, with a mean value of § = 16°.

DISCUSSION

Within the Red Sea propagator, the opening direction is con-
sistently perpendicular to the trend of the rift, with negligible lat-
eral slip (8 = 2° and B = 5° in the Erta Ale and Tendaho Graben
areas, respectively). However, because the directions of the rift
axis in the northern and southern parts of the Red Sea propagator
are slightly different, the opening directions in the two areas are
not parallel (Fig. 9).

The variation in the opening direction along the axis of the
northern and southern parts of the Red Sea propagator may be
explained by the complexity of the area, which is characterized
by the partial overlap of interacting rifts in a triple junction. In
addition, across-rift variations in the opening direction, with a
partitioning of the deformation, have been found in the southern
part of the Red Sea propagator, in the area of Tendaho graben;
these may be related to the presence of, and interaction with, the
nearby Aden and Main Ethiopian Rift segments toward the center
of the triple junction area (Acocella et al., 2008). Therefore, as
a consequence of such a complex tectonic setting, partitioning
along and across the axis of the rift may be expected.

Data along the axis of northern Main Ethiopian Rift point to
an overall orthogonal extension, approximately N102° oriented,
with a minor component (3 = 12°) of sinistral shear. Even though
data along this portion of rift are rare, the uniformity of the open-
ing direction independent of the strike of the fractures suggests
the reliability of the estimated opening direction.

Along the axis of the southern Main Ethiopian Rift, includ-
ing the area of the Gedemsa-Fantale transfer zone, extension is
also orthogonal, oriented between N54°W and N51°W, with a
negligible (B = 4° in the southern Main Ethiopian Rift and 8 =
8° in the transfer zone) component of horizontal shear. However,
because of their slightly different orientation (mean strike =
N23°E; Acocella and Korme, 2002) with respect to the trend of
the southern part of the Main Ethiopian Rift (N32°), the fractures
along the axis of this part of the rift are associated with a slightly
higher dextral shear, § = 13°.



Holocene opening directions along the axes of Red Sea and Main Ethiopian Rifts 33

Despite the generally orthogonal extension, the opening
directions collected along different portions of the Main Ethio-
pian Rift are not the same, due to the variable strike of the rift
segments (Fig. 9). Unlike the Red Sea propagator, the variations
in the opening direction along the Main Ethiopian Rift do not
appear to have been influenced by the development of the triple
junction. This implies that the data collected in the axial part
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Figure 9. Synthesis of the collected opening directions along the north-
ern (N) and southern (S) portions of the axis of the Red Sea propagator
(RSP) and Main Ethiopian Rift (MER) (black arrows). White arrows
show Nubia-Somalia (Calais et al., 2006; Keir et al., 2006) and Nubia-
Arabia plate motions (Manighetti et al., 2001, and references therein).
Table below summarizes the values obtained in this study.

of the Main Ethiopian Rift are not the direct expression of the
motion of the rigid plates along the rift sides, which rather show
a kinematic consistency over thousands of kilometers (Fig. 9;
Calais et al., 2006, and references therein).

More generally, there is an overall discrepancy between the
opening directions along the axes of the Red Sea propagator and
the Main Ethiopian Rift and the extension directions from plate-
motion data at the rifts sides (Fig. 9). Along the axes of the rifts,
there are at least five main domains with different, yet statisti-
cally significant, opening directions. Conversely, plate-motion
data predict consistent extension directions along the sides of
both rifts.

An explanation for this different behavior is that the mea-
sured opening directions may reflect local kinematics, restricted
to the area of the rift axis. At the margins of the rift, other mecha-
nisms, more directly related to regional processes, may explain
any consistent motion of the diverging plates. This suggests
the existence of strain partitioning across the plate boundary,
in which the kinematics of the rift axis are a local feature. The
partitioning may explain the change in the extension direction
in different parts of the Main Ethiopian Rift, requiring orthog-
onal (local, along the rift axis) or oblique (regional, along the
rift sides) fault slip (Chorowicz et al., 1994; Bonini et al., 1997;
Korme et al., 1997; Bilham et al., 1999; Acocella and Korme,
2002; Pan et al., 2002; Calais et al., 2006; Keir et al., 2006; Pizzi
et al., 20006). Such partitioning may help to explain the variations
in the across-rift opening direction in the Tendaho graben (Aco-
cella et al., 2008) and, at a larger scale, between the Red Sea
propagator and the direction of plate motion. In fact, while the
local opening directions along the propagator axis have a N68°E
and N50°E orientation, the motion direction between Nubia and
Arabia has a N40°E trend (Fig. 9).

This overview also shows that, along the axes of both the
Red Sea propagator and the Main Ethiopian Rift, the opening is
largely (with minor variations, as in the northern Main Ethiopian
Rift) orthogonal to the trend of the rift. This implies that, regard-
less of any regional plate-motion direction, the active portion of a
rift, that is its axis, is associated with an overall orthogonal exten-
sion. One may speculate whether this results from magmatic
activity or not. In fact, there is recent and robust evidence that
the deformation (extension fractures and normal faults) along
the axis of the Main Ethiopian Rift and Red Sea propagator is
magma-induced (Kendall et al., 2005; Buck, 2006; Casey et al.,
2006; Sigmundsson, 2006; Ebinger et al., 2008). In this context,
it may be postulated that the opening direction measured along
the rift axis is related to the shallow emplacement of magma,
commonly occurring by means of dikes (e.g., Gudmundsson,
1995, 1998). The measured opening directions at the surface
may thus result from the emplacement of dikes, which are usu-
ally expected to open perpendicularly to the rift axis, regardless
of any plate-motion direction.

In the Main Ethiopian Rift, the obtained opening direction
of the fractures is slightly different (discrepancy of 16°) from
that inferred by shear wave splitting data associated with dike
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emplacement, assuming orthogonal extension (Kendall et al.,
2005). Within the rift, such an opening direction is assumed to
be approximately N110°, whereas at the rift margins it increases
to N125°. Therefore, if a magmatic control on the opening of the
axial part of the Main Ethiopian Rift is expected, this should pro-
mote the possibility of a depth-dependent change in the kinemat-
ics of the rift. The deeper portion of the rift axis should be char-
acterized by an extension direction consistent with plate motion,
whereas the shallower portion, associated with orthogonal exten-
sion, should reflect a local variation.

CONCLUSIONS

The opening directions along the axis of the Red Sea propa-
gator and Main Ethiopian Rift are constantly orthogonal to the
trend of the rift. However, since the latter varies, the along-rift
variation in the opening direction does not necessarily coincide
with that inferred from plate-motion models. This discrepancy
suggests the existence of an across-rift strain partitioning. The
observed orthogonal extension along the rift axis may be magma-
induced, provided that a depth-dependent variation in the kine-
matics exists, at least below the Main Ethiopian Rift axis.
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ABSTRACT

To further advance our understanding of the way in which a portion of the Afri-
can superswell in eastern Africa formed, and also to draw attention to the importance
of eastern Africa for the plume versus plate debate about mantle dynamics, upper-
mantle structure beneath eastern Africa is reviewed by synthesizing published results
from three types of analyses applied to broadband seismic data recorded in Tanza-
nia, Kenya, and Ethiopia. (1) Joint inversions of receiver functions and surface wave
dispersion measurements show that the lithospheric mantle of the Ethiopian Plateau
has been significantly perturbed, much more so than the lithospheric mantle of the
East African Plateau. (2) Body wave tomography reveals a broad (=300 km wide)
and deep (=400 km) low-velocity anomaly beneath the Ethiopian Plateau and the
eastern branch of the rift system in Kenya and Tanzania. (3) Receiver function stacks
showing Ps conversions from the 410 km discontinuity beneath the eastern branch in
Kenya and Tanzania reveal that this discontinuity is depressed by 20-40 km in the
same location as the low-velocity anomaly. The coincidence of the depressed 410 km
discontinuity and the low-velocity anomaly indicates that the low-velocity anomaly
is caused primarily by temperatures several hundred degrees higher than ambient
mantle temperatures. These findings cannot be explained easily by models invoking
a plume head and tail, unless there are a sufficient number of plume tails presently
under eastern Africa side-by-side to create a broad and deep thermal structure. These
findings also cannot be easily explained by the plate model. In contrast, the breadth
and depth of the upper-mantle thermal structure can be explained by the African
superplume, which in some tomographic models extends into the upper mantle
beneath eastern Africa. Consequently, a superplume origin for the anomalous topog-
raphy of the African superswell in eastern Africa, in addition to the Cenozoic rifting
and volcanism found there, is favored.
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INTRODUCTION

The African superswell is a first-order topographic feature on
Earth, covering some 1 x 107 km? (Nyblade and Robinson, 1994)
of the African plate. It is composed of several contiguous geo-
graphic regions, including the Ethiopian Plateau, the East African
Plateau, the Southern African Plateau, and a region of elevated
bathymetry in the southeastern Atlantic Ocean Basin, which
together form a distinctive topographic anomaly. By removing
the mean global continental elevation from the observed eleva-
tions in Africa, and by removing the age-predicted bathymetry
from the observed bathymetry in the ocean basins around Africa,
Nyblade and Robinson (1994) showed that the long-wavelength
(i.e., more than a few hundred kilometers) anomalous topogra-
phy and bathymetry associated with the African superswell is
~500 m. Many shorter-wavelength topographic and bathymet-
ric features are superimposed on this long-wavelength swell,
creating the so-called “basin and swell” landscape of Holmes
(1944). It has long been argued (e.g., Holmes, 1944; King, 1962;
Burke, 1996; Burke et al., 2003; Burke and Gunnell, 2008) that
the shorter-wavelength “basin and swell” landscape is the most
prominent topographic feature of the African continent, but Dou-
couré and de Wit (2003), through a statistical analysis of African
topography, showed clearly that most of the “basins and swells”
are second- or third-order topographic features superimposed on
the first-order topographic anomaly of the superswell.

The origin of the African superswell has been debated for
many years, and as yet there is no clear consensus about the geo-
dynamic mechanisms giving rise to its defining long-wavelength
topographic structure. Given the different tectonic histories of the
major regions that constitute the superswell (i.e., eastern African,
southern Africa, the southern Atlantic Ocean Basin), it is pos-
sible that many mechanisms may have contributed to its over-
all development. On the other hand, because the superswell is
located above one of the largest geophysical anomalies anywhere
in the lower mantle, the African superplume, several investigators
have attributed the uplift of one or more parts of the superswell to
lower-mantle processes that affect, and possibly extend into, the
upper mantle (e.g., Lithgow-Bertelloni and Silver, 1998; Gurnis
et al., 2000; Doucouré and de Wit, 2002; Benoit et al., 2006b;
Huerta et al., 2009).

The origin of the African superswell is also relevant to an
ongoing debate about the extent to which hotspot tectonism is
caused by mantle plumes versus upper-mantle processes linked
to plate motions and plate structures (e.g., the plume versus plate
model debate; see Anderson, 2005, and references therein). A
significant portion of the superswell in eastern Africa is con-
sidered to be a classic hotspot locale, in particular, those areas
of eastern Africa affected by Cenozoic rifting, volcanism, and
uplift. Resolving the uncertainties over the origin of the African
superswell, therefore, has the potential to substantially improve
our knowledge of mantle dynamics.

To advance further our understanding of how the portion
of the African superswell in eastern Africa formed, and also to

draw attention to the importance of eastern Africa for the plume
versus plate debate, in this paper, upper-mantle structure beneath
eastern Africa is reviewed by synthesizing published results from
data recorded on regional broadband seismic networks operated
in Tanzania, Kenya, and Ethiopia between 1994 and 2002. Both
lithospheric and sublithospheric mantle structure is examined
by focusing on results from three types of data analyses—joint
inversion of receiver functions and surface wave dispersion mea-
surements for imaging lithospheric mantle structure, body wave
tomography for imaging seismic velocity variations in the sub-
lithospheric mantle, and receiver function stacks for imaging the
mantle discontinuities around depths of 410 and 660 km. Results
from these analyses, which place firm seismological constraints
on the width and depth extent of the upper-mantle low-velocity
anomaly beneath eastern Africa, are then used to evaluate con-
ceptual models for the origin of plateau uplift in eastern Africa,
along with the associated Cenozoic volcanism and rifting. In
conclusion, the findings of the review regarding the origin of the
African superswell are discussed in light of other seismic mod-
els of the African mantle and also the plume versus plate debate
about mantle dynamics.

BACKGROUND

The Precambrian tectonic framework of eastern Africa
consists of the Archean Tanzania craton surrounded by the Pro-
terozoic Ruwenzori, Kibaran, Ubendian, and Mozambique belts
(Fig. 1). The Cenozoic East African Rift system developed pri-
marily within the mobile belts and forms two branches (eastern
and western; Fig. 1). The eastern branch in Ethiopia divides the
Ethiopian Plateau into eastern and western sections and contin-
ues southward through west-central Kenya and into northern
Tanzania, transecting the northeastern corner of the East African
Plateau. In Kenya, the eastern branch is locally referred to as the
Kenya or Gregory Rift. The eastern branch of the East African
Rift system was formed within the Mozambique belt, which runs
from Ethiopia south through Kenya, Tanzania, and Mozambique,
and is often interpreted as the relict of a Himalayan-type oro-
genic system (Burke and Sengor, 1986; Shackleton, 1986). The
western branch of the East African Rift system defines the west-
ern side of the East African Plateau (Fig. 1), and was developed
within the Ruwenzori, Kibaran, and Ubendian belts.

Widespread volcanic activity started in the central Ethio-
pian Plateau during the Oligocene (ca. 29-31 Ma) and resulted
in the emplacement of thick (500-2000 m) flood basalts and
rhyolites within 1-2 m.y. (Hofmann et al., 1997; Mohr and
Zanettin, 1988; Mohr, 1983; Berhe et al., 1987; Baker et al.,
1996; Ayalew et al., 2002; Coulié et al., 2003). Less voluminous
synrift shield volcanoes formed between 30 and 10 Ma and sit
on top of the flood basalts to create additional relief of 1000—
2000 m (Berhe et al., 1987; Coulié et al., 2003). The Afar triple
junction formed long after the eruption of the Afar flood basalt
volcanism as a result of the opening of the eastern branch of
the East African Rift system. In the northern parts of the Main
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Ethiopian Rift, extension started ca. 11 Ma (Wolfenden et al.,
2004; Chernet et al., 1998; WoldeGabriel et al., 1999), while in
southwestern Ethiopia, extension started ca. 18 Ma (Ebinger et
al., 2000). Uplift of the Ethiopian Plateau occurred between 20
and 30 Ma, coincident with or soon after the major flood basalt
eruption (Pik et al., 2003). Volcanism and rifting in Kenya are
thought to have occurred at about the same time (Ebinger et al.,
1989). The earliest volcanism in Kenya started in the Turkana
region of northern Kenya ca. 35-40 Ma (Furman et al., 2006;
MacDonald et al., 2001). Magmatic activity in other parts of
northern Kenya began ca. 30 Ma (Morley et al., 1992; Ritter
and Kaspar, 1997), while volcanism started ca. 15 Ma in the
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central portion of the Kenya rift, at ca. 12 Ma in southern Kenya
(Morley et al., 1992; Hendrie et al., 1994; Mechie et al., 1997),
and at ca. 8 Ma in northern Tanzania (Dawson, 1992; Foster et
al., 1997). Volcanism in the western rift began ca. 12 Ma in the
Virunga Province, ca. 8§ Ma in the Kivu and Rungwe Provinces,
ca. 6 Ma in the Mwenga-Kamituga Province, and ca. 2-1 Ma
in the Toro-Ankolean Province (Ebinger et al., 1989; Pasteels
et al., 1989; Kampunzu et al., 1998). Timing of plateau forma-
tion in East Africa remains poorly constrained, although there is
evidence for localized Neogene uplift along the flanks of some
rift valleys (e.g., Noble et al., 1997; van der Beek et al., 1998;
Spiegel et al., 2007).

Figure 1. Map of eastern Africa showing
elevation (gray scale), political bound-
aries, Precambrian terrains, major Ce-
nozoic rift faults, the location of broad-
band (BB) seismic stations, and the
location of lithospheric profiles shown
in Figure 2 (profiles A-A’, B-B’, C-C',
D-D’, E-E’) and cross sections shown
in Figure 3 (F-F', G-G', H-H'). IRIS—
Incorporated Research Institutions for
; Seismology; GSN—Global Seismo-
INDIAN graphic Network.
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Data used for the seismic analyses come primarily from
three temporary deployments of broadband seismic stations in
eastern Africa (Fig. 1). The 1994-1995 Tanzania broadband
seismic experiment consisted of 20 stations deployed in two
more-or-less linear arrays spanning Tanzania (Nyblade et al.,
1996). The 2000-2002 Kenya broadband seismic experiment
consisted of 10 stations deployed across central and southern
Kenya, and the Ethiopia broadband seismic experiment con-
sisted of 27 stations deployed across central and northern Ethi-
opia (Nyblade and Langston, 2002). In addition to these data
sets, data from earthquakes recorded on the KRISP (Kenya Rift
International Science Project) 1985 and 1989-1990 networks
in Kenya (Green et al., 1991; Slack et al., 1994) were used, as
well as data from the 2001-2003 EAGLE (Ethiopia Afar Geo-
scientific Lithosphere Experiment) project in Ethiopia (Bastow
et al., 2005) and the permanent Global Seismic Network and
Geoscope stations in the region.

LITHOSPHERIC MANTLE STRUCTURE

To image lithospheric mantle structure, the same joint inver-
sion scheme has been applied to P-wave receiver functions and
fundamental mode Rayleigh wave phase and group velocities
for all three data sets by Julia et al. (2005) (Tanzania), Dugda et
al. (2007) (Ethiopia), and Dugda et al. (2009) (Kenya). Receiver
functions and surface wave velocities provide complementary
information on Earth structure. Receiver functions are time series
obtained by deconvolving the vertical component of the teleseis-
mic P-wave coda from the corresponding radial component and
can be used to resolve velocity discontinuities in the neighbor-
hood of a seismic station (Langston, 1979; Ammon et al., 1990;
Julia et al., 2000). Rayleigh wave phase and group velocities, in
contrast, can be used to constrain the average shear wave velocity
between the discontinuities (Julia et al., 2000).

The method developed by Julia et al. (2003) for the joint
inversion was applied to the seismic data from Tanzania (Julia
et al., 2005), Kenya (Dugda et al., 2009), and Ethiopia (Dugda
et al., 2007). Rayleigh wave group velocities between periods
of 10 and 45 s from Pasyanos (2005), and Rayleigh wave phase
velocities between periods of 50 and 140 s from Weeraratne
et al. (2003), were used in the joint inversion for the data from
Tanzania and Kenya (Dugda et al., 2009; Julia et al., 2005). For
Ethiopia, Rayleigh wave group velocities between periods of 10
and 85 s were used from Pasyanos (2005) and between periods
of 90 and 175 s from the Harvard model (Larson and Ekstrom,
2001). Receiver functions were computed using seismograms
from teleseismic events between distances of 30° and 95° with
magnitudes greater than 5.5. The time-domain iterative deconvo-
lution method of Ligorria and Ammon (1999) was employed to
compute the receiver functions.

Results of the joint inversions to a depth of 100 km for
selected stations are shown in Figure 2 to illustrate variations
and similarities in lithospheric mantle velocities (i.e., shaded
regions on profiles with Vs >4 km/s) between the East African

and Ethiopian Plateaus. Structure below 100 km depth is not
shown because it is not as well constrained by the joint inver-
sion as structure above ~100 km depth. From Figure 2, it can
be seen that lithospheric mantle velocities beneath the Tanzania
craton and Mozambique belt in Tanzania and Kenya are similar,
with more or less constant shear wave velocities of 4.5-4.7 km/s
from the Moho to 100 km depth. The figure suggests that the
velocities in the lithosphere under the Tanzania craton might be
somewhat faster than beneath the Mozambique belt, but given the
uncertainties in the velocities at any one depth of 0.1-0.2 km/s,
the differences between the craton and mobile belt may not be
significant. Interestingly, lithospheric mantle structure under the
Mozambique belt in Kenya within proximity of the Kenya Rift is
similar to that in Tanzania well away from the rift, while litho-
spheric mantle structure beneath the Kenya Rift (station BARI,
Fig. 2) is clearly perturbed.

Figure 2 also shows that there are significant differences
in lithospheric mantle structure between the East African and
Ethiopian Plateaus. The lithosphere under the Ethiopian Plateau
is thin, extending to depths of no more than ~80-90 km. The
maximum S velocity is also very low, reaching only to 4.2—
4.3 km/s, compared to 4.5-4.7 km/s beneath the Mozambique
belt in Tanzania and Kenya. There is little similarity between
the lithosphere under the East African and Ethiopian Plateaus.
The lithospheric mantle of the Ethiopian Plateau has been sig-
nificantly perturbed by the hotspot activity, much more so than
the lithospheric mantle of the East African Plateau (Dugda et
al., 2007, 2009).

SUBLITHOSPHERIC MANTLE STRUCTURE

To image sublithospheric mantle structure, the same body
wave traveltime tomography method was applied to the data
sets from all three regions by Ritsema et al. (1998) (Tanzania),
Benoit et al. (2006a, 2006b) (Ethiopia), and Park and Nyblade
(2006) (Kenya). The teleseismic events used from each data set
were distributed over a range of back azimuths, providing reason-
ably good azimuthal coverage. Relative traveltime delays were
computed using the multichannel cross-correlation technique of
VanDecar and Crosson (1990), and then values were inverted
for three-dimensional wave speed models using the method of
VanDecar (1991). This method incorporates three-dimensional
ray tracing into a simultaneous linear inversion for slowness,
near-surface corrections, and earthquake relocations and pro-
vides a conservative estimate of the structure that accounts for

»
>

Figure 2. Profiles showing one-dimensional shear wave velocity mod-
els for seismic stations in eastern Africa (from Dugda et al., 2009). The
locations of the profiles and seismic stations are given in Figure 1. The
thin vertical line on each model shows a reference velocity of 4 km/s.
The shaded regions on each model highlight parts of the model where
velocities are >4 km/s. MER—Main Ethiopian Rift; EAP—East Afri-
can Plateau.
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the variations in the traveltime residuals across a network. P- and
S-wave models were obtained for Tanzania (Ritsema et al., 1998)
and Ethiopia (Benoit et al., 2006a, 2006b), and for each region,
the first-order features in the P and S models are similar. Because
of limited data, only a P-wave model was obtained for Kenya
(Park and Nyblade, 2006).

To evaluate model resolution, several tests were conducted
for each region. Synthetic traveltime data were generated for
many input models (checkerboards, slabs, spheres) by using the
ray paths for the data and then inverting them using the same
model parameterization and regularization parameters that were
used to invert the data. Results of the synthetic tests illustrate that
model resolution for each region is comparable, ~50 km horizon-
tally and ~100 km vertically.

Figures 3 and 4 illustrate the main features of the models. In
Figure 3, slices through the models at 200 km depth are shown.
The models were constructed independently, and the slices have
been simply assembled together to create a composite image
for eastern Africa. Figure 4 shows three W-E cross sections (see
Fig. 1 for locations of the cross sections). The model for Ethiopia
shows a broad (>400-km-wide) region of low seismic velocity
beneath the Ethiopian Plateau. At 150-200 km depth, a region
of low velocities is seen beneath the Afar Depression, the Main
Ethiopian Rift, and slightly west of the rift under the western por-
tion of the Ethiopian Plateau. Deeper in the models (>200 km
depth), the center of the low-velocity structure shifts westward
across the western section of the Ethiopian Plateau, offset from
the strike of the Main Ethiopian Rift (Fig. 4A).
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- Figure 3. Map showing the location
of the major rift faults (blue lines) and
S-wave velocity variations at 200 km
depth beneath eastern Africa from body
wave tomography models for Tanzania
(Ritsema et al., 1998), Kenya (Park and
Nyblade, 2006), and Ethiopia (Benoit
et al., 2006b). For Kenya, the P-wave
velocity variations were converted to
S-wave velocity variations using a Pois-
son’s ratio of 0.295. Also shown with
arrows are results from shear wave
- splitting measurements (Tanzania and
Kenya—Walker et al., 2004; Ethiopia—
Kendall et al., 2005; Gashawbeza et al.,
2004). The orientation of the arrows
shows the direction of fast polarization,
and the length of the arrows gives de-
lay time. The inset box shows the shear
wave splitting measurements from with-
in the Main Ethiopian Rift.
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The low-velocity region in the upper mantle beneath the
Ethiopian Plateau extends at least as deep as the top of the mantle
transition zone over a region >400 wide (Fig. 4A). Resolution
tests (Benoit et al., 2006a, 2006b) indicate that the low veloci-
ties in the transition zone cannot be attributed to the smearing
of shallower (i.e., <300 km depth) structure downward into the
transition zone by the inversion algorithm. Given the ~100 km
vertical resolution of the models, the presence of low velocities at
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Figure 4. Cross sections through the body wave tomography mod-
els from (A) Ethiopia (Benoit et al., 2006b), (B) Kenya (Park and
Nyblade, 2006), and (C) Tanzania (Ritsema et al., 1998). The loca-
tions of the cross sections are shown in Figure 1. C—craton; RV—
rift valley.

2500 km depth indicates that the low velocities extend at least to
the top of the transition zone. A similar model showing a broad,
low-velocity anomaly beneath Ethiopia extending into the transi-
tion zone has been reported by Bastow et al. (2008) using a larger
traveltime data set than used by Benoit et al. (2006a, 2006b).

For the Kenya model, traveltime data from the KRISP net-
work were used together with the data from the Kenya broadband
seismic experiment. The shape of the low-velocity anomaly in
the model for Kenya above 150 km depth is almost identical to
that obtained by the KRISP group (Green et al., 1991; Achauer
etal., 1994; Slack et al., 1994; Achauer and Masson, 2002; Davis
and Slack, 2002) (Fig. 4B). The low-velocity region is charac-
terized by steep, near-vertical sides located under the rift border
faults (Fig. 4B). At depths greater than 150 km, the low-velocity
region enlarges to the west and south toward the margin of the
Tanzania craton, reaching a width of ~200 km. The low-velocity
region extends to a depth of at least 300 km. Because of the
smaller aperture of the Kenya network compared to the Ethiopia
network, the low-velocity zone below ~300 km depth cannot be
well imaged, thus allowing for the possibility that the anomaly
could also broaden to the east at depth.

The cross section through the model for the Tanzania data
set shows higher than average velocities beneath the Tanzania
craton and predominantly lower than average velocities beneath
the rifted mobile belts surrounding the craton (Fig. 4C). The low-
velocity region under the eastern branch of the rift extends to
depths greater than 400 km and laterally over a region ~300 km
wide (Fig. 4C). The lithospheric keel beneath the craton, as
defined by the relatively fast velocities, extends to a depth of
~200 km (the apparent continuation of fast velocities to ~300 km
depth is likely due to limited vertical resolution). Between depths
of 200 and 300 km, the low-velocity structure associated with the
eastern branch extends westward under the fast structure of the
cratonic lithosphere.

TRANSITION ZONE DISCONTINUITIES

To place additional constraints on the depth extent and width
of the low-velocity anomalies in the sublithospheric mantle,
P-wave receiver functions from all three data sets were stacked
using the same procedure to image the 410 and 660 km discon-
tinuities by Owens et al. (2000) (Tanzania), Benoit et al. (2006b)
(Ethiopia), and Huerta et al. (2009) (Kenya). The receiver func-
tions for each data set were computed using a frequency domain
deconvolution method with water-level stabilization (Langston,
1979) and stacked following the method described by Owens et
al. (2000). The estimated uncertainty in the depths of the discon-
tinuities obtained is 10 km.

The phase transitions that nominally occur at depths of 410
and 660 km are generally interpreted as the o-spinel to B-spinel
transition and the y-spinel to perovskite + magnesiowiistite tran-
sition, respectively (Bina and Helffrich, 1994). The Clapeyron
slope of these transitions is such that under warm conditions,
the 410 km transition is depressed and the 660 km transition
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is elevated, and the thickness of the transition zone decreases.
Hence, if the low-velocity anomalies at depths >400 km are
caused by elevated temperatures, then topography on the discon-
tinuities can be used to verify this.

Recent studies of the phase transformations in the lower
part of the transition zone, however, indicate that Ps arrivals on
receiver functions around 650-700 km depth can be a combina-
tion of Ps conversions from the a-spinel to B-spinel transition
and the y-spinel to perovskite + magnesiowiistite transition and
the majorite (garnet) > perovskite + magnesiowiistite transi-
tion, complicating the interpretation of seismic wave conver-
sions from that depth interval in the transition zone (Deuss et
al., 2006; Deuss, 2007; Hirose, 2002; Simmons and Gurrola,
2000; Vacher et al., 1998). The majorite-perovskite transition
has a positive Clapeyron slope, and thus the transition deepens
with increasing temperature, opposite to the Clapeyron slope of
the olivine-perovskite transition. Because of the uncertainty in
the phase transformation that dominates in regions of elevated
temperatures (Hirose, 2002; Deuss, 2007), Ps conversions from
around 660 km depth in the data sets from Tanzania, Kenya, and
Ethiopia are not reviewed.

Data from the EAGLE project (Bastow et al., 2005) were
incorporated into the receiver function stacks for Ethiopia
(Benoit et al., 2006b), and in spite of the fairly dense coverage
of Ps conversion points at 410 km depth from the combined data
sets, a discontinuity around 410 km depth could not be imaged.
The inability to resolve the 410 km discontinuity could be due to
many factors. Complicated crustal and uppermost mantle struc-
ture (Dugda et al., 2005, 2007), such as sharp lateral changes in
Moho depth across the rift, and large variations in surface topog-
raphy (Rondenay et al., 2005) could cause wavefield scattering.
The presence of melt beneath the rift (Bastow et al., 2005, 2008;
Kendall et al., 2005; Keranen et al., 2009; Keir et al., 2009) could
also attenuate the Ps converted phases. However, these factors
would also affect Ps conversions recorded on the network in
Kenya, and, as reviewed in the following paragraph, Ps conver-
sions from the 410 km discontinuity can be well imaged beneath
Kenya. Hence, these factors are probably not the reason why the
410 km discontinuity beneath Ethiopia cannot be imaged. A more
likely explanation is heterogeneity within the sublithospheric
mantle that scatters the wavefield, including topography on the
discontinuity itself. For example, Van der Lee et al. (1994) have
shown that topography on the discontinuity with an amplitude of
15-25 km (in depth) could cause inherent waveform distortion
affecting the Ps conversions.

Figure 5 shows a profile that runs almost parallel to the
Tanzania-Kenya border and a map of the depth to the 410 km dis-
continuity illustrating the major changes in the 410 km disconti-
nuity beneath Tanzania and Kenya (Huerta et al., 2009; Owens et
al., 2000). There are significant variations in the depth and char-
acteristics of the 410 km discontinuity. Strong and coherent Ps
conversions from the 410 km discontinuity can be seen. Beneath
the Tanzania craton, a clear Ps arrival can be seen at a depth of
~410-420 km (Fig. 5A). Across the central portion of the profile

(beneath the rift and the volcanic fields east of the rift), this Ps
arrival shifts deeper to ~430—450 km depth (Fig. 5A). In addi-
tion, in the southeast portion of the profile (beneath the coastal
plains), the Ps conversion from the 410 km discontinuity shal-
lows again to ~410-420 km depth (Fig. 5A). Figure 5B shows
the spatial extent of the region where the 410 km discontinuity is
20-40 km deeper than normal. In Kenya, the region extends from
under the Kenya rift to the east some 200400 km, and in north-
ern Tanzania, the region extends beneath the entire area where
the eastern branch impinges on the eastern edge of the Tanzania
craton (Fig. 5B).

DISCUSSION

The depressed 410 km discontinuity beneath the eastern
branch of the rift system in Kenya and Tanzania can be read-
ily attributed to warmer-than-average temperatures at the top of
the transition zone. Using a Clapeyron slope of 2.9 MPa/K (Bina
and Helffrich, 1994) for the a-spinel to B-spinel transition, the
20-40 km depression of the 410 km corresponds to a tempera-
ture increase of as much as 350 K. This increase in temperature
is consistent with the velocity model of Ritsema et al. (1998) for
Tanzania, which shows a 2%-3% reduction in S-wave veloci-
ties beneath the eastern branch coincident with the location of
the depressed 410 km discontinuity. The depressed 410 km
discontinuity in the same location as the low-velocity anomaly
beneath the eastern branch cannot be explained other than by a
deep (>400 km) thermal anomaly in the mantle under the rift sys-
tem. The tomographic models of Ritsema et al. (1998) and Park
and Nyblade (2006) indicate that the thermal anomaly extends
upward at least to the base of the lithosphere regionally beneath
the East African Plateau, but that the thermal anomaly has not
yet significantly altered the uppermost mantle beneath areas of
the East African Plateau away from the rift valleys, as illustrated
by the fast (4.5-4.7 km/s) S-wave velocities between the Moho
and 100 km depth (Fig. 2). It is also possible that some portion
of the upper-mantle low-velocity anomaly could be caused by
compositional changes.

The broad (>400-km-wide) and deep (>400 km) low-
velocity anomaly beneath the Ethiopian Plateau is also indica-
tive of a thermal anomaly similar to the one beneath the eastern
branch in Tanzania and Kenya. However, in the case of Ethiopia,
the thermal anomaly does extend upward to the very top of the
mantle, affecting broadly the structure of the Ethiopian litho-
sphere, as illustrated by the slow (4.0—4.2 km/s) S-wave veloci-
ties between the Moho and 80-90 km depth (Fig. 2).

Geodynamic models for the origin of the portion of the Afri-
can superplume in eastern Africa, as well as for the Cenozoic
rifting and volcanism found there, must account for the broad and
deep thermal structure in the upper mantle beneath eastern Africa
revealed by the low-velocity anomaly and depressed 410 km dis-
continuity in Tanzania and Kenya. Indeed, the nature of the ther-
mal structure, in particular its breadth and depth, places a first-
order constraint on geodynamic models of the African mantle.
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The breadth and depth of the thermal structure cannot be eas-
ily explained by plume models invoking a bulbous plume head
fed by a narrow plume tail. Although many authors have attrib-
uted the hotspot tectonism to one or more plume heads fed by a
plume tail (e.g., Schilling et al., 1992; Marty et al., 1996; Burke,
1996; Ebinger and Sleep, 1998; Courtillot et al., 1999; Debayle
etal., 2001; George et al., 1998; Pik et al., 1999, 2006; Burke and
Gunnell, 2008), the thermal structure cannot be accounted for by
either a narrow (~100 km diameter) plume tail or plume head that
has impinged on the underside of the lithosphere (Benoit et al.,
2006b). The plume tail is too narrow to account for the breadth
of the thermal structure, and the plume head, once it has spread
out beneath the lithosphere, is too thin to account for the depth
extent of the thermal structure. For the plume model to explain
the thermal structure, many plume tails would have to exist under
eastern Africa sufficiently close to one another to create a com-
posite thermal anomaly several hundred kilometers wide.

In contrast to the plume head/tail model, the breadth and
depth of the thermal structure is more easily attributed to the
African superplume. The African superplume is a low-velocity
anomaly that extends from the core-mantle boundary beneath
southern Africa at least to midmantle depths (Simmons et al.,
2007), and it is often interpreted as a thermo-chemical struc-
ture. In some tomographic models, it even appears to extend
into the upper mantle beneath eastern Africa (e.g., Ritsema
et al., 1999; Grand et al., 1997; Grand, 2002; Trampert et al.,
2004). Whether or not the superplume extends across the tran-
sition zone and into the upper mantle beneath eastern Africa
is debated, but either a thermal or thermo-chemical anomaly
as large as the superplume, if it extends into the upper mantle,
could cause the 410 km discontinuity to be regionally depressed,
as seen in Tanzania and Kenya, and could also lead to sufficient
topography on the 410 km discontinuity that it might not be
well imaged, as found beneath Ethiopia. The superplume struc-
ture extending into the upper mantle would also create a wide
and deep low-velocity anomaly.

Given the shortcomings with the plume model, a geody-
namic model for the African superswell topography in eastern
Africa, and also for the Cenozoic rifting and volcanism, invoking
a geodynamic connection between the lower-mantle superplume
structure and the anomalous upper mantle beneath eastern Africa
is favored. The geodynamic connection could be either through
flow of mantle rock across the transition zone or simply by con-
duction of heat across the transition zone into the upper mantle
(e.g., Pik et al., 2006; Burke and Torsvik, 2004). Improved seis-
mic images of midmantle structure beneath eastern and southern
Africa are needed to determine further the nature of the geody-
namic connection.

The low-velocity anomaly beneath eastern Africa, as deter-
mined from the three types of seismic analyses reviewed here,
is consistent with both regional (Weeraratne et al., 2003) and
continental-scale surface wave tomography models (Debayle et
al., 2001; Priestley et al., 2008; Pasyanos and Nyblade, 2007;
Sebai et al., 2006; Montagner et al., 2007; Sicilia et al., 2008),

which also show a broad region of low shear wave velocities in
the upper mantle under eastern Africa. Although estimates of
seismic anisotropy from shear wave splitting have not been inter-
preted previously in terms of flow in the mantle (Kendall et al.,
2005, Gashawbeza et al., 2004; Walker et al., 2004), they are pos-
sibly consistent with a geodynamic model for eastern Africa that
attributes the upper-mantle low-velocity anomaly to flow asso-
ciated with the superplume. In Figure 3, the results from shear
wave splitting measurements in eastern Africa are shown. The
fast polarization direction within and around the eastern branch
is rift-parallel. This pattern of anisotropy has been interpreted as
resulting from melt inclusions in the lithosphere aligned parallel
to the rift (Kendall et al., 2005; Gashawbeza et al., 2004; Walker
et al., 2004). However, the pattern of anisotropy could also indi-
cate flow of sublithospheric mantle rock parallel to the rift. Such
a flow pattern could arise from a broad upwelling of rock from
the superplume flowing to the northeast under the eastern branch
as it rises through the upper mantle.

The nature of the low-velocity anomaly in the upper mantle
beneath eastern Africa is also important for the plume versus
plate debate, as mentioned in the introduction. In the plate model,
upper-mantle anomalies, such as the one beneath eastern Africa,
are commonly attributed to plate motions and/or variations in
lithospheric structure between regions giving rise to shallow con-
vective flow in the sublithospheric mantle. Two candidate “plate”
mechanisms for generating a low-velocity anomaly in the upper
mantle beneath eastern Africa are edge-drive convection (King
and Anderson, 1995, 1998; King and Ritsema, 2000; King, 2007)
and small-scale convection induced by lithospheric thinning.

In one form of the edge-driven convection model, the differ-
ence in heat flux through older, thicker lithosphere (i.e., cratonic)
located adjacent to the thinner, younger lithosphere (i.e., mobile
belt) drives small-scale convection, drawing mantle from under
the thicker lithosphere to the suture between the thicker and thin-
ner lithosphere. As the mantle material rises and impinges on the
base of the thinner lithosphere, it can cross into the melting zone
and produce basaltic melt. Extensional stresses across the suture
can help to focus the flow at the suture.

The application of this model to East Africa might appear to
be straightforward, given the thicker lithosphere of the Archean
Tanzania craton in the middle of the East African Plateau sur-
rounded by thinner Proterozoic mobile belt lithosphere. How-
ever, as reviewed by Nyblade (2002), there are a number of rea-
sons, based on the geological history and present-day structure
of the lithosphere in eastern Africa, why edge-driven convection
does not appear to be a viable model for explaining the Cenozoic
extensional tectonism in eastern Africa.

The width of the low-velocity anomaly in the upper mantle
beneath eastern Africa also presents a challenge for the edge-
driven convection model. Beneath Kenya, the anomaly at around
400 km depth is several hundred kilometers wide and extends
well to the east of the Kenya Rift (Huerta et al., 2009). Such
a wide anomaly well below and to the east of the base of the
~150-200-km-thick Tanzania craton lithosphere is not consistent
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with edge flow around the sides of the cratonic lithosphere. In
Ethiopia, the low-velocity anomaly is also many hundreds of
kilometers wide, and it maintains that width through the entire
upper mantle. Such a wide and deep anomaly is not consistent
with edge-flow either around the northern margin of the Tanzania
craton to the south of Ethiopia or from around the northeastern
margin of the Congo craton to the southwest of Ethiopia.

Another “plate” mechanism that can possibly be invoked for
eastern Africa is small-scale convection induced by lithospheric
thinning, which results from far-field stresses generated at the
edge of the African plate (i.e., the so-called passive rift mecha-
nism). However, given the small amount (<10%) of lithospheric
extension in eastern Africa, it is unlikely that the convective insta-
bilities beneath the lithosphere could extend deep into the upper
mantle (e.g., Buck, 1986; Mutter et al., 1988). Thus, the depth to
which the upper-mantle velocity anomaly extends is not readily
explained by this model.

SUMMARY AND CONCLUSIONS

To advance further our understanding of the way in which
a portion of the African superswell in eastern Africa formed,
and also to draw attention to the importance of eastern Africa
for the plume versus plate debate, the upper-mantle structure
beneath eastern Africa was reviewed using results from seismic
data recorded on regional broadband seismic networks operated
in Tanzania, Kenya, and Ethiopia using three types of data analy-
ses. (1) Joint inversions of receiver functions and surface wave
dispersion measurements show that there are significant differ-
ences in lithospheric mantle structure between the East African
and Ethiopian Plateaus. The lithosphere under the Ethiopian Pla-
teau is thin, extending to depths of no more than ~80-90 km.
The maximum S-wave velocity is also very low, reaching only to
4.2-4.3 km/s. Beneath the East African Plateau, away from the
rift valleys, shear wave velocities of 4.5-4.7 km/s characterize
the mantle lithosphere to depths of more than 100 km. The litho-
spheric mantle of the Ethiopian Plateau has been significantly
perturbed, much more so than the lithospheric mantle of the East
African Plateau. (2) Body wave tomography reveals a broad
(2300-km-wide) and deep (=400 km) low-velocity anomaly
beneath the Ethiopian Plateau and the eastern branch of the rift
system in Kenya and Tanzania. (3) Receiver function stacks of
Ps conversions from the 410 km discontinuity show that this dis-
continuity beneath the eastern branch in Kenya and Tanzania is
depressed by 2040 km in the same location as the low-velocity
anomaly. The coincidence of the depressed 410 km discontinu-
ity and the low-velocity anomaly indicates that the low-velocity
anomaly is caused primarily by elevated temperatures.

Results from these analyses cannot be explained by models
invoking a plume head and tail, unless there are a sufficient num-
ber of plume tails presently under eastern Africa side-by-side to
create a broad and deep thermal structure. The breadth and depth
of the thermal structure are more easily attributed to the African
superplume, which in some tomographic models extends into the

upper mantle beneath eastern Africa. If the superplume extends
into the upper mantle, it could cause the 410 km discontinuity to
be regionally depressed, as seen in Tanzania and Kenya, and also
create a wide and deep low-velocity anomaly. Consequently, a
superplume origin for the anomalous topography of the African
superswell in eastern Africa, in addition to the Cenozoic rifting
and volcanism found there, is favored.

The nature of the low-velocity anomaly within the upper
mantle beneath eastern Africa is difficult to explain with the plate
model, as illustrated for the edge-drive convection and the passive
rift mechanisms. This result presents a challenge to advocates of
the plate model seeking to account for deep-seated upper-mantle
thermal anomalies without invoking plume-like upwellings, at
least for eastern Africa.
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ABSTRACT

The Miocene-Holocene East African Rift in Ethiopia is unique worldwide because
it subaerially exposes the transition between continental rifting and seafloor spread-
ing within a young continental flood basalt province. As such, it is an ideal study
locale for continental breakup processes and hotspot tectonism. Here, we review the
results of a recent multidisciplinary, multi-institutional effort to understand geologi-
cal processes in the region: the Ethiopia Afar Geoscientific Lithospheric Experiment
(EAGLE). In 2001-2003, dense broadband seismological networks probed the struc-
ture of the upper mantle, while controlled-source wide-angle profiles illuminated
both along-axis and across-rift crustal structure of the Main Ethiopian Rift. These
seismic experiments, complemented by gravity and magnetotelluric surveys, pro-
vide important constraints on variations in rift structure, deformation mechanisms,
and melt distribution prior to breakup. Quaternary magmatic zones at the surface
within the rift are underlain by high-velocity, dense gabbroic intrusions that accom-
modate extension without marked crustal thinning. A magnetotelluric study illumi-
nated partial melt in the Ethiopian crust, consistent with an overarching hypothesis
of magma-assisted rifting. Mantle tomographic images reveal an ~500-km-wide low-
velocity zone at >75 km depth in the upper mantle that extends from close to the
eastern edge of the Main Ethiopian Rift westward beneath the uplifted and flood
basalt-capped NW Ethiopian Plateau. The low-velocity zone does not interact simply
with the Miocene-Holocene (rifting-related) base of lithosphere topography, but it
provides an abundant source of partially molten material that assists extension of the
seismically and volcanically active Main Ethiopian Rift to the present day.
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INTRODUCTION
Overview

Continental rifts mark zones of lithospheric thinning and
heating in response to extension, and these zones of plate stretch-
ing may eventually become the site of continental rupture. Litho-
spheric thinning may induce adiabatic upwelling and melting of
the asthenosphere, leading to magmatism during rifting. Magma-
tism is enhanced further in regions of anomalously hot mantle,
such as the East African Rift (e.g., White and McKenzie, 1989;
Ebinger, 2005). Fault-bounded rift systems are long, relatively
narrow systems in cratonic lithosphere and wide zones of basins
and ranges in collapsing orogenic belts (e.g., Buck, 1991; Hop-
per and Buck, 1993). The geological record shows that if ten-
sional stresses are sufficient and sustained enough to thin and
rupture the rigid 150-250-km-thick continental lithospheric
plates, extension can lead to complete continental breakup and
the subsequent creation of new oceanic lithosphere (e.g., Buck,
2004; Ebinger, 2005). After rupture, the now-inactive rift zone
becomes a “passive margin” that subsides beneath sea level as the
heat transferred from the asthenosphere to the plate during rifting
finally dissipates (e.g., McKenzie, 1978; Bown and White, 1995).

Many passive margins worldwide are “magmatic margins,’
characterized by thick sequences of extruded, intruded, and
underplated igneous rocks emplaced prior to, or during, rifting
(e.g., Coffin and Eldholm, 1994; Menzies et al., 2002). Extension
is accommodated through the combined processes of faulting,
ductile stretching, and magma intrusion in the form of dikes and
sills (e.g., Ebinger and Casey, 2001; Buck, 2004, 2006). Pres-
sure gradients caused by topographic relief on the lithosphere-
asthenosphere boundary beneath continents may guide the dis-
tribution of melt hundreds of kilometers from the zone of mantle
melting (e.g., Sleep, 1996; Ebinger and Sleep, 1998) and, as such,
influence the localization of intrusive and extrusive magmatism.
Despite the global abundance of ancient magmatic margins, the
timing and distribution of magmatism, as well as the strain parti-
tioning among faulting, ductile stretching, and magma intrusion
are not well understood because the ocean-continent boundary is
concealed by thick seaward-dipping reflectors (e.g., Mutter et al.,
1982; Mutter, 1985; Holbrook and Kelemen, 1993). Additionally,
many passive margins worldwide ruptured during Gondwana
breakup prior to ca. 100 Ma, so the exact nature of the continent-
ocean transition has to be deduced rather than directly observed.

Continental rift zones worldwide are structurally segmented
along their length, but the length scales and character of the
along-axis segmentation may change during rift evolution (e.g.,
Hayward and Ebinger, 1996; d’Acremont et al., 2005). During
the initial rift stages, basin dimension scales with the mechani-
cal thickness of the lithosphere, with long, wide basins forming
in strong lithosphere (e.g., Buck, 1991; Ebinger et al., 1999). As
lithospheric thinning and heating continue, strain localizes to a
narrower zone in response to reduced lithospheric strength. In
addition, an increase in magma intrusion may play an important

role in localizing strain as well as weakening the lithosphere by
heating (Ebinger and Hayward, 1996; Pérez-Gussinyé et al.,
2009), thereby significantly influencing along-axis segmenta-
tion of the rift (e.g., Ebinger and Casey, 2001; Wolfenden et al.,
2004). If rifting continues to the point of continental rupture, then
full oceanic spreading is established and results in the formation
of new lithosphere (e.g., Kuo and Forsyth, 1988; Phipps-Morgan
and Chen, 1993; Wang et al., 2009).

EAGLE (Ethiopia Afar Geoscientific Lithospheric Experi-
ment) probed the crust and upper mantle in the seismically and
volcanically active East African Rift system in Ethiopia using
passive and controlled-source seismology as well as complemen-
tary geophysical techniques such as gravity and magnetotelluric
surveying (e.g., Maguire et al., 2003). This synthesis of geophys-
ical and geological results from EAGLE aims to summarize new
constraints on (1) the generation and migration of melt beneath
the rift, and (2) the relative importance of faulting, magma intru-
sion, and ductile stretching in accommodating extension during
the final stages of continental breakup. The results further our
understanding of both hotspot tectonism and evolution of litho-
spheric structure during incipient oceanic spreading and conti-
nental margin formation. We also summarize the many tectonic
questions raised by the project—questions that will fuel future
generations of research in East Africa.

Tectonic Setting

The term “rift valley” was first introduced by Gregory
(1896) to describe the fissure in Earth’s surface into which a strip
of the surface has been let down by parallel faults. When Gregory
penned his famous work at the end of the nineteenth century, he
also remarked that the scar in the East African landscape before
him was likely an extensional feature. We now know that the Ethi-
opian Rift forms the third arm of the East African—-Red Sea—Gulf
of Aden rift-rift-rift triple junction where the Arabian, Nubian,
Somalian, and Danakil plates join in Afar (Fig. 1) (McKenzie
and Morgan, 1969; McKenzie and Davies, 1970). Embryonic
magmatic rifting of the continental lithosphere is observed to the
south in northern Tanzania and southern Kenya (Maguire et al.,
1994; Nyblade et al., 1996). To the northeast of the East Afri-
can Rift in Ethiopia, incipient seafloor spreading is evident in the
Asal Rift, which is the onshore westward extension of the Gulf
of Aden spreading ridge (e.g., Ruegg and Kasser, 1987; Stein et
al., 1991; De Chabalier and Avouac, 1994). The Red Sea Rift
arm encompasses incipient seafloor spreading in northern Afar,
including the currently active Dabbahu and Erta Ale Rift seg-
ments. The Ethiopian Rift is the least evolved, youngest of the
three rift arms and terminates at the Tendaho Goba’ad disconti-
nuity in central Afar (e.g., Tesfaye et al., 2003; Wolfenden et al.,
2005; Bellahsen et al., 2003) (Fig. 1).

The Miocene—Holocene East African Rift in Ethiopia
subaerially exposes the transitional stage of rifting within a
young continental flood basalt province, making it an ideal
study location for continental breakup processes. In addition to
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transitional rifting processes, Ethiopia is also an ideal natural
laboratory for the study of hotspot tectonism. Seismic imag-
ing reveals a broad (~500-km-wide) ~3% S-wave low-velocity
anomaly that originates at the core-mantle boundary beneath
southern Africa and rises toward the base of the lithosphere
somewhere in the region of Ethiopia and the Red Sea—Gulf
of Aden (Grand, 2002; Ritsema and Allen, 2003; Simmons
et al., 2007; Li et al., 2008): the African superplume. When
reviewed in light of other geophysical observations that can
be used to constrain mantle convection (e.g., the global free-
air gravity field, tectonic plate motions, and dynamic surface
topography), the morphology and sharp velocity gradients of
the African superplume are explained best by a thermochemi-
cal plume rising from the core-mantle boundary (e.g., Ni et al.,
2002; Simmons et al., 2007). There is increasing evidence from
global tomographic studies that low-velocity structures could
be continuous across the 410 and 660 km discontinuities in the
Kenya—Ethiopia region (e.g., Ritsema and Allen, 2003; Li et al.,
2008; Montelli et al., 2004, 2006, and references therein; Sicilia
et al., 2008), but the precise location and number of upwellings
beneath East Africa remain somewhat controversial.

The timing of the widespread and voluminous volcanism
in the Ethiopia-Yemen area suggests that this mantle upwelling
impinged on the base of the lithosphere ca. 45 Ma, prior to the
onset of rifting of Arabia from Africa at ca. 30 Ma (e.g., Wolfen-
den et al., 2004). The earliest Cenozoic volcanism in East Africa
occurred in southwest Ethiopia and the Turkana Depression in
northernmost Kenya at 40-45 Ma (e.g., Ebinger et al., 1993;
George et al., 1998; Furman et al., 2006). This area had been
rifted during the Mesozoic breakup of Gondwana (e.g., Hendrie
et al., 1994). Approximately 2 km of basalts and subordinate
rhyolites were then erupted rapidly across the Ethiopian Plateau
at ca. 29-31 Ma (Baker et al., 1996; Hofmann et al., 1997) prior
to or concomitant with the onset of rifting in the Red Sea and
Gulf of Aden (e.g., Wolfenden et al., 2004). Additional isolated
shield volcanism in the interval ca. 30-10 Ma occurred across
the Ethiopian Plateau (Fig. 1) and added ~2 km of additional
local relief in areas such as the Simien, Choke, and Guguftu
shield volcanoes (e.g., Kieffer et al., 2004; Beccaluva et al.,
2009). However, the timing of uplift in Ethiopia is controversial;
commencement has been estimated at 20-30 Ma on the basis of
U-Th/He thermochronometry data (Pik et al., 2003), but more
recent studies indicate an episodic uplift history with ~1 km
uplift being produced more recently (ca. 10 Ma—present); this is
postulated to be due to foundering of the plateau lithosphere by
delamination or convective removal of lithospheric mantle (e.g.,
Duggen et al., 2003; Molnar et al., 1993) following extensive
heating and weakening since the onset of flood basalt volcanism
at ca. 30 Ma (Gani et al., 2007).

Although prerift basement is rarely exposed beneath the
thick Eocene—Holocene volcanic cover, the Main Ethiopian Rift
is thought to have formed within the Precambrian metamorphic
crustal basement of the Pan-African Mozambique belt (Kazmin
et al., 1978), which exhibits N-S to NNE-SSW suture zones

(Vail, 1983; Berhe, 1990) and NW-SE-oriented strike-slip
faults (Brown, 1970; Purcell, 1976). Extension in SW Ethiopia
and the Turkana Depression in northern Kenya commenced by
ca. 20 Ma, with the central and northern sectors of the Main
Ethiopian Rift developing between 18 and 10 Ma, respectively
(e.g., WoldeGabriel, 1988; Wolfenden et al., 2004). Large offset
border faults formed along one or both sides of the rift (Fig. 1)
and are often marked by chains of silicic centers (e.g., Chernet
et al., 1998). South of ~7.5°N, a broad (~500-km-wide) faulted
region extends to the west of the present-day Main Ethiopian
Rift and marks the zone across which the axis of the Main
Ethiopian Rift has migrated east since Oligocene times (e.g.,
Ebinger et al., 2000).

The distribution, kinematics, and estimated age of fault
populations suggest that deformation in the Main Ethiopian Rift
north of 8.5°N migrated to the center of the rift sometime in the
interval 6.6-3 Ma, with an associated change from N130°E-
directed extension to N105°E-directed extension (Bonini et al.,
1997; Boccaletti et al., 1998; Wolfenden et al., 2004). Opening
models of the East African Rift based on global positioning sys-
tem (GPS) data and earthquake focal mechanisms constrain the
current extension direction in the Main Ethiopian Rift to between
NO5°E and N110°E at rates of 4-7 mm/yr (Bilham et al., 1999;
Fernandes et al., 2004; Calais et al., 2006; Stamps et al., 2008).
GPS data collected during 1969-1997 from the Main Ethiopian
Rift and adjacent plateaus indicate that ~80% of this present-day
strain is localized within an ~30-km-wide zone within the rift
valley (Bilham et al., 1999). On the strength of this evidence,
Casey et al. (2006) proposed that the locus of extension in this
transitional rifting environment has localized progressively since
ca. 12 Ma, away from the mid-Miocene border faults, toward
central en-echelon chains of eruptive magmatic centers, dikes,
and small offset faults. Thus, axial magmatic emplacement, not
border faulting, increasingly dominates the rifting process after
the initial stages of breakup (e.g., Ebinger and Casey, 2001; Ker-
anen et al., 2004; Rooney et al., 2005; Kurz et al., 2007; Ker-
anen and Klemperer, 2008). Numerical modeling suggests that
once an elongate zone of diking is established in the rift axis,
the strong, cooled mafic intrusions function to focus extensional
stress and thereby promote emplacement of new dikes into the
narrow zone of intrusion (Beutel et al., 2010).

Geochemistry provides constraints on the evolving litho-
sphere, as well as the development of faulting and lithospheric
thinning (e.g., Peccerillo et al., 2003; Ronga et al., 2010). Much
of the Quaternary magmatic activity within the Main Ethiopian
Rift has occurred in magmatic zones in the center of the rift north
of 8.5°N in the Wonji fault belt (e.g., Mohr, 1967; Ebinger and
Casey, 2001; Abebe et al., 2007), where magmas fractionate at
shallow (<5 km) depths (Rooney et al., 2007). South of 8.5°N,
the Wonji fault belt appears offset within the Main Ethiopian
Rift toward the Somalian plate and is flanked to the west by the
Silti Debre Zeyit fault zone (SDFZ, Fig. 1), in which magmas
fractionate at various depths throughout the crust (Rooney et
al., 2005, 2007; Rooney, 2010). These differences in magmatic
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plumbing system north and south of ~8.5°N (Rooney et al.,
2007), combined with structural and geochronological evidence
that the ~7.5°-9.5°N sector of the rift is the youngest (Bonini et
al., 2005), suggest that a simple south-to-north transition from
continental rifting to seafloor spreading may be inappropriate.
Buck (2006) noted the straightness of the East African and Red
Sea Rifts and suggested that this straightness is in part controlled
by movement of melt-filled dikes through the plates. It is intrigu-
ing, therefore, to note that the Wonji fault belt is remarkably
straight throughout the Main Ethiopian Rift. Its apparent offset
toward the SE Ethiopian Plateau south of 8.5°N is due in part to
the kink in the mid-Miocene border faults at this latitude.

The ongoing extension in the Main Ethiopian Rift continues
to alter rift morphology and cause natural phenomena such as
earthquakes, surface fissuring, and volcanic eruptions. Prior to
the temporary deployments of dense seismic networks in Ethio-
pia since the turn of the millennium, assessment of seismotec-
tonics and seismic hazard was based primarily on relatively few
earthquakes (M >~3.5) recorded since ca. 1960 by sparse perma-
nent stations in Ethiopia and surrounding countries, as well as
from Global Seismograph Network/Global Dense Seismograph
Network permanent stations (e.g., Gouin, 1979; Kebede and Kul-
hének, 1994; Kebede and van Eck, 1997; Ayele and Kulhanek,
1997; Foster and Jackson, 1998; Ayele, 2000). These data show
that seismic moment release over the last ~50 yr in the Main Ethi-
opian Rift accounts for less than 50% of total geodetic moment
predicted from the current rate of plate opening. This lends some
support to the importance of aseismic processes (e.g., diking) in
accommodating strain (Hofstetter and Beyth, 2003). Localized,
rift-axial brittle failure in the Main Ethiopian Rift is manifest in
development of extensional fissures at the surface and associated
fault growth in the upper crust (e.g., Asfaw, 1982; Acocella and
Korme, 2002; Acocella et al., 2003; Williams et al., 2004; Soliva
and Schultz, 2008; Kidane et al., 2009). In addition to brittle
strain, magma intrusion and extrusion processes in the Main
Ethiopian Rift are known to have occurred episodically since his-
torical times to the present day (e.g., Gibson, 1969; Tadesse et
al., 2003; Williams et al., 2004). Asfaw et al. (1992) postulated
that deformation in the Main Ethiopian Rift occurs primarily dur-
ing episodic, magma-dominated rifting episodes similar to those
observed in Iceland and the subaerial Red Sea and Aden Rifts in
Afar (e.g., Abdallah et al., 1979; Bjornsson et al., 1977; Wright
etal., 2006; Ayele et al., 2007a; Rowland et al., 2007; Hamling et
al., 2009; Keir et al., 2009a; Ebinger et al., 2010).

EAGLE—THE EXPERIMENTS AND
MAIN OBSERVATIONS

In this section, we review the major components of EAGLE
from controlled-source profiles that probe crustal-scale struc-
tures to three-dimensional (3-D) imaging of the deeper mantle
structures using passive-source seismological techniques. The
passive-source seismic and geodetic experiments also constrain
kinematics and dynamics of the current stage of rifting, and

along-axis variations provide clues as to temporal development.
We summarize the major observations from these studies before
discussing their significance in the context of continental rifting
and hotspot tectonism.

Passive Seismic Networks

Based on the requirement for seismic body-wave tomog-
raphy of crossing rays in the mantle to a depth of ~300 km
beneath Ethiopia, the 29 station EAGLE phase I broadband
network of 20 Giiralp CMG-40TD instruments and 9 CMG-
3TD instruments (e.g., Bastow et al., 2005) was designed with
a nominal spacing of 40 km covering a region of the rift and
its uplifted flanks measuring 250 x 350 km (Fig. 2). The net-
work was centered on the Boset volcanic zone in the center of
the rift, ~75 km SE of Addis Ababa. Seismometers recorded at
50 s.p.s. (samples per second) for 16 mo between October 2001
and February 2003. EAGLE phase I was deployed in the foot-
print of the broader Pennsylvania State University Ethiopia
Broadband Seismic Experiment (EBSE; Fig. 2) (Nyblade and
Langston, 2002; Brazier et al., 2008).

Between October 2002 and February 2003, 50 Giiralp
CMG-6TD instruments recording at 100 s.p.s. (Fig. 2) operated
mainly in the Main Ethiopian Rift as EAGLE phase II (e.g., Keir
et al., 2006b). The ~10 km station spacing covered regions of
active seismicity and was specifically designed to: (1) improve
the accuracy of hypocenter locations; (2) increase ray coverage
in a joint inversion of local earthquake arrival times for locations
and seismic velocity structure; and (3) provide information from
which we could infer the position and depth of active faults and
therefore illuminate how the locus of seismic deformation in the
upper crust compares with variations in crustal structure caused
by intrusion of magma. (4) The study is also valuable for future
assessment of seismic hazard since it provides the first high-
resolution snapshot of seismicity in the Ethiopian Rift.

The final broadband component of the EAGLE project
(EAGLE phase III) recorded data between November 2002 and
January 2003 (Fig. 2), during which 91 Giiralp CMG-6TD broad-
band seismometers were deployed at 5 km intervals along the
cross-rift controlled-source profile recording at 100 s.p.s. with
the aim of better understanding cross-rift variations in crustal
structure (Cornwell et al., 2010).

Mantle Seismic Tomography

Mantle seismic tomography is a useful tool for mapping the
structure of seismic velocity anomalies and hence the morphol-
ogy of upwellings and magma source zones beneath rifts (e.g.,
Evans and Achauer, 1993; Wang et al., 2009). Bastow et al.
(2005, 2008) performed regularized nonlinear, least-squares
inversion of P- and S-wave traveltime residuals for broadband
stations in Ethiopia. These studies built on images from global
tomographic studies (Ritsema and van Heijst, 2000; Grand, 2002;
Li et al., 2008) and regional studies in the area (Debayle et al.,
2001; Benoit et al., 2006a, 2006b; Pasyanos and Nyblade, 2007;
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Priestley et al., 2008). Bastow et al. (2008) resolved an ~500-km-
wide P- and S-wave low-velocity zone at 75 to >400 km depth in
the upper mantle that extends from close to the eastern edge of
the Main Ethiopian Rift westward beneath the uplifted and flood
basalt-capped NW Ethiopian Plateau (Figs. 3 and 4). Within
the broad low-velocity region (LVR), zones of particularly low
velocity are observed that have absolute delay times (6, ~ 4 s)
indicating that the mantle beneath this region is amongst the
slowest worldwide (see Poupinet, 1979). The observations are
explained best by hypotheses involving high temperatures and
partial melt beneath the Main Ethiopian Rift and adjacent NW
Ethiopian Plateau. The S-wave model shows particularly low
velocities at 75 km depth (Fig. 4B), probably indicating a larger
portion of partial melt there (Bastow et al., 2005, 2008).

The lowest-velocity region appears not to be beneath
southern/central Afar, but beneath the central part of the study
area at ~9°N, 39°E (Figs. 3 and 4). This observation is cor-
roborated by observations of mean relative arrival-time residu-
als that do not suffer the same amplitude recovery problems as
tomographic inversion. The abrupt increase in velocity north of
~10.5°N coincides with an ~20 m.y. increase in the time elapsed
since the onset of plate stretching in Afar compared to the north-
ern Main Ethiopian Rift (Bastow et al., 2008).

The Main Ethiopian Rift is located toward the eastern edge
of the broad low-velocity structure, not above its center. This
observation, along with strong correlations between lowest-
velocity zones and lithospheric structures, suggests that preex-
isting structural trends and Miocene-to-Holocene rift tectonics
strongly control melt migration at the base of the lithosphere
(e.g., Bastow et al., 2005, 2008).

Studies of Seismic Anisotropy

Measurements of seismic anisotropy from teleseismic
earthquakes can be used to infer patterns of strain and flow in
the mantle (e.g., Vauchez et al., 2000). The anisotropy can be
due to the lattice preferred orientation (LPO) of crystals or the
preferred orientation of inclusions (e.g., oriented melt pockets
[OMP]) or periodic thin layering (PTL) of contrasting mate-
rials (e.g., Kendall, 2000). The resulting rock fabric produces
a directional dependence in seismic velocities: seismic anisot-
ropy. A shear wave in an isotropic medium will split into two
shear waves when it encounters an anisotropic medium. The
orientation of the shear waves and their difference in travel-
times constrain the symmetry and magnitude of the anisotropy.
Seismic anisotropy can be measured using core phases such as
SKS (for a review, see, e.g., Long and Silver, 2009). Such mea-
surements offer good lateral resolution of anisotropy (e.g., Bas-
tow et al., 2007) but poor vertical resolution. Seismic anisotropy
also affects surface waves (Figs. 5 and 6). It leads to azimuthal
variations in surface-wave phase velocities, discrepancies
between Love-wave— and Rayleigh-wave—derived shear-wave
velocity models, and particle motion anomalies (Kirkwood and
Crampin, 1981). The dispersive nature of surface-wave prop-
agation leads to good resolution of anisotropy variation with

depth, but long wavelengths mean poor horizontal resolution
compared to SKS studies. The analysis of anisotropy using a
combination of seismic body and surface waves provides good
vertical and horizontal resolution and offers information about
length scales of anisotropy (e.g., Bastow et al., 2010). Local
earthquake shear-wave splitting, if available, can also be used
to constrain anisotropy above the earthquake hypocenter: typi-
cally, the upper crust in volcanic rift environments where the
majority of earthquakes are relatively shallow (e.g., Barclay
and Toomey, 2003; Crampin et al., 2008).

Analyses of regional surface waves in Ethiopia show sub-
lithospheric fast shear waves coherently oriented in a northeast-
ward direction from southern Kenya to the Red Sea (Debayle et
al., 2001; Kendall et al., 2006). This parallels the trace of the
deeper African superplume. The pattern of shear-wave anisotropy
is more variable above depths of 150 km. Analyses of splitting in
teleseismic phases (SKS) and local shear waves within the rift
valley consistently parallel trends of the Quaternary magmatic
zones (Kendall et al., 2005; Keir et al., 2005; Fig. 7). The magni-
tude of the splitting correlates with the degree of magmatism, and
the polarizations of the shear waves align with magmatic seg-
ments along the rift valley (e.g., Ayele et al., 2004; Kendall et al.,
2005, 2006). Analysis of surface-wave propagation across the rift
valley confirms that anisotropy in the uppermost 75 km is due
primarily to melt alignment (Figs. 6 and 7; Bastow et al., 2010),
not LPO (flow)-type anisotropy. Away from the rift valley, the
anisotropy agrees reasonably well with the preexisting Pan-Afri-
can lithospheric fabric (e.g., Kendall et al., 2005; Gashawbeza
et al., 2004). An exception is the region beneath the Ethiopian
Plateau, where the anisotropy is variable and likely corresponds
to preexisting fabric and ongoing melt-migration processes (Ken-
dall et al., 2006).

Receiver Functions

Receiver functions can be used to capture P- to S-wave con-
versions at velocity contrasts in the receiver crust and mantle
recorded in the P-wave coda from distant teleseismic earthquakes
(e.g., Langston, 1979). They can be used to provide estimates of
bulk crustal properties: crustal thickness (H) and V /V ratio (e.g.,
Zhu and Kanamori, 2000; Di Leo et al., 2009), which can then
be related to bulk crustal composition via Poisson’s ratio (e.g.,
Christensen, 1996; Chevrot and van der Hilst, 2000). Stuart et al.
(2006) analyzed receiver functions in this way for EAGLE broad-
band stations, building on earlier work by Dugda et al. (2005).
On the flanks of the rift, the crust on the Somalian plate to the
east is 38—40 km thick. On the NW Ethiopian Plateau, the crust
is thicker to the north (4143 km) than to the south (<40 km);
the thinning takes place over an off-rift upper-mantle low-velocity
structure previously imaged by traveltime tomography (Bastow
et al., 2005). The crust is slightly more mafic (V/V, >> 1.85)
on the NW plateau than on the SE plateau (V/V ~1.80). This
could be due to either magmatic activity or different prerift
crustal compositions. Regions of volcanism on the side of the
rift (e.g., SDFZ, Fig. 1) are characterized by thinned crust and a
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V. /V, ratio >2.0, indicative of partial melt within the crust. Within
the rift, the V/V ratio increases to greater than 2.0 (Poisson’s
ratio >0.33) northward toward the Afar Depression. Such high
values are once again indicative of partial melt in the crust and
corroborate other geophysical evidence for increased magmatic
activity as continental rifting evolves to oceanic spreading in Afar.
Along the axis of the rift, crustal thickness varies from around
38 km in the south to 30 km in the north, with most of the change
in Moho depth occurring just south of the Boset magmatic zone
where the rift opens into the Afar Depression.

Of some debate in the receiver function literature is about
the spatial extent of the underplate beneath the NW plateau. Ker-
anen et al. (2009) argued that away from the wide-angle profile,
the Moho is a sharper feature when observed with receiver func-
tions than it appears using data from stations coincident with
controlled-source wide-angle refraction Line 1 (Fig. 2). Stuart et
al. (2006), in contrast, used forward modeling of receiver func-
tions at station SENE on Line 1 (Fig. 2) and concluded that the
receiver function method was sensitive to the top, not the bot-
tom of the underplate. The spatial extent of this layer is therefore
uncertain away from Line 1 on the NW plateau.

Seismicity

From October 2001 to February 2003, 1957 earthquakes
occurred within the EAGLE passive network area (Fig. 8), and
a selection of these was used for accurate location using a 3-D
velocity model (Daly et al., 2008), focal mechanism determina-
tion (Keir et al., 2006b), and local earthquake splitting analysis
(Keir et al., 2005). Border faults of the Main Ethiopian Rift are
relatively inactive, except for clusters of seismicity at the inter-
sections between the Main Ethiopian Rift and the older Red Sea
and Gulf of Aden Rifts. Along the axis of the Main Ethiopian
Rift, earthquakes are predominantly localized to depths of less
than ~15 km within 20-km-wide, right-stepping, en-echelon
zones of Quaternary volcanism and faulting. Seismicity in these
zones is characterized by low-magnitude (M, ~1-4) clusters
(Keir et al., 2006a) coincident with Quaternary faults, fissures,
and chains of eruptive centers. All but three focal mechanisms
show normal dip-slip motion; the minimum compressive stress is
N103°E, perpendicular to Quaternary faults and aligned volcanic
cones (Fig. 8A). The seismogenic zone lies within and above the
20-km-wide zone of dense mafic intrusions: Strain localization
through magmatism in the mid-upper crust most likely controls
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Figure 5. Mechanisms for seismic anisotropy. (A) Anisotropy due to lattice preferred orientation of upper-mantle minerals. Top left shows
directions of fast, slow, and medium P-wave velocities, assuming a horizontal flow direction and a vertical flow plane as shown in the cartoon
(middle). Top right shows azimuthal variations in vertically and horizontally polarized shear waves (S, and S;). (B) Anisotropy due to ori-
ented melt pockets. Melt volume fraction is assumed to be 0.1%, and the melt lies in disk-like pockets (oblate spheroids) with an aspect ratio

of 0.02. Figures are modified after Bastow et al. (2010).
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the formation and continued growth of narrow axial rift grabens
in the overlying seismogenic zone.

A minor cluster of anomalously deep (20-35 km)
low-magnitude earthquakes underlies distinctive chains of
aligned volcanoes on the western margin of the Main Ethi-
opian Rift. The cluster of deep earthquakes also coincides
with a zone of particularly high conductivity (attributed to
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presence of fluids such as partial melt and hydrous fluids;
Whaler and Hautot, 2006; Whaler, 2006) in the lower crust,
which is positioned directly above the slowest-velocity
P-wave uppermost mantle (Keir et al., 2009b). These lower-
crustal earthquakes are interpreted as related to either the
emplacement of magma or release of fluids during magma
crystallization (Keir et al., 2009b).
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Figure 7. SKS splitting measurements along the East African Rift. Lower right shows detail from Main Ethiopian Rift. Mid-Miocene border
faults and monoclines are marked with solid and dashed lines, respectively. Large arrows indicate absolute plate motion. Quaternary magmatic
zones are shaded. In both maps, arrows show orientation of fast shear wave, and length of arrow is proportional to magnitude of splitting. Top
figure shows SKS splitting delays (¢) as a function of latitude. Figure is modified after Kendall et al. (2006).
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Despite the focus of EAGLE on the Main Ethiopian Rift, the
most significant regional seismic activity occurred during August
2002 on the western flank of the Red Sea Rift near the border
between Ethiopia and Eritrea. Over a period of 2 wk following
7 August 2002, 75 earthquakes of M| 2.1-5.6 were located using
combined data from EAGLE and permanent stations in Ethiopia
and Eritrea (Ayele et al., 2007b). Moment tensor inversion on
a selection of data is consistent with earthquakes being 5-7 km
deep and normal slip on NNW-striking faults, parallel to the pre-
dominant structures mapped at the surface. The well-constrained
cluster of earthquakes, combined with macroseismic reports of
ground shaking in the city of Mekele (Fig. 1), shows that the gra-
bens on the heavily populated western Afar margin pose a signifi-
cant seismic hazard. Indeed, historical records of macroseismic
destruction at other localities on the western Afar margin such
as Kara Kore (1961) and Ankober (Fig. 1) (1841-1842) (Gouin
et al., 1979), combined with the recent study during EAGLE
advise the Ethiopian government to enforce building codes for
earthquake-resistant structures.

Crustal Tomography

Using the local earthquake catalog of Keir et al. (2006b),
Daly et al. (2008) presented 3-D P-wave velocity and V /V
models of the midcrust (Fig. 9). The models show high P-wave
velocities (6.5 km/s) beneath the axis of the rift at a depth of
12-25 km, consistent with the findings of Keranen et al. (2004),
who found high P-wave velocities (6.5-6.8 km/s) at 7-15 km
depth using tomographic inversion of the controlled-source
traveltime data set. The presence of high V /V_ ratios (1.81-
1.84) at 12-25 km, segmented positive Bouguer anomalies
(Mahatsente, et al., 1999; Tiberi et al., 2005; Mickus et al.,
2007), and coincidence with zones of surface Quaternary vol-
canism suggest that the higher-velocity, higher-density zones
are cooled dense mafic intrusions. The high V_/V values, along
with other geophysical evidence, suggest that magmatic pro-
cesses continue to the present day.

Controlled-Source Profiles

A major component of EAGLE was a controlled-source
wide-angle experiment, which consisted of one cross-rift (Line
1) and one rift-axial (Line 2) profile (both ~400 km) and an
~100-km-diameter two-dimensional (2-D) array (Fig. 2) to
provide 3-D subsurface images beneath the Boset volcano
where the profiles intersected (Mackenzie et al., 2005; Magu-
ire et al., 2006).

Twenty-three explosive charges, with an average shot size
of 1100 kg, were detonated in boreholes up to 50 m deep, in two
lakes, and in two quarries. Approximately 1000 single-channel
“Texan” geophones spaced at ~1 km along the 400 km profiles
and ~2.5 km within the 2-D array recorded the shots simultane-
ously with a 93 Giiralp CMG-6TD three-component broadband
deployment using ~5 km station spacing along Line 1 (Fig. 2).
Further details of the wide-angle deployment and raw data qual-

ity are available in Mackenzie et al. (2005) and Maguire et al.
(2006), but the final analyses of these data are shown here in Fig-
ure 10. Some key features of the profiles are as follows:

The 6.5 km/s high-velocity bodies in the upper crust beneath
the rift axis are noted in Line 1 (Fig. 10A).

The 6.1-6.4 km/s upper crust is ~28 km thick beneath the
NW and SE plateaus. It then thins to ~23 km beneath the Main
Ethiopian Rift. Along Line 2 (Fig. 10B), upper-crust thickness
falls to ~8 km in Afar, and the most dramatic thinning occurs
across the Boset magmatic zone of the Main Ethiopian Rift.

The 6.6-7.1 km/s lower crust on Line I is ~14 km thick
on the SE plateau and 9-12 km thick beneath the NW plateau.
Lower-crustal thickness is relatively uniform at ~16-20 km
along Line 2.

Beneath Line 1, the lower crust overlies an anomalous
~8—15-km-thick layer of velocity ~7.38 km/s on the NW plateau;
this feature is absent from the east.

The NW plateau crust is underlain by a £8.0 km/s mantle,
while the SE plateau uppermost mantle is characterized by “nor-
mal” mantle velocities of ~8.05 km/s.

Mantle reflectors occur at 50-60 km beneath large portions
of Lines 1 and 2 but shallow considerably to ~40 km beneath the
northernmost part of Line 2.

The results from crustal seismic tomography using the 2-D
array (Keranen et al., 2004) also indicate the presence of P-wave
high-velocity bodies beneath Boset, as well as other regions of
the Wonji fault belt (Fig. 11).

Gravity and Magnetotelluric Surveys

The interpretation of gravity anomalies, like other potential
field data, suffers from nonuniqueness. However, in conjunction
with controlled-source seismic data (which can be used to add
geometric constraints during modeling), gravity data become
a powerful tool for constraining the physical properties of the
lithosphere. Cornwell et al. (2006) conducted a cross-rift gravity
survey coincident with wide-angle Line 1 (Fig. 2). Data from 72
stations across the Main Ethiopian Rift were forward and inverse
modeled for density structure to a depth of ~60 km using starting
models defined by the seismic results of Mackenzie et al. (2005)
and Keranen et al. (2004) (Figs. 10 and 11). The starting model
provided a good first-order fit to the data, but the sensitivity of
the gravity method to lateral density changes enabled improved
definition of structure. Figure 12 shows the final model, which
has the following salient features:

The upper-mantle density beneath the NW rift flank has to
be reduced to 3290 kg/m? to fit the observed anomaly.

An axial low-density upper-mantle or high-density lower-
crustal zone is modeled as a ~50-km-wide body with a density
of 3190 kg/m?>.

Two high-density (3000 kg/m®) upper-crustal bodies under-
lie the Main Ethiopian Rift: a 20-km-wide axial body, and a
12-km-wide off-axis body, both of which are most likely to be
gabbroic in composition.
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Figure 9. 12 and 20 km depth slices through the three-dimensional (3-D) P-wave velocity and V,/V ratio models. YTVL—Yerer-Tullu Wellel
volcanotectonic lineament. Figure is modified after Daly et al. (2008).
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Figure 11. Controlled-source seismic tomography. (A) Horizontal slice
10 km beneath the two-dimensional (2-D) controlled-source array. The
thick contour lines mark 6.0 km/s, with minor contours at 0.2 km/s
intervals. High-velocity bodies (red) are interpreted as solidified mag-
matic intrusions beneath the rift. (B) Rift-perpendicular cross section
A-A’ extending through the Boset magmatic field. High-velocity (V)
body (vertical arrow) beneath the rift valley is interpreted as a solidi-
fied mafic intrusion into Precambrian basement. (C) B-B’ shows rift-
perpendicular section between magmatic segments. Fault symbols and
proposed subsurface continuation of faults (dashed lines) are marked.
Areas of no ray coverage are gray. Figure is modified after Keranen et
al. (2004).

A <10-km-wide high-density (2850 kg/m*) body lies directly
beneath Boset.

The high-velocity lower-crust/low-velocity upper-mantle
low-velocity layer seen in wide-angle Line 1 is characterized by
a 3170 kg/m® layer, which is absent from the east.

Coincident with the wide-angle Line 1 and the gravity survey
(Fig. 2), Whaler and Hautot (2006) carried out a magnetotelluric
profile to investigate the electrical conductivity structure of the
crust beneath the Main Ethiopian Rift and adjacent plateaus. The
resulting model, shown in Figure 8C, has several key features:

A shallow conductive lens at <1 km depth underlies the
Boset Volcano (Fig. 1).

Deeper conductive material beneath Boset extends to at least
lower-crustal depths.

A second, highly conductive layer underlies rift flank to the
east of Addis Ababa at 20-25 km depth (at 120-150 km along the
magnetotelluric profile).

The lowermost crust and uppermost mantle of the NW pla-
teau, though not well resolved, is more conductive than to the SE
of the Somalian plate.

DISCUSSION

In this section, we summarize the main conclusions of the
EAGLE experiments and show, with reference to other studies
(e.g., geochemistry and geodynamics), how they have advanced
our understanding of both hotspot tectonism and continental
breakup processes.

Hotspot Tectonism and the Ethiopian
Low-Velocity Anomaly

The most detailed P- and S-wave seismic tomographic
images to date (Figs. 3 and 4) of the upper mantle in Ethiopia are
presented by Bastow et al. (2008); they corroborate a growing
body of evidence that Ethiopia is underlain by a broad (~500-km-
wide) low-velocity zone (e.g., Debayle et al., 2001; Grand, 2002;
Ritsema and Allen, 2003; Benoit et al., 2006a, 2006b; Li et al.,
2008) that connects to the deeper African superplume in the
lower mantle. There is no evidence for a narrow (~100-200-km-
diameter) plume tail beneath Ethiopia, as would be expected if
a starting plume existed today (e.g., Hawaii; Wolfe et al., 2009),
although the assumption that such a feature would be illuminated
by seismic tomography proceeds on the assumption that thermal
effects are the dominant cause of heterogeneity. On the contrary,
absolute delay times at permanent station AAE (Fig. 2), which
indicate the mantle beneath Ethiopia is amongst the slowest
worldwide (e.g., Poupinet, 1979; Bastow et al., 2005, 2008), sug-
gest strongly that high temperatures and the presence of partial
melt are necessary to explain the seismic observations.

Within the broad low-velocity anomaly, the lowest-velocity
zones, interpreted as zones of enhanced partial melt, are located
at ~9°N in the Main Ethiopian Rift, not beneath southern Afar
(Bastow et al., 2008). New experiments in Afar will illuminate
the crust and mantle there and help reconcile this finding with
the results of many global tomographic studies, but it is unclear
whether the intense LVR has resulted from focused mantle
upwelling (resulting, for example, from a steeper lithosphere-
asthenosphere boundary at this latitude compared to the more
extended Afar region, where melt may be less focused; e.g., Bas-
tow et al., 2005, 2008) and/or enhanced decompressional melting
at this latitude, where the Main Ethiopian Rift is younger than
the East African Rift to the south and Afar to the north (which
was largely formed during the rifting of Arabia from Africa at
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ca. 30 Ma). Kinematic rifting models indicate that rapid litho-
spheric thinning can result in decompressional melting of the
underlying mantle (e.g., Bown and White, 1995). Rifting over
longer periods, however, greatly reduces melt volumes, as heat is
lost through conduction. Such ideas, coupled with greater deple-
tion of the subcontinental lithospheric mantle beneath Afar, could
explain the seismic observations, with larger melt volumes pro-

ducing the lower velocities in the Main Ethiopian Rift (Bastow
et al., 2008, 2010).

Whatever the model for rifting in Ethiopia, the results from
the seismic tomography studies provide clear evidence for an
abundant source of partial melt in the mantle. In the following
section, we present evidence to suggest that this melt source
plays a vital role in the ongoing rifting process in Ethiopia.
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Rifting in Ethiopia: Geophysical Studies of Crustal
Structure and Process

An aim central to EAGLE was to understand better how
strain is partitioned between magma intrusion and fault slip
along the axis of the Main Ethiopian Rift. Geodetic data indi-
cate that ~80% of present-day strain in the Main Ethiopian Rift
is accommodated within the Main Ethiopian Rift, not on mid-
Miocene border faults (Bilham et al., 1999; Bendick et al., 2006).
Ebinger and Casey (2001) proposed that the locus of strain since
ca. 12 Ma has migrated away from mid-Miocene border faults
to en-echelon chains of Quaternary magmatic segments (Figs. 1
and 2) in the Wonji fault belt. Crustal-scale imaging by EAGLE
offered a unique opportunity to test this hypothesis.

The relatively unfaulted flanks of the rift zone are underlain
by crust of thickness 40-45 km, and yet most of the region was
below sea level in Paleocene times. Thus, much of the plateau
uplift can be explained by crustal intrusion associated with the
flood basaltic magmatism in Eocene—Oligocene times. Cross-
rift wide-angle profiles (Fig. 10) image mafic intrusions beneath
the zones of Quaternary magmatism, calibrating the crustal
tomography (Fig. 11; Keranen et al., 2004; Fig. 9; Daly et al.,
2008) and gravity anomaly studies (Fig. 12; Cornwell et al.,
2006). Despite the relatively small reduction in crustal thickness
from rift shoulders (40—48 km) to the rift axis (40—26 km), strain
has localized to a zone of magma intrusion and minor faulting
that is less than 20 km in width. In addition to axial magmatism,
the presence of high conductivities and coincident anomalously
deep earthquakes beneath chains of volcanoes near the rift mar-
gin support ongoing off-axis emplacement of magma into the
lower crust (Fig. 8). These observations are consistent with those
from passive margins worldwide: Magmatic margins have a nar-
row, relatively thick ocean-continent transition zone compared
to wide, highly attenuated, amagmatic margins (e.g., Hopper
and Buck, 1993).

The along-axis wide-angle seismic profile shows a south-
to-north decrease in crustal thickness from ~40 km in the SW to
~26 km in the NE beneath Afar (Fig. 10N). The accompanying
increase in upper-crustal V, has been interpreted as evidence for
an increased volume of intruded gabbroic material during exten-
sion toward full incipient seafloor spreading. Tomographic inver-
sions of active and passive source seismic data by Keranen et al.
(2004) and Daly et al. (2008) also have confirmed the presence
of elevated seismic velocities to ~20-30 km depth beneath many
areas of Quaternary volcanism in the Main Ethiopian Rift (Figs. 9
and 11). Zones of higher-velocity and higher-density (Fig. 12)
anomalies correspond to the surface expression of Quaternary
magmatism within the Ethiopian Rift. This, in combination with
the lack of crustal thinning, suggests that an ~20-30-km-wide
zone of mafic intrusions beneath the rift axis accommodates the
majority of strain in the midcrust.

During Miocene—Pliocene times, large offset border faults
accommodated the largest proportion of strain across the Ethio-
pian Rift. However, since Pliocene times, extension in the upper

crust has been accommodated by a combination of dikes and nor-
mal faults within the Main Ethiopian Rift (e.g., Keranen et al.,
2004; Keir et al., 2006b). The marked coincidence between nar-
row, seismically active (Keir et al., 2006b) Quaternary rift-axial
grabens containing aligned volcanic cones and fissural flows, and
mid- to upper-crustal zones of mafic intrusions suggests that the
locus of brittle failure in the upper crust is controlled by dike intru-
sion both within and beneath the seismogenic zone. The EAGLE
results therefore point toward a model of magma-assisted rifting
in Ethiopia, where magma intrusion throughout the lithosphere
dominates over mechanical stretching to accommodate extension
through localized axial diking (e.g., Buck, 2004, 2006).

The presence of magma in the crust beneath the regions of
Quaternary rift magmatism and the uplifted rift shoulders is indi-
cated not only by recent volcanism in the region (e.g., Rooney et
al., 2005, 2007), but also by high V /V ratios in the crust. This
has been observed both on the bulk crustal scale by analyses of
teleseismic receiver functions (e.g., Dugda et al., 2005; Stuart et
al., 2006), and also by shallower analysis of local seismicity data
(e.g., Daly et al., 2008). Magnetotelluric data are more sensitive
to the presence of melt than seismic methods. The high conduc-
tivity anomalies (Fig. 8C) beneath the rift axis in the upper ~2 km
and at 15-20 km depth provide the most compelling geophysical
evidence for the presence of partial melt in the crust beneath the
rift (e.g., Whaler and Hautot, 2006).

A recurring theme amongst many EAGLE studies is the
asymmetry of the Main Ethiopian Rift with respect to the under-
lying mantle low-velocity body (e.g., Bastow et al., 2008). Mack-
enzie et al. (2005), Maguire et al. (2006), Stuart et al. (2006),
and Cornwell et al. (2006) all have presented evidence for the
presence of a 15-km-thick high-velocity (Vp ~ 7.38 km/s),
dense (3170 kg/m?) lower-crustal layer, which they interpreted
to be underplated material emplaced at the time of continental
flood basalt eruption (ca. 45-30 Ma) and modified by subse-
quent Miocene-to-Holocene rifting in the Main Ethiopian Rift.
Recent analyses of earthquake data in Ethiopia also highlight the
absence of seismicity on the Somalian plate (SE) and its rela-
tive abundance on the Nubian plate (NW; Keir et al., 2009b). In
places, seismicity on the NW side of the Main Ethiopian Rift is
anomalously deep and most likely caused by ongoing magmatic
processes (Fig. 8). Alternatively, asymmetry in rift structure may
not be due to post—ca. 45 Ma magmatism, but rather may have
been caused by Paleozoic structural inheritance proposed to have
exerted a major control on the location of the Main Ethiopian Rift
(Bastow et al., 2008, Keranen and Klemperer, 2008; Keranen et
al., 2009; Agostini et al., 2009; Cornwell et al., 2010). However,
such a hypothesis is hard to test because of the paucity of base-
ment fabrics exposed in Ethiopia (e.g., Church, 1991).

Ethiopian Lithospheric Structure
Despite the abundance of geophysical information available

for Ethiopia’s upper mantle (Debayle et al., 2001; Bastow et al.,
2005, 2008; Benoit et al., 2006a, 2006b; Pasyanos and Nyblade,
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2007; Priestley et al., 2008) and the plethora of aforementioned
images of crustal structure, less is known about the deeper
lithospheric structure (45-75 km) because the data/methods
employed by EAGLE do not sample the range well. Teleseis-
mic tomography has insufficient crossing rays to resolve this
depth range, and it is toward the limits of the depth resolution of
the wide-angle seismic profiles and the magnetotelluric survey.
This depth range is important, however, because it constrains
the link between surface observations of Quaternary volcanism
and crustal magma intrusion and deeper sources of melt in the
upper mantle that likely link to the underlying African super-
plume structure. The mantle reflectors identified by Maguire et
al. (2006) beneath both controlled-source profiles (Fig. 10) were
also noted in earlier wide-angle studies in Ethiopia (Berckhemer
et al., 1975; Makris and Ginzburg, 1987) and further south in
Kenya (e.g., Maguire et al., 1994). Beneath Afar, the reflector
shallows by ~20 km, but it remains 10-25 km beneath the Moho
throughout the study area. Several causes of mantle reflectors in
the depth range 50-100 km depth are discussed by Levin and
Park (2000). Maguire et al. (2006), however, believe that the
reflector is a compositional or structural boundary within pre-
existing lithosphere, owing to the correlation of reflector depth
with the amount of lithospheric extension, rather than a phase
change or melt front.

SKS shear-wave splitting analyses by Kendall et al. (2005)
indicate that some parts of Ethiopia are amongst the most aniso-
tropic worldwide (&7 up to ~3 s; Fig. 7). A rotation of the fast
splitting direction (¢) within the Main Ethiopian Rift may mir-
ror a shift from N130°E-directed extension to N110°E-directed
extension at ca. 2 Ma, when crustal strain localized toward the
Wonji fault belt (Wolfenden et al., 2004). Alternatively, analog
modeling of deformation in Ethiopia (Corti, 2008, 2009) shows
that the same evolution in structural trends since the mid-Miocene
can be obtained by uniformly directed N110°E extension of the
lithosphere with early border fault structural trends controlled by
preexisting lithospheric structural inheritances buried beneath
Cenozoic flood basalts. Either way, the SKS results provide
compelling evidence to suggest that anisotropy is dominated by
rifting processes. It is difficult to discriminate among anisotropy
due to olivine lattice preferred orientation (LPO) associated with
mantle flow, fossil anisotropy in the lithosphere, and anisotropy
due to oriented melt pockets (OMP). Analyses of interstation
phase velocities for Love (LQ) and Rayleigh waves (L) in the
Main Ethiopian Rift can be used to distinguish between differ-
ent mechanisms of anisotropy (Fig. 5; e.g., Bastow et al., 2010).
These analyses in Ethiopia (Fig. 6) show that anisotropy in at least
the top ~45 km of the lithosphere beneath the Main Ethiopian
Rift is controlled by OMP-type anisotropy (e.g., Kendall et al.,
2005). Intriguingly, SKS delay times peak at ~9°N (not in Afar),
where lowest velocities are thought to exist beneath Ethiopia
(e.g., Bastow et al., 2008, 2010). Kendall et al. (2005) also noted
that 0t is higher at the rift flanks than beneath the rift axis. A fac-
tor consistent with this is the observed offset of lowest-velocity
zones in the upper mantle (Bastow et al., 2005, 2008). This offset

of low-velocity anomalies away from the center of the rift toward
the uplifted rift flanks (Fig. 4) indicates some linkage between the
fault-controlled strain and the development of the upper-mantle
along-axis segmentation (Bastow et al., 2008). Such observations
show that preexisting, as well as strain (rifting)-induced, base-
of-lithosphere topography may play an important role in melt
transport beneath the rift system (Bastow et al., 2005, 2008). If
the mantle organizes itself as it would beneath a fully developed
seafloor spreading center (e.g., Kuo and Forsyth, 1988; Phipps-
Morgan and Chen, 1993; Gregg et al., 2007; Wang et al., 2009),
with low velocities directly beneath Quaternary volcanic centers,
it is expected to do so further north into Afar (Fig. 1), where
the influence of the steep base-of-lithosphere topography of the
Miocene border faults is reduced as the rift progressively widens
(Bastow et al., 2008).

CONCLUSIONS AND FOCUS FOR
FUTURE RESEARCH

We have summarized a major geoscientific experiment
in East Africa: the Ethiopia Afar Geoscientific Lithospheric
Experiment, which probed crust and upper-mantle structure in
a region of incipient continental breakup. Seismic tomography
reveals some of the lowest-velocity mantle worldwide in a broad
(~500-km-wide) upwelling beneath the Main Ethiopian Rift and
uplifted Ethiopian Plateau. This anomalous body likely origi-
nated from Paleogene flood basaltic volcanism that presently
sits atop the Ethiopian Plateau. We now know that this source of
partial melt is playing an integral role in the breakup of the Afri-
can continent in Ethiopia. Controlled-source seismic profiles,
in conjunction with magnetotelluric, gravity, crustal seismic
analyses, and geological observations, show that extension in
the Main Ethiopian Rift is not accommodated by simple or pure
shear of the lithosphere, but by a magma-assisted rifting model
in which gabbroic intrusions (dikes and veins) achieve extension
without marked crustal thinning. The observations from Ethio-
pia join a growing body of evidence from continental rifts (e.g.,
Thybo and Nielsen, 2009) and passive margins (e.g., White et
al., 2008) that show that magma intrusion plays an important
role in accommodating extension during continental breakup. A
summary of the major findings and ideas we have discussed is
shown in Figure 13. EAGLE has addressed many of the fun-
damental first-order questions about the transition from con-
tinental rifting to incipient oceanic spreading, but many ques-
tions remain, and these questions will fuel future generations of
research in East Africa:

What are the causes of seismic heterogeneity in the mantle,
and how can images of broad mantle upwellings be reconciled
with geochemical models of mantle plumes (e.g., Ebinger and
Sleep, 1998; George et al., 1998; Pik et al., 1999, 2003; Rogers
et al., 2000; Rogers, 2006; Beccaluva et al., 2009; Ayalew and
Gibson, 2009)?

At what stage and by what mechanism in the breakup pro-
cess does the mantle organize itself into punctuated upwellings
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as is observed beneath a proto-seafloor spreading center (e.g.,
Bonatti, 1985; Wang et al., 2009)?

What is the composition and geometry, and over what time-
scales is melt delivered from the upper mantle to various depths
within the crust? How is strain partitioned between ductile
stretching, and magma injection in the lithosphere? These ques-
tions have fundamental implications for the thermal-mechanical
evolution of potential hydrocarbon passive margins and failed
rifts (e.g., Thybo et al., 2009).

Does fault growth along the rift axis occur primarily
during episodes of increased dike intrusion, such as is cur-
rently being observed in the subaerial Red Sea Rift in Afar
(e.g., Rowland et al., 2007; Grandin et al., 2009), or does the
majority of fault growth occur during amagmatic interdik-
ing periods? Discrimination between these two end-member
models has important implications for seismic hazard assess-
ment in Ethiopia, since a model of co-diking fault growth
implies that prediction of the repeat times of dike injections

is more important than an understanding of a fault-controlled
seismic cycle.
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ABSTRACT

A comprehensive petrological study carried out on Ethiopian mantle xenoliths
entrained in Neogene—Quaternary alkaline lavas overlying the continental flood
basalt area (Dedessa River—Wollega region, Injibara-Gojam region) and from the
southern Main Ethiopian Rift (Mega-Sidamo region) provides an ideal means to
investigate mantle evolution from plume to rift settings. Mantle xenoliths from the
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conditions in the range 1.3-0.9 GPa and 950-1050 °C. These xenoliths show flat chon-
drite (ch)-normalized bulk-rock rare earth element (REE) patterns, with only few
light (L) REE—enriched samples (La/Yb, up to 7) in the most refractory lithotypes.
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Clinopyroxene (cpx) REE patterns are mostly LREE depleted (La,/Yb_ down to 0.2)
or enriched (La,/Yby up to 4.4). Sr-Nd isotopes of clinopyroxene mainly show com-
positions approaching the depleted mantle (DM) end member (¥Sr/*Sr < 0.7030;
INd/"Nd > 0.5132), or less depleted values (¥Sr/%Sr = 0.7033-0.7034; *Nd/'*Nd =
0.5129-0.5128) displaced toward the enriched mantle components that character-
ize the Afar plume signature and the related Ethiopian Oligocene continental flood
basalts. The *He/*He (R ) values of olivines range from 6.6 to 8.9 R , overlapping typi-
cal depleted mantle values. These characteristics suggest that most xenoliths reflect
complex asthenosphere-lithosphere interactions due to refertilization processes by
mafic subalkaline melts that infiltrated and reacted with the pristine peridotite para-
geneses, ultimately leading to the formation of olivine-websterite domains. On the
other hand, mantle xenoliths from the southern Main Ethiopian Rift (Mega-Sidamo
region) consist of spinel lherzolite to harzburgites showing various degree of deforma-
tion and recrystallization, coupled with a wider range of P-T equilibrium conditions,
from 1.6 + 0.4 GPa and 1040 + 80 °C to 1.0 + 0.2 GPa and 930 + 80 °C. Bulk-rock
REE patterns show generally flat heavy (H) REEs, ranging from 0.1 chondritic values
in harzburgites up to twice chondritic abundances in fertile lherzolites, and are vari-
ably enriched in LREE, with La /Yb, up to 26 in the most refractory lithologies. The
constituent clinopyroxenes have flat HREE distributions and La /Yb, between 0.1
and 76, i.e., in general agreement with the respective bulk-rock chemistry. Clinopy-
roxenes from lherzolites have ¥’Sr/3Sr = 0.7022-0.7031, '“Nd/"*“Nd = 0.5130-0.5138,
and 2°Pb/?*Pb = 18.38-19.34, and clinopyroxenes from harzburgites have ¥Sr/3Sr =
0.7027-0.7033, “Nd/*Nd = 0.5128-0.5130, and **Pb/**Pb = 18.46-18.52. These
range between the DM and high-pu (HIMU) mantle end members. The helium isoto-
pic composition varies between 7.1 and 8.0 R , comparable to the xenoliths from the
plateau area. Regional comparison shows that HIMU-like alkali-silicate melt(s), vari-
ably carbonated, were among the most effective metasomatizing agent(s) in mantle
sections beneath the southern Main Ethiopian Rift, as well as along the Arabian rifted
continental margins and the whole East African Rift system.

The different types of metasomatic agents recorded in Ethiopian mantle xeno-
liths from the continental flood basalt area and the rift systems clearly reflect dis-
tinct tectonomagmatic settings, i.e., plume-related subalkaline magmatism and rift-
related alkaline volcanism, with the latter extending far beyond the influence of the
Afar plume.

INTRODUCTION

The long-standing debate concerning the role of mantle
plumes in Earth history has been mainly focused on geophysical
records, tectonomagmatic evolution of large igneous provinces,
and petrological and geochemical characteristics of hotspot mag-
mas (Ernst and Buchan, 2001; Foulger et al., 2005; Foulger and
Jurdy, 2007).

In this regard, one of the most significant large igneous prov-
inces is manifested in the Oligocene Ethiopian basaltic plateau,
the origin of which is commonly attributed to the activation of
the current Afar plume (Hofmann et al., 1997; Pik et al., 1999,
2006; Rogers et al., 2000; Davaille et al., 2005). Further support
for this genetic link has been provided by petrogenetic model-
ing of the northern Ethiopian continental flood basalts, which are
zonally arranged (corresponding to a parallel increase in magma
temperature) from low-titanium (LT) tholeiites to high- and very
high—titanium (HT1 and HT2, respectively) basalts and picrites

closer to the Afar triple point, the inferred axis of the plume (Bec-
caluva et al., 2009).

The subsequent tectonomagmatic evolution was charac-
terized by diachronous rifting phases accompanied by wide-
spread Neogene—Quaternary transitional to alkaline volca-
nism, both on the plateau area and along the Main Ethiopian
Rift (Corti, 2009). The degree to which this tectonomagmatic
record is reflected by the lithospheric mantle xenoliths remains
somewhat unclear, in spite of several studies from various
Ethiopian locations (Bedini et al., 1997; Conticelli et al., 1999;
Roger et al., 1997, 1999; Orlando et al., 2006; Ferrando et al.,
2008; Ayalew et al., 2009) in which authors have inferred the
pressure-temperature (P-T) equilibration conditions and meta-
somatic enrichments. Specifically, mantle xenoliths entrained
in Neogene—Quaternary alkaline volcanic rocks from different
tectonomagmatic settings (e.g., plateau vs. rift) may afford one
of the best ways to obtain direct records of the processes that
have affected the underlying mantle.
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In this paper, we present new major- and trace-element data
from both bulk rock and constituent minerals, as well as Sr, Nd,
Pb, and He isotopic analyses on separated phases from two local-
ities within the northern Ethiopia Plateau (sites of Injibara and
Dedessa River) and outside the plateau, along the southern part
of the Main Ethiopian Rift (site of Mega, Fig. 1). These data pro-

vide a means (1) to highlight their relationships with the plume-
related continental flood basalt magmatism; (2) to assess the pos-
sible compositional and textural differences between plume- and
rift-related mantle evolution; and (3) to assess the nature of the
mantle metasomatic agent(s), which characterize the distinct tec-
tonomagmatic phases.
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Figure 1. Sketch map of Oligocene continental flood basalts (CFBs) from the Northern Ethiopia—Yemen Province (modified after Bec-
caluva et al., 2009). Mantle xenolith location within (circled star) and outside (star) continental flood basalt area is reported. LT—low
titanium tholeiites; HT1—high titanium tholeiites; HT2—very high titanium transitional basalts and picrites.
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REGIONAL DISTRIBUTION OF ETHIOPIAN
MANTLE XENOLITHS

Mantle xenoliths included in Neogene—Quaternary alkaline
lavas from different Ethiopian locations provide direct informa-
tion on the subcontinental mantle sections across a longitudinal
distance of ~1000 km (Fig. 1). Some locations are within the
Northern Ethiopian Plateau (Injibara in the Gojam region and
Simien Mountains) or close to its southwestern border (Dedessa
River, Wollega region) and therefore may record interaction with
Oligocene continental flood basalt magmatism and its causative
mantle plume, which produced arching without significant thin-
ning of the lithosphere (Bastow et al., this volume). Accordingly,
geophysical data indicate under the plateau area a Moho depth
of ~40 km and a total lithosphere thickness of ~100 km. Other
xenolith occurrences far from the plateau (such as Mega, in the
Sidamo region) are located close to the southernmost part of the
Ethiopian Rift and therefore may show evidence of the subse-
quent lithospheric thinning and rift-related geodynamic evolu-
tion. Here, geophysical data suggest a crustal thickness of ~30 km
and an attenuation of the elastic lithospheric mantle down 20 km
(Bastow et al., this volume; Corti, 2009).

Mantle Xenoliths from the Plateau Area

Abundant mantle xenoliths (up to 10 cm across) included
in Quaternary alkaline lavas erupted in the Northern Ethiopian
Plateau area have been recorded mainly at Injibara (Gojam) and
west of Nekemte along the Dedessa River (Wollega). They are
mostly represented by medium-grained spinel (sp)-lherzolites,
spinel-harzburgites, and spinel-olivine websterites. Similar but
smaller-sized spinel-lherzolite xenoliths have been reported from
a single alkali-basalt Miocene flow in the Simien Mountains
(Roger et al., 1997, 1999; Ayalew et al., 2009).

The prevailing peridotite texture is protogranular, only rarely
fading into transitional or porphyroclastic patches (Fig. 2A).
Olivine and orthopyroxene (with scarce thin exsolution lamellae)
are coarse grained (up to 3—4 mm across) with curvilinear bound-
aries; smaller clinopyroxene (cpx) and lobate brown spinel are
generally interstitial, sometimes surrounded by reaction rims and
patches. Olivine-websterites are sometimes present as centime-
ter-sized bands in composite xenoliths (GOJ32) or in individual
samples showing coarse- to medium-grained textures. They are
characterized by large undeformed orthopyroxene (opx) crystals
locally including olivine (ol) and clinopyroxene relics, with inter-
stitial smaller clinopyroxene and lobate spinel. Rare amphibole
crystals are also present (GOJ12).

The same rock types and constituent minerals, including
amphibole, have been reported for Injibara (Gojam) xenoliths by
Conticelli et al. (1999) and Ferrando et al. (2008).

Microprobe analyses of the main mineral phases are
reported in Table 1A (Injibara) and Table 1B (Dedessa). Olivine
is forsteritic in composition (Fo, .—Fo,, , in lherzolites and Fo

884 899 88.7
Fo, , in harzburgites). Lower Fo contents are present in some

clinopyroxene-poor lherzolites from Injibara (as low as ~Fo,  in
GOIJ19). In olivine websterites, forsterite content (down to Fo, )
is lower than common mantle olivine composition, suggesting
peridotite-melt interactions.

Orthopyroxene composition is Eng . o
and Eng, . . in harzburgites, whereas it is En
ine websterites.

Clinopyroxene in peridotites is generally diopsidic in
composition, with Wo,, —Wo, ., En,, ~En  , Fs, -Fs . and
Mg#0.88-0.92, Cr# 0.04-0.25, Na,O 1.2-2.2 wt%, and TiO, 0.03~
1.0 wt%. Clinopyroxene of olivine websterites tends toward salitic
composition with Wo,,_ ... En .. Fs ... Mg# 0.83-0.90,
Cr#0.04-0.07, Na,O 1.34-1.90 wt%, and TiO, 0.27-0.84 wt%.

Spinel composition is Mg# 0.71-0.80 and Cr# 0.07-0.13 in
lherzolites and Mg# 0.67-0.76 and Cr# 0.09-0.45 in harzburg-
ites, whereas in olivine websterites, Mg# varies from 0.75 to 0.79
and Cr# varies from 0.07 to 0.09.

Application of the geothermobarometer of Brey and Kohler
(1990) and Kohler and Brey (1990) using the composition of
large equilibrated crystals from the samples least affected by
secondary textures gives nominal equilibration temperatures and
pressures in the range of 930-1050 °C and 9-12.5 kbar.

Bulk-rock major- and trace-element distributions of repre-
sentative samples of Ethiopian xenoliths are reported in Table 2A
(Injibara), Table 2B (Dedessa), and Figure 3, where elements
classically considered indicators of mantle depletion by melt
extraction, such as CaO, Al O,, and TiO,, decrease with increas-
ing MgO and Ni in the most refractory parageneses.

Most xenoliths from Injibara (Gojam) are fertile lherzo-
lites (up to 19% modal clinopyroxene), whereas xenoliths from
Dedessa River (Wollega) vary in composition from lherzolites to
harzburgites, approaching the theoretical mantle partial melting
trends defined by Niu (1997).

Olivine websterite xenoliths from both sites plot outside the
partial melting trends and are characterized by comparatively
lower MgO and higher SiO,, modally reflected in a remark-
able increase of orthopyroxene (mostly between 50% and 75%).
This suggests that these mantle portions were refertilized by

in lherzolites

81.4-83.8 111 oliv-

»
>

Figure 2. (A) Photomicrographs of mantle xenoliths from North-
ern Ethiopian Plateau area (Injibara and Dedessa River): typical
four-phase protogranular texture widespread in lherzolites (1), pyro-
metamorphic reaction patches around spinel in harzburgite (2), and
olivine-websterites characterized by crystallization of orthopyroxene
replacing and growing on olivine (3 and 4). The modal composition in
terms of ol-opx-cpx is also reported. (B) Photomicrographs of mantle
xenoliths from the Main Ethiopian Rift (Mega): porphyroclastic tex-
tures with large kinked olivine and orthopyroxene crystals associated
with undeformed smaller neoblasts (1), pyrometamorphic textures
observed in the most refractory lithologies as reaction rims around
spinel and pyroxenes (2), metasomatic veinlets containing green
clinopyroxene (3), and reaction patches including feldspar microlites
and glass (4). The modal composition in terms of ol-opx-cpx is also
reported. Abbreviations: Ol—olivine, Opx—orthopyroxene, Cpx—
clinopyroxene, Sp—spinel.
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TABLE 1A. MICROPROBE MINERAL ANALYSES OF REPRESENTATIVE MANTLE XENOLITHS FROM INJIBARA

Sample: Lh GOJ 10 Lh GOJ 16

Mineral: Ol Opx Cpx Sp Ol Opx Cpx Sp
Avg. no. 2 10 4 2 4 8 10 10
analyses

SiO, 41.26 55.88 52.58 0.06 41.47 56.04 52.61 0.39
TiO, 0.01 0.17 0.65 0.13 0.01 0.13 0.65 0.12
ALO, 0.01 4.14 6.95 58.42 0.01 3.99 6.63 58.47
FeO,, 10.01 6.19 2.76 10.84 9.89 6.63 2.81 10.82
MnO 0.15 0.15 0.09 0.09 0.16 0.17 0.07 0.11
MgO 48.23 31.02 14.31 20.65 47.39 32.47 14.52 20.53
Ca0O 0.05 2.53 20.23 0.01 0.05 0.57 20.21 0.01
Na,O 0.01 0.27 2.04 0.05 0.02 0.14 1.79 0.02
K,O 0.02 0.01 0.01 0.03 0.02 0.01 0.02 0.01
Cr,0, 0.01 0.31 0.79 8.18 0.03 0.25 0.69 8.47
NiO 0.37 0.07 0.05 0.35 0.35 0.10 0.06 0.37
Sum 100.13 100.73 100.41 98.44 99.41 100.51 99.99 98.95
Mg# 0.89 0.90 0.90 0.77 0.90 0.90 0.90 0.77
Cri# 0.07 0.09 0.06 0.09
Sample: Cpx-poor Lh GOJ 4 Cpx-poor Lh GOJ 19

Mineral: Ol Opx Cpx Sp Ol Opx Cpx

Avg. no. 5 6 6 5 4 5 7

analyses

Sio, 41.23 56.07 52.38 0.09 41.05 55.97 52.13

TiO, 0.00 0.17 0.91 0.26 0.02 0.20 0.84

ALO, 0.00 3.89 6.38 54.83 0.00 3.81 6.06

FeO,, 12.18 7.70 3.40 13.39 12.61 7.69 3.40

MnO 0.13 0.15 0.10 0.12 0.19 0.17 0.12

MgO 46.80 31.87 14.59 18.86 46.95 31.99 15.06

Ca0O 0.05 0.64 20.70 0.00 0.06 0.63 20.74

Na,O 0.03 0.06 1.46 0.01 0.00 0.06 1.36

K,O 0.01 0.00 0.01 0.00 0.01 0.00 0.01

Cr,0, 0.01 0.34 0.79 11.99 0.02 0.35 0.80

NiO 0.34 0.10 0.08 0.36 0.38 0.07 0.02

Sum 100.80 100.99 100.72 99.55 101.31 100.93 100.51

Mg# 0.87 0.88 0.88 0.72 0.87 0.88 0.89

Cri# 0.08 0.13 0.08

Sample: Hz GOJ 33 OIWb GOJ 31C

Mineral: Ol Opx Cpx Sp Ol Opx Cpx Sp
Avg. no. 3 5 8 4 2 4 7 3
analyses

Sio, 41.89 57.71 54.46 0.08 41.24 54.97 51.85 0.42
TiO, 0.01 0.03 0.07 0.09 0.03 0.20 0.80 0.46
ALO, 0.03 2.18 2.88 31.61 0.09 4.40 6.55 59.66
FeO,, 8.83 5.43 2.32 13.97 14.77 10.33 4.63 10.57
MnO 0.14 0.12 0.05 0.00 0.25 0.22 0.11 0.00
MgO 49.64 34.00 16.80 16.58 44.48 29.82 14.27 21.70
Ca0O 0.06 0.63 22.24 0.01 0.19 0.79 19.98 0.00
Na,0 0.03 0.06 0.88 0.01 0.00 0.08 1.45 0.01
K,O 0.01 0.01 0.01 0.00 0.01 0.02 0.01 0.01
Cr,0, 0.04 0.48 1.09 38.33 0.06 0.30 0.67 6.97
NiO 0.39 0.13 0.05 0.18 0.17 0.10 0.05 0.50
Sum 101.06 100.78 100.68 100.68 101.31 101.24 100.32 99.81
Mg# 0.91 0.92 0.93 0.68 0.84 0.84 0.85 0.79
Cri# 0.20 0.45 0.06 0.07

Note: Lh—lherzolite, Hz—harzburgite, OlWb—olivine-websterite, Ol—olivine, Opx—orthopyroxene, Cpx—clinopyroxene, Sp—spinel,
Mg#—Mg/(Mg + Fe*) a.p.f.u., Cr#—Cr/(Cr + Al) a.p.f.u., avg. no. anal.—number of averaged analyses.
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Sample: Lh WOL 49 Lh WOL 8

Mineral: Ol Opx Cpx Sp Ol Opx Cpx

Avg. no. 5 4 2 2 2 2 3

analyses

SiO, 41.54 55.65 52.20 0.16 41.04 55.11 51.39

TiO, 0.01 0.15 0.61 0.19 0.05 0.17 0.63

ALO, 0.02 5.06 6.96 57.65 0.03 4.92 5.91

FeO,, 10.51 6.99 3.65 12.52 11.45 7.28 3.50

MnO 0.16 0.16 0.09 0.00 0.18 0.14 0.11

MgO 48.01 32.24 15.23 20.69 46.75 31.49 15.14

Ca0O 0.08 0.81 19.82 0.00 0.17 0.76 21.52

Na,O 0.02 0.11 1.47 0.01 0.06 0.15 0.84

K,O 0.01 0.01 0.02 0.00 0.01 0.01 0.02

Cr,0, 0.01 0.37 0.63 8.55 0.04 0.17 0.68

NiO 0.35 0.09 0.04 0.42 0.30 0.05 0.09

Sum 100.72 101.64 100.71 99.77 100.08 100.26 99.74

Mg# 0.89 0.89 0.88 0.75 0.88 0.89 0.88

Cri# 0.06 0.09 0.07

Sample: Cpx-poor Lh WOL 34 Cpx-poor Lh WOL 2

Mineral: Ol Opx Cpx Sp Ol Opx Cpx

Avg. no. 2 2 2 2 4 3 4

analyses

SiO, 41.75 57.05 54.10 0.03 41.68 56.89 53.57

TiO, 0.01 0.13 0.24 0.07 0.01 0.05 0.07

ALO, 0.00 3.01 3.81 57.27 0.01 2.46 3.51

FeO,, 9.91 5.99 3.32 9.69 8.72 5.59 2.67

MnO 0.12 0.13 0.10 0.14 0.13 0.09 0.09

MgO 48.92 33.45 16.79 21.07 48.91 33.40 16.42

CaO 0.07 0.99 20.23 0.01 0.11 0.98 20.26

Na,O 0.01 0.07 1.29 0.00 0.06 0.09 1.23

K,O 0.02 0.01 0.01 0.01 0.03 0.04 0.00

Cr,0, 0.03 0.59 1.06 11.05 0.05 0.74 1.66

NiO 0.37 0.17 0.03 0.34 0.38 0.04 0.04

Sum 101.21 101.59 100.96 99.33 100.08 100.37 99.48

Mg# 0.90 0.91 0.90 0.79 0.91 0.91 0.92

Cri# 0.16 0.11 0.24

Sample: Hz WOL 7 OIwb WOL 26

Mineral: Ol Opx Cpx Sp Ol Opx Cpx Sp
Avg. no. 3 5 2 3 3 3 5 2
analyses

SiO, 41.32 56.02 52.39 0.16 41.60 55.87 52.42 0.14
TiO, 0.01 0.14 0.65 0.18 0.01 0.15 0.63 0.15
ALO, 0.02 4.52 7.03 58.45 0.01 4.32 6.54 57.65
FeO,, 10.64 6.68 3.18 12.15 10.31 6.76 3.30 12.48
MnO 0.17 0.14 0.06 0.00 0.19 0.14 0.07 0.00
MgO 47.86 32.28 14.72 20.48 48.60 32.76 15.04 20.49
Ca0O 0.09 0.68 20.00 0.01 0.05 0.70 20.40 0.00
Na,O 0.01 0.10 1.78 0.00 0.01 0.09 1.49 0.00
K,O 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01
Cr,0, 0.02 0.29 0.73 8.50 0.04 0.30 0.70 8.68
NiO 0.38 0.09 0.04 0.35 0.37 0.11 0.05 0.37
Sum 100.53 100.95 100.56 99.94 101.20 101.21 100.63 99.60
Mg# 0.89 0.90 0.89 0.75 0.89 0.90 0.89 0.75
Cri# 0.07 0.09 0.07 0.09
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Peridotite xenoliths from Ethiopia
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Figure 3. Variation diagrams of SiO,, Al,O,, TiO,, FeO, Ca0, and Ni versus MgO (wt%) of mantle xenoliths from Ethiopia. The field of
olivine-websterites (dashed line) and representative LT (low titanium tholeiites) and HT1 (high titanium tholeiites) continental flood ba-
salts (CFBs; open and filled squares, respectively) are reported. Batch and fractional melting trends from a fertile lherzolite source (filled
circle) are also reported after Niu (1997). Abbreviations: Lh—Ilherzolite; Hz—harzburgite; Ol—olivine; Wb—websterite.
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subalkaline melts that converted olivine into orthopyroxene, con-
sistent with the petrographical features and mineral compositional
variations observed in olivine websterites. These melts could be,
in principle, similar to the Oligocene continental flood basalt
tholeiites (Pik et al., 1999; Beccaluva et al., 2009), reported for
comparison in Figure 3, where olivine websterites may be con-
sidered reaction products, being intermediate basalts and perido-
tites. Moreover, the location of these mantle xenoliths close to the
boundary between LT and HT1 volcanics of the Northern Ethio-
pian Plateau is compatible with the possible mantle refertilization
by both types of lavas during their ascent to the surface.

Figure 4A reports bulk-rock chondrite (Ch)-normalized rare
earth element (REE) patterns from Injibara and Dedessa River
mantle xenoliths. Lherzolites display heavy (H) REE varying
from ~3 to 1.5 x Ch. In particular, clinopyroxene-rich lherzolites
(clinopyroxene modes between 15% and 19%) show nearly flat
patterns with slight light (L) REE depletion (La /Yb_ down to
0.2); clinopyroxene-poor lherzolites (clinopyroxene 6%-8%)
from Injibara are characterized by spoon-shaped, downward-
convex patterns (La /Yb, ~ 0.4), whereas at Dedessa River, they
are LREE enriched (La /Yb, up to 6); harzburgites show a contin-
uous middle (M) REE to LREE enrichment with La /Yb_ up to 6.

Major- and trace-element analyses of representative clinopy-
roxenes from Injibara and Dedessa mantle xenoliths are reported
in Table 3A. Ch-normalized REE patterns of clinopyroxenes
from clinopyroxene-rich lherzolites display HREE patterns
around or slightly higher than ten times those of the chondritic
model, and a constant LREE depletion (La,/Yb, down to 0.2).
Cpx in clinopyroxene-poor lherzolites show REE patterns either
slightly depleted (La/Yb down to 0.3 and Tb/Yb up to 1.6)
or enriched in LREE, consistent with the respective whole-rock
patterns. Clinopyroxene in a single sample from Dedessa River
(WOL2) represents a peculiar composition, showing an upward-
convex LREE pattern with La /Yb, up to 10. This is significantly
different from other clinopyroxenes patterns and resembles those
of clinopyroxene phenocrysts from alkaline magmas (Jeffries et
al., 1995). Olivine-websterite clinopyroxenes are characterized
by a generally flat pattern in M-HREEs, with a significant enrich-
ment in La and Ce in some samples (GOJ31C and GOJ37B),
in agreement with their bulk-rock REE distribution. Primitive
mantle (PM)-normalized trace-element distributions of clinopy-
roxene (Fig. 5A) show a positive correlation between the most
incompatible elements, such as Rb, Th, U, and LREE, coupled
with the usual negative anomalies in Nb-Ta and Ba. On the other
hand, clinopyroxene of sample WOL2 shows a remarkably
enriched pattern, in addition to Ti-Zr negative anomalies, more
typical of alkaline pyroxene.

Sr-Nd isotopes measured on clinopyroxene separates dis-
play different compositions depending on lithologies (Table 4;
Fig. 6). Lherzolites are similar to depleted mantle, whereas
clinopyroxene-poor lherzolites and harzburgites are variably
displaced toward the composition of the northern Ethiopian
continental flood basalt; olivine websterites plot within the
continental flood basalt field. This suggests that the pristine

(depleted) lithospheric mantle beneath the plateau area was
increasingly enriched from lherzolites to clinopyroxene-poor
lherzolites/harzburgites and olivine websterites by melts similar
in elemental and isotopic composition to tholeiitic continental
flood basalt magmas that gradually modified mode and mineral
composition of the peridotite matrix, ultimately leading to the
olivine websterite parageneses.

Clinopyroxene from the clinopyroxene-poor lherzolite
WOL2 has ¥Sr/*Sr = 0.70332 and '*Nd/"**Nd = 0.51283, i.e.,
it is significantly more enriched than the other mantle xenoliths
of the same population, possibly reflecting metasomatic agents
characterized by a different isotopic signature.

The °He/*He ratio of olivines ranges from 6.6 to 8.9 R,
(Table 5). These values overlap the range typical of depleted
mantle and show no clear signal of the high-*He component that
characterizes both the Northern Ethiopian Plateau continental
flood basalts and the subsequent alkaline volcanic cycles (Pik et
al., 2006). However, they are slightly higher than *He/*He ratios
in African subcontinental mantle xenoliths from the Saharan belt
(Beccaluva et al., 2007, 2008).

Mantle Xenoliths from Mega, Southern Ethiopian Rift

Abundant mantle xenoliths (up to 20 cm across) are found in
Mega (Sidamo region, southern Ethiopia) Pliocene—Quaternary
alkaline lavas, ~600 km south of the plateau, at the eastern bor-
der of the Main Ethiopian Rift where it crosses the Mesozoic—
Paleogene structure of the Anza graben.

Xenoliths vary in composition from spinel-lherzolite to
spinel-harzburgite. They show a wide spectrum of textures tes-
tifying to variably intense deformation events (Fig. 2B). Pure
protogranular textures are rare; more common textures are tran-
sitional to porphyroclastic, which are characterized by strongly
kinked large olivine and orthopyroxene crystals with unmixing
lamellae, associated with undeformed smaller neoblasts mainly
represented by clinopyroxene. Typical porphyroclastic textures
are well represented and show more intense deformation in oliv-
ine and orthopyroxene, in turn fading in recrystallized domains
where the largest porphyroclasts do not exhibit deformation
and unmixing lamellae and show frequent 120° triple boundar-
ies. Undeformed clinopyroxene neoblasts become progressively
larger. This appears to delineate a rheological evolution of the
mantle section with time, implying (1) upwelling and deforma-
tion of mantle material, (2) exsolution lamellae in pyroxenes, and
(3) partial recrystallization under static conditions.

Evidence for modal metasomatism, though not abundant, is
present, particularly in the most refractory lithologies, such as
harzburgites or clinopyroxene-poor lherzolites. They consist of
spongy borders in clinopyroxene, dark rims in spinel often sur-
rounded by microcrystalline zones of olivine and clinopyroxene,
as well as microgranular patches made up of olivine, dark spinel,
Clinopyroxene, and yellowish glass including feldspar micro-
lites. Clinopyroxene/spinel veinlets are also sometimes present
in harzburgites (Fig. 2B).
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Figure 4. Chondrite (Ch)-normalized whole-rock rare earth element (REE) + Y distribution of mantle xenoliths from (A) Northern Ethio-

pian Plateau area (Injibara and Dedessa River) and (B) from the Main Ethiopian Rift (Mega). Normalizing factors are after McDonough
and Sun (1995).
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Microprobe data on the mineral phases show slight com-
positional differences between lherzolites and harzburgites
(Table 1C). Olivine varies in composition between Fo i

. 88.4-91.8 m
lherzolites and Fo,, .

in harzburgites. Orthopyroxene compo-
sition varies in the ranges Eny ,, in lherzolites and En,, , .
in harzburgites. Clinopyroxenes are rather homogeneous in both

lherzolites and harzburgites, showing the following composi-
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tional variations: Wo,,, ... En . o . Fs. .. Mg# 091-0.93,
Cr# 0.07-0.29, Na,0 0.81-2.66 wt%, and TiO, 0.04-0.62 wt%.
Spinel composition in both lherzolites and harzburgites shows
Mg# ranging from 0.64 to 0.79 and Cr# from 0.11 to 0.60.
Application of the geothermobarometer of Brey and Kohler
(1990) and Kohler and Brey (1990) gives nominal P-T esti-

mates spanning over a wide range that can be subdivided in two
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Figure 5 (Continued on following page). Chondrite (Ch)-normalized rare earth element (REE) + Y and primitive mantle
(PM)-normalized incompatible element distribution of clinopyroxene from (A) Northern Ethiopian Plateau area (Injibara
and Dedessa River) and (B) Main Ethiopian Rift (Mega) mantle xenoliths. Normalizing factors are after McDonough and
Sun (1995) and Sun and McDonough (1989), respectively. Cpx—clinopyroxene.
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clusters, 930 £ 80 °C at 1.0 £ 0.2 GPa and 1040 £ 80 °C at 1.6 %
0.4 GPa, irrespective of the mantle lithology. This suggests that
the mantle section beneath Mega has been subjected to upwell-
ing and decompression processes during rift development still
recorded by the higher P-T conditions in some xenoliths.

Mega xenoliths show a continuous bulk-rock depletion trend
(Table 2C; Fig. 3) that is reflected in a decrease of the most fus-
ible elements in parallel with clinopyroxene diminution from fer-
tile lherzolites (16%—18% modal clinopyroxene) to harzburgites
(modal clinopyroxene down to 3%).

Accordingly, the whole-rock REE distribution shows flat
chondrite-normalized HREE patterns, decreasing from 2.2 chon-
dritic abundances in the lherzolites to 0.1 chondritic abundances
in the harzburgites. This is compatible with a progressive deple-
tion of mantle material by extraction of basic melts (Fig. 4B).
On the other hand, LREE/Ch patterns show variable enrichments
that are best explained by metasomatism, with La /Yb varying
from 0.1 to 26, and the highest ratios recorded in harzburgites.
Clinopyroxenes show a REE distribution generally parallel to
those of the respective bulk rock, with La /Yb, ranging from 0.1
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Figure 5 (Continued).




TABLE 4. Sr-Nd-Pb ISOTOPIC COMPOSITION OF CLINOPYROXENES FROM ETHIOPIAN MANTLE XENOLITHS

Sample Rock type Analyzed 'Sr/*Sr "Nd/*“Nd *°Pb/**Pb “"Pb/**Pb **Pb/**Pb
fraction

Mega (Sidamo)
MA 10 Lh Cpx 0.70262 0.51379 19.04 15.63 38.69
MA 15 Lh Cpx 0.70240 0.51327 19.34 15.58 38.89
MA 27 Lh Cpx 0.70220 0.51322 19.26 15.62 38.96
MA 67 Lh Cpx 0.70301 - - - -
MA 8 Cpx-poor Lh Cpx 0.70290 0.51330 - - -
MA 35 Cpx-poor Lh Cpx 0.70311 0.51366 19.02 15.59 38.65
MA 38 Cpx-poor Lh Cpx 0.70270 0.51338 - - -
MA 40 Cpx-poor Lh Cpx 0.70256 0.51301 18.51 15.53 38.09
MA 19 Cpx-poor Lh Cpx 0.70276 0.51304 18.38 15.21 37.58
MA 11 Hz Cpx 0.70326 0.51274 18.46 15.67 38.42
MA 24 Hz Cpx - 0.51278 - - -
MA 26 Hz Cpx 0.70305 0.51291 - - -
MA 29 Hz Cpx 0.70454 0.51219 - - -
MA 42 Hz Cpx 0.70268 0.51305 - - -
MA 47 Hz Cpx 0.70304 0.51289 - - -
MA 48 Hz Cpx 0.70297 0.51297 18.52 15.58 38.33
MA 68 Hz Cpx 0.70305 0.51298 - - -

Injibara (Gojam)
GOJ16 Lh Cpx 0.702414 0.513302 - - -
GOJ26 Lh Cpx 0.702712 0.513259 - - -
GOJ31B Lh Cpx 0.702953 - - - -
GOJ4 Cpx-poor Lh Cpx 0.702840 0.513238 - - -
GOJ19 Cpx-poor Lh Cpx 0.702895 0.513266 - - -
GOJ33 Hz Cpx 0.703536 - - - -
GOJ31C Olwb Cpx 0.703302 0.512895 - - -
GOJ37B OIWb Cpx 0.703370 0.512912 - - -

Dedessa (Wollega)
WOL2 Cpx-poor Lh Cpx 0.703320 0.512827 - - -

Note: Lh—lherzolite, Hz—harzburgite, OlWb—olivine-websterite, Cpx—clinopyroxene.

O Lh
0.5135 ) Mantle xenoliths O Cpx-poor Lh } Injibara-Dedessa
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\ * Assab mantle o Injibara (Rogeretal, 1999)
\ xenoliths Ethiopian CFBs
05131 h /(31'29 Ma) A Lh
Cpx-poor Lh  ; Mega

S 0.5129
3 T ] A Hz
o HIMU \
g 051 2? Saudi Arabia (Henjes-Kunst et al., 1990)
g / — * mantle xenoliths (Blusztajn et al., 1995)

0.5125 Mega mantle > — - I:::ji’t‘hr:am'e (Baker etal., 1998)

xenoliths
EM I o Zaparg?d (Brueckner et al., 1988)
0.5123 - Southern Ethiopia Basalts I:] peridotite
(45-35 Ma)
0.5121 (19-11 Ma)
0.5119 —
0.7020 0.7030 0.7040 0.7050 C.7060
¥Sr/**sr

Figure 6. Sr-Nd isotopic composition of clinopyroxene from Ethiopian mantle xenoliths (this work; Roger et al., 1999). Isotopic
composition of Zabargad peridotite (Brueckner et al., 1988) and mantle xenoliths from Saudi Arabia (Henjes-Kunst et al., 1990;
Blusztajn et al., 1995), Yemen (Baker et al., 1998), and Assab (Teklay et al., 2010) are reported for comparison. Compositional fields
of Ethiopian continental flood basalts (CFBs; Pik et al., 1999), southern Ethiopian basalts (after George and Rogers, 2002; Stewart and
Rogers, 1996) are also reported. Depleted mantle (DM), high-p (HIMU), enriched mantle (EM I and EM II) mantle end members are
after Zindler and Hart (1986). Abbreviations: Lh—Tlherzolite; Cpx—Clinopyroxene; Ol—olivine; Wb—websterite; Hz—harzburgite.
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TABLE 5. °He/'He COMPOSITION OF OLIVINES FROM ETHIOPIAN
MANTLE XENOLITHS RELEASED BY IN VACUO CRUSHING

Sample Rock type Mineral °*He/'He (R/R,)
Mega (Sidamo)
MA 15 Lh Ol 7.7+03
MA 35 Cpx-poor Lh Ol 7.8+0.5
MA 38 Cpx-poor Lh Ol 8.0+0.8
MA 40 Cpx-poor Lh Ol 71+0.1
MA 11 Hz Ol 74+03
MA 24 Hz Ol 74+02
MA 26 Hz Ol 7.2+0.1
MA 68 Hz Ol 7.3+0.1
Injibara (Gojam)
GOJ31B Lh Ol 6.9+1.0
GOJ 16 Lh Ol 8.6+1.7
GOJ 19 Cpx-poor Lh Ol 89+1.6
GOJ4 Cpx-poor Lh Ol 7.3+04
GOJ31C OIlwWb Ol 75+05
GOJ37B OIWb (0] 7.8+0.4
Dedessa (Wollega)
WOL2 Hz Ol 6.6 +0.8

Note: Measured ratios (R) are normalized to the atmospheric ratio
(R,; 1.384 x 10™°). Uncertainties in *He/*He are 16. Lh—Iherzolite,
Hz—harzburgite, OlWb—olivine-websterite, Cpx—Clinopyroxene;
Ol—olivine.

to 76 (Fig. 5B; Table 3B). Analogous bulk-rock and clinopyrox-
ene REE patterns have been reported by Bedini et al. (1997).

Some clinopyroxenes occurring in small veinlets in the harz-
burgitic sample MA26 are characterized by positively fractionated
MREE/HREE and an upward-convex LREE pattern, resembling
magmatic pyroxenes from alkaline magmas (Jeffries et al., 1995).

Sample MA35 shows a peculiar V-shaped pattern in both
bulk rock and clinopyroxene. The relative depletions in MREEs
and HREE:s can be attributed to a prior phase of depletion by melt
extraction, whereas the marked LREE enrichment (La /Eu =
14) has to be related to a subsequent interaction with an alkaline
metasomatic agent.

The observed petrographical, mineralogical, and geochemi-
cal features suggest that the Mega mantle section underwent
percolation of alkali silicate metasomatic agents that reacted
with the pristine paragenesis. These processes were most effec-
tive in harzburgites, where crystallization of clinopyroxene by
this interaction leads to nearly magmatic REE compositions
(Bianchini et al., 2007).

The Sr and Nd isotopic compositions of clinopyroxene sep-
arated from most of the Mega peridotite xenoliths have ranges
of ¥S1/%Sr = 0.70220-0.70311, "*Nd/'"*Nd = 0.51301-0.51379
for lherzolites, and ¥’Sr/*Sr = 0.70268-0.70326, *Nd/'“Nd =
0.51274-0.51305 for harzburgites (Table 4). Noticeably, a sin-
gle sample (MA29) displaying *’Sr/*¢Sr 0.70454 and '*Nd/"*“Nd
0.51219 demonstrates markedly more enrichment than the
other samples.

As shown in Figure 6, the Sr-Nd isotope distribution mainly
covers the compositional spectrum between the depleted mantle
and the HIMU mantle end members, the latter of which repre-
sents the dominant component in the metasomatizing agents.

These agents affected preferentially the clinopyroxene-poor
lherzolite/harzburgite mantle portions, confirming the higher per-
meability of the most refractory matrix to metasomatic agents
(Toramaru and Fujii, 1986).

The anomalously high "*Nd/"*Nd ratio (>0.5136) of sam-
ples MA35 and MA10 may reflect ancient melt extraction in the
presence of residual garnet, leading to Sm/Nd fractionation simi-
lar to that observed in other mantle xenolith suites (Downes et al.,
2003; Bianchini et al., 2007).

Pb isotopes for both lherzolites and harzburgites (Table 4)
display the following compositional range: **Pb/**Pb = 18.38—
19.34, *"Pb/**Pb = 15.21-15.67, and **Pb/**Pb = 37.58-38.96.
As observed in Figure 7, the Mega mantle xenoliths plot between
depleted mantle and HIMU, thus confirming that this latter is the
predominant isotopic signature of the metasomatizing agents.

It should be noted that the most elevated **Pb/**Pb ratios
have been recorded in some lherzolites that are only slightly
affected by metasomatism as indicated by Sr-Nd isotopes and
incompatible element patterns. As suggested by Beccaluva et
al. (2008) for Gharyan (Libya) mantle xenoliths, this appar-
ent incongruence may be attributed to the different behavior of
Sm-Nd with respect to U-Th-Pb system due to the comparatively
higher mobility of Pb, which is more sensitive to incipient meta-
somatic processes.

The helium isotopic composition varies between 7.1 and
8 R irrespective of the xenolith mode, overlapping the range that
characterizes the xenoliths from the plateau area discussed previ-
ously (Table 5).

DISCUSSION AND CONCLUSIONS

The petrological and geochemical data on both bulk-rock
and constituent minerals presented here, taken together, indicate
that mantle xenolith populations from the plateau area (Injibara
and Dedessa) and those from the Main Ethiopian Rift (Mega)
experienced similar pre-Paleozoic depletion events (Reisberg et
al., 2004) but were subsequently subjected to distinctive defor-
mation and metasomatic/refertilization processes.

Mantle xenolith populations from both the plateau area and
the rift delineate a common depletion trend from highly fertile
clinopyroxene-rich spinel-lherzolites to clinopyroxene-poor
spinel-lherzolites up to spinel-harzburgites. Thermobarometric
estimates suggest that these mantle materials underwent reequili-
bration within the spinel-peridotite stability field (9-19 kbar;
Green and Falloon, 2005) before their transport to the surface by
Neogene—Quaternary alkaline magmas.

The pressure-temperature history prior to the eruption is
more complicated. Lithospheric sections beneath the plateau
show only limited evidence of rheological deformation (compat-
ible with a long residence under relatively stable P-T conditions),
whereas mantle domains underlying the Main Ethiopian Rift dis-
play an intense deformation history implying multistage uprising
of mantle material, with partial reequilibration at shallower litho-
spheric levels, during the rift development (Kendall et al., 2006).
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Petrographical and geochemical evidence can also be used to
provide insight into the metasomatic processes in mantle xenolith
populations. Beneath the plateau area, these processes induced
mineralogical, elemental, and isotopic variations in the pristine
parageneses, lowering the Mg# of the mineral phases, causing
orthopyroxene neocrystallization (at expense of olivine), and
ultimately leading to widespread olivine-websterite domains;
trace-element and isotopic data indicate that the causative agents
were subalkaline melts closely resembling the continental flood
basalt magmas related to the Afar plume (Fig. 8A). The perco-
lation of these melts, coming from the impinging plume head,
caused important asthenosphere-lithosphere interactions and
thermochemical erosion of the preexisting lithosphere that was
widely refertilized and rejuvenated.

On the other hand, mantle sections beneath the Main Ethio-
pian Rift underwent completely different metasomatic processes,
particularly affecting the most refractory harzburgite domains.
Modal evidences are provided by reaction textures and devel-
opment of clinopyroxene veinlets. In this case, trace-element
(Fig. 8B) and isotopic data indicate that the causative agents

3

were alkaline basic melts with a HIMU-like signature in analogy
with the prevalent magmatic affinity of the Neogene—Quaternary
Main Ethiopian Rift volcanism.

Moreover, the marked Zr-Ti negative anomalies observed in
some of the modeled metasomatic agents may indicate a variable
enrichment of carbonated components in these melts (Coltorti et
al., 1999; Beccaluva et al., 2007). These features, together with
xenolith deformation textures, indicate that the Mega xenoliths
record mantle passive upwelling that is unrelated to the Afar
plume and closely connected to the development of the Main
Ethiopian Rift.

In this regard, the anomalously high '*Nd/'**Nd ratios of
some lherzolites may reflect a pristine residence in the garnet sta-
bility field (i.e., >20 kbar) prior to the uplift and reequilibration
in the spinel-peridotite stability field. This is in agreement with
seismic anisotropy data indicating mantle flow beneath the East
African Rift system (Kendall et al., 2006).

Regional comparison highlights analogies and differences
between Ethiopian mantle xenoliths and mantle materials from
other African-Arabian occurrences. The Assab mantle xenolith



Peridotite xenoliths from Ethiopia 99

population, erupted by Quaternary alkaline volcanism along the
Afar rifted margin, includes olivine websterites and pyroxenites
lithologically and isotopically (Zanetti et al., 2009; Teklay et al.,
2010) similar to those from Injibara and Dedessa River. This
suggests a common refertilization of these mantle sections by
plume-related subalkaline melts, before continental breakup and
rift development.

In contrast, spinel-lherzolite xenoliths from the rifted con-
tinental margins of the Arabian Peninsula set along the Red Sea
(Ottonello, 1980; Henjes-Kunst et al., 1990) and the Gulf of Aden
(Baker et al., 1998) commonly show metasomatic effects by
alkali silicate agents analogous to Main Ethiopian Rift xenoliths
at Mega. Similar alkali silicate metasomatism with HIMU iso-

A

topic affinity has also been recognized all over the Saharan belt
from Sudan to Morocco (Bayuda, Sudan—Lucassen et al., 2008;
Gharyan—Beccaluva et al., 2008; Hoggar, Algeria—Dautria et
al., 1997; Beccaluva et al., 2007; Mid Atlas, Morocco—Raffone
et al., 2009).

Extending the comparison south of Main Ethiopian Rift,
peridotite xenoliths from the Marsabit volcanic field (Kenya Rift)
show deformation textures and alkaline metasomatism analogous
to those of Mega. In this case, mantle decompression from the
garnet to spinel stability field is modally recorded by rounded
pyroxene-spinel symplectites (Kaeser et al., 2006).

Further south, along the Tanzanian sector of the East Afri-
can Rift, peridotite xenolith populations (including lherzolites,
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Figure 8. Primitive mantle (PM)-normalized

incompatible element patterns of the calculated
metasomatic agents that refertilized mantle xe-
noliths from Injibara and Dedessa (A) and Mega
(B). Calculations were carried out on metaso-
matized clinopyroxenes in clinopyroxene-poor
lherzolites (1 and 4), lherzolites (2), olivine-
websterites (3), and harzburgites (5) using par-
tition coefficients clinopyroxene/subalkaline
basic melts (A) and clinopyroxene/alkaline

— basic melts (B) from GERM database (http://
earthref.org/ GERM). Compositional envelopes
of LT (low titanium) and HT1 (high titanium)
tholeiites from the Northern Ethiopian Plateau
(after Beccaluva et al., 2009) are reported in
A; compositional envelopes of alkaline basic
melts (after Azzouni-Sekkal et al., 2007; Bec-

caluva et al., 1998; Bianchini et al., 1998; Jan-
ney et al., 2002) and carbonatites (after Coltorti
et al., 1993; Nelson et al., 1998; Smithies and
Marsh, 1998) from the African plate are re-

ported in B. Normalizing factors are after Sun
and McDonough (1989). Abbreviations: Lh—
lherzolite; Cpx—Clinopyroxene; Ol—olivine;
Wb—websterite; Hz—harzburgite; CFBs—
continental flood basalts.
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harzburgites, and wehrlites, sometimes garnet bearing) show
widespread metasomatic evidence modally reflected in the
presence of amphibole, phlogopite, apatite, and ilmenite (Pello
Hill—Dawson and Smith, 1988; Labait—Dawson, 1999;
Lashaine—Dawson, 2002). Detailed trace-element and isoto-
pic studies of these xenoliths (Aulbach et al., this volume) show
a wide compositional range from HIMU to extreme enriched
mantle components, where HIMU-like silicate and carbon-
atitic agents are related to the Cenozoic rift evolution and vari-
ously overprint an ancient lithospheric mantle characterized by
enriched mantle signature.

The regional distribution of mantle xenoliths from Ethiopia
and the neighboring regions enables us to define the geodynamic
evolution that affected the Horn of Africa from the plume-related
continental flood basalt generation to the subsequent rift-related
volcano-tectonic system (Fig. 9).

An impinging plume (probably triggered since the late
Eocene) induced a generalized lithosphere arching and its reju-
venation by plume-related metasomatic components, leading to
the generation of a compositionally and thermally zoned plume
head from which Oligocene (ca. 30 Ma) continental flood basalt
magmas of the Northern Ethiopian—Yemen Plateau were gener-
ated (Fig. 9A; Beccaluva et al., 2009). During this phase, plume-
related subalkaline melts interacted with the pristine mantle para-
geneses, converting olivine to orthopyroxene, and thus leading to
the olivine websterite domains seen in the Injibara and Dedessa
River xenoliths; this process was coupled with incompatible
element enrichment and Sr-Nd isotope variation from depleted
mantle to the Afar plume signature.

Starting from the late Oligocene, the evolution is character-
ized by a generalized extension, radiating from the Afar triple
point and leading to the gradual opening of the Red Sea and Gulf
of Aden oceanic systems, as well as to the development of the
Main Ethiopian Rift (Fig. 9B).

It should be noted that unlike Yemen, continental flood
basalts of northern Ethiopia were overlain by huge shield vol-
canoes mainly of transitional-alkaline affinity ranging in age
from 22 to 11 Ma (Kieffer et al., 2004). The large volumes of
these lavas and the geochemical transition with the underlying
continental flood basalt suggest that their generation could be
related to the persistence, although vanishing with time, of the
plume tail below the Northern Ethiopian Plateau. Similarly, the
Miocene volcanic activity of North Sheva in the southern part
of the plateau has been also related to magma generation in con-
nection with the Afar plume head-tail transition (Ayalew and
Gibson, 2009).

The lack of Miocene shield volcanoes overlying the conti-
nental flood basalts in Yemen confirms that the African-Nubian
plate is relatively stable with respect to the Afar plume axis,
whereas the Arabian plate progressively migrated northeastward
far from the plume-tail influence (Bellahsen et al., 2003).

A generalized E-W cross section of the southernmost part
of Main Ethiopian Rift (Fig. 9C) enables the data to be put into a
regional perspective. Specifically, peridotite xenoliths entrained
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in Pliocene—Quaternary alkaline lavas at Mega enable us to
evaluate the mantle evolution in the area: (1) The pristine man-
tle material was variably depleted by ancient events leading to
spinel-lherzolites to harzburgites characterized by depleted man-
tle isotopic compositions. (2) This lithospheric mantle section
was subsequently affected by interaction with HIMU alkaline
metasomatizing agents, coupled with deformation events possi-
bly acquired during the development of the Main Ethiopian Rift
system. These observations are in agreement with seismic anisot-
ropy data indicating mantle flow oriented in a rift-parallel direc-
tion beneath the East African Rift system (Kendall et al., 2006).

These considerations lead to the conclusion that the geologi-
cal evolution of the Horn of Africa was influenced by the activa-
tion of a deep mantle plume centered in the Afar region, which
produced Oligocene continental flood basalt volcanism and
extensive refertilization of the underlying lithospheric mantle by
subalkaline agents. The paroxysmal plume phase was followed
by a general extensional regime extending far beyond the Afar
plume, during which the development of the East African Rift
System was accompanied by shallow mantle upwelling events
and metasomatic processes dominated by alkaline agents with
HIMU affinity.
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Figure 9. Schematic cross sections illustrating the tectonomagmatic
evolution of the African-Arabian system from Oligocene to present.
(A) The Afar plume impinged the African-Arabian lithosphere, gener-
ating the Oligocene northern Ethiopia—Yemen continental flood basalts
from a thermally and compositionally zoned plume head (modified af-
ter Beccaluva et al., 2009). Lithospheric mantle sections were widely
refertilized by plume-related melts (similar to LT [low titanium] and
HT1 [high titanium] tholeiites), as evidenced by mantle xenoliths ex-
humed by alkaline Quaternary lavas at Injibara and Dedessa River.
(B) The Neogene-Quaternary evolution is characterized by a general-
ized extensional regime, ultimately leading to the development of the
Main Ethiopian Rift and the oceanic opening of the Red Sea and Gulf
of Aden. This was accompanied by the gradual vanishing of the Afar
plume head, as testified by the alkaline-transitional affinity of both
Miocene shield volcanoes on the Northern Ethiopian Plateau, and the
Neogene—Quaternary transitional to alkaline volcanism of the African-
Arabian rift system. (C) An E-W section across the southernmost part
of the present-day Main Ethiopian Rift. Pliocene—Quaternary alka-
line lavas at the eastern border of the Main Ethiopian Rift entrained
lithospheric mantle xenoliths that were metasomatized by HIMU-like
alkali-silicate melts: This reflects the prevalent geochemical signature
of the metasomatizing agents of the African-Arabian rift system as
well as of the northern African plate.
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APPENDIX: ANALYTICAL METHODS

Rock samples were selected from fresh chips and powdered in an
agate mill. X-ray fluorescence (XRF) of major and trace elements (Ni,
Co, Cr, V, and Sr) was analyzed on powder pellets using a wavelength-
dispersive automated Philips PW 1400 spectrometer at the Department
of Earth Sciences, Ferrara University, Italy. Accuracy and precision for
major elements are estimated as better than 3% for Si, Ti, Fe, Ca, and
K, and 7% for Mg, Al, Mn, Na; for trace elements (above 10 ppm),
they are better than 10%. REEs, Sc, Y, Zr, Hf, Nb, Th, and U were ana-
lyzed by inductively coupled plasma—mass spectrometry (ICP-MS) at
the Department of Earth Sciences, Ferrara University, using a Thermo-
Scientific X-Series. Accuracy and precision, based on the replicated
analyses of samples and standards, are estimated as better than 10%
for all elements, well above the detection limit.

Mineral compositions were obtained at the CNR (Consiglio
Nazionale delle Ricerche)-IGG (Istituto di Geoscienze e Georisorse)
Institute of Padova with a Cameca-Camebax electron microprobe (fit-
ted with three wavelength-dispersive spectrometers) at an accelerat-
ing voltage of 15 kV, and specimen current of 15 nA, using natural
silicates and oxides as standards. In situ trace-element analyses on
pyroxenes were carried out at the CNR-IGG of Pavia by laser ablation
microanalysis ICP-MS, using an Elan DRC-e mass spectrometer cou-
pled with a Q-switched Nd: YAG laser source (Quantel Brilliant). CaO
content was used as internal standard. Precision and accuracy, better
than 10% for concentrations at ppm level, were assessed by repeated
analyses of NIST SRM 612 and BCR-2 standards.

Sr-Nd-Pb isotopic analyses on separated (by handpicking) clino-
pyroxene (~200 mg) were carried out at SUERC (Scottish Universi-
ties Environmental Research Centre). Samples were digested with a
mixture of HF-HNO,-HCI and prepared as described by Hardarson et
al. (1997). Sr samples were analyzed using a VG Sector 54-30 mass
spectrometer in multidynamic mode using an exponential correction
for mass fractionation and *Sr/*Sr = 0.1194. Nd and Pb isotopes
were analyzed using a Micromass IsoProbe multicollector ICP-MS.
Pb was measured using the method similar to that described by Ellam
(2006). NIST SRM981 gave **Pb/**Pb = 16.940 + 7, 15.496 + 6, and
36.708 + 15 (2 standard deviations [S.D.], n = 22). Nd was measured
in multidynamic mode. Nd isotope ratios were collected as six blocks
of 20 dynamic (3 mass) cycles with an on-peak zero measurement
for each block determined in a blank solution of 5% (v/v) nitric acid
used to make up the sample solutions. Mass bias was corrected using
Nd/"Nd = 0.7219 and an exponential law. The internal laboratory
Nd “standard” (JM) gave '*Nd/'"*Nd = 0.511481 = 15 (n = 10), which
is within the error of the long-term mean of 0.511499 + 10 (all errors
2 S.D.) obtained by thermal ionization mass spectrometry (TIMS).
Two determinations on the BCR-1 geostandard gave '*Nd/"Nd =
0.512615 + 14 (2 standard error [S.E.]) and 0.512629 + 14 (2 S.E.).
Each '"Nd/'**Nd measurement consumed ~150 ng of Nd.

Mineral separates for helium isotope analysis were picked under
a binocular microscope and washed ultrasonically in HNO, and then
water, prior to a final treatment with analar acetone. Helium was
extracted from all minerals by in vacuo crushing and analyzed using a
MAP 215-50 mass spectrometer at SUERC using procedures slightly
modified from Stuart et al. (2000).
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ABSTRACT

New and published whole-rock major-element contents of xenolithic peridotites,
combined with mineral trace-element, ¥Sr/%Sr, *Nd/'*Nd, and *He/*He isotopic
compositions, are used to unravel the metasomatic history of lithospheric mantle
sampled by volcanic pipes in the Tanzanian section of the East African Rift. The deep-
est portion of the mantle beneath Labait (craton margin) exhibits high-uy (HIMU)-
like ¥Sr/3Sr (0.7029), *Nd/'*Nd (0.51286), and *He/*He (5.9), which may reflect the
plume in this region. Within the Mozambique belt, recent calcio-carbonatite melt
metasomatism has overprinted the mantle lithosphere signature beneath Olmani,
leading to high whole-rock Ca/Al and low SiO,, and remarkably homogeneous
87Sr/*Sr (0.7034-0.7035) and *Nd/'*Nd (0.51281-0.51283) of clinopyroxenes. Iden-
tical Sr and Nd isotope values are also reported for clinopyroxenes from peridotite
xenoliths from the northern portion of the Gregory Rift in Tanzania (Pello Hill and
Eledoi), which have a strong rift magma overprint. The silicate and carbonatite meta-
somatic melts are likely to be related to recent plume-derived magmatism of the East
African Rift, and thus ¥Sr/Sr and *Nd/'**Nd values of the clinopyroxene from these
samples can be used to define the rift isotopic signature beneath northern Tanzania.
Some mantle regions beneath Lashaine and Labait escaped the recent rift-related
overprint and have highly variable Sr-Nd isotope systematics. Labait clinopyroxenes
show a near-vertical array on a ¥Sr/*Sr versus “Nd/'*Nd plot, indicating highly
variable time-integrated rare earth element (REE) patterns and low time-integrated
Rb/Sr. Lashaine peridotites range to much higher ¥Sr/*Sr at a given *Nd/'*Nd, and
several plot in the right quadrants in the ¥Sr/3Sr versus '*Nd/'*Nd diagram, suggest-
ing the influence of a (subducted?) Archean upper continental crust component on
the lithospheric mantle beneath Lashaine. Their variable whole-rock SiO, and high
Na,O contents, and clinopyroxene with high Sr/Y, low Sm/Nd, and variable Zr/Sm are
consistent with this interpretation.
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Silicate lavas from the eastern branch of the East African Rift show increasingly
evolved Sr and Nd isotope composition from north to south and hence increasing
input of ancient metasomatized lithosphere (“‘EM1” and “EM2” components), simi-
lar to that beneath Lashaine and Labait, and well outside the suggested range in
isotope compositions of the heterogeneous Kenya plume (¥Sr/°Sr = 0.7029-0.7036;
I3Nd/"Nd = 0.51275-0.51286). In the western branch, the ‘“anomalous” Sr signature
identified in Lashaine peridotites is prominent in silicate lavas and may indicate that
the lithospheric mantle beneath that area was similarly enriched during ancient sub-
duction. By contrast, the Sr-Nd isotope systematics of carbonatites reflect EM1 but
not EM2 inputs, suggesting that such melts in the East African Rift neither derive
from nor have interacted with subduction-modified mantle regions.

INTRODUCTION

Xenolithic peridotites from the East African Rift offer a
unique opportunity to investigate the effects of rifting and intru-
sion of sublithospheric melts on ancient subcontinental litho-
spheric mantle that has experienced multiple previous enrichment
episodes. Based on topography and gravity data, magma genera-
tion rates and compositions, as well as the radiogenic Os iso-
topic composition of the rift magmas (inferred from '¥’Os/'®Os
of metasomatic xenoliths such as glimmerites and pyroxenites),
the East African Rift is believed to be caused by the impinge-
ment of a plume or plumes that delivered heat and fluids to the
lithospheric mantle, leading both to enrichment in magmaphile
elements and eventually to thinning through either mechanical or
thermal processes (Latin et al., 1993; Ebinger and Sleep, 1998;
George et al., 1998; Chesley et al., 1999; Rogers et al., 2000;
Vauchez et al., 2005).

Conversely, the lithosphere itself variably contributes to
rift-related magmas, causing changes in trace-element and iso-
tope compositions (e.g., Macdonald et al., 1995, 2001). Hence,
trace-element and isotope compositions of inferred plume-
derived basalts and carbonatites erupted through the East Afri-
can Rift have been ascribed to derivation from heterogeneous
lithospheric mantle or sublithospheric sources, or combinations
thereof (e.g., Thompson and Gibson, 1994; Class et al., 1994;
Paslick et al., 1995; Rogers et al., 2000; Macdonald et al., 2001).
Peridotites from different Tanzanian xenolith localities docu-
ment significant differences in the tectonothermal evolution and
interaction with rift magmas at short length scales (Dawson,
1984, 2002; Dawson and Smith, 1988). These differences may
reflect unrepresentative sampling by the host lava, actual com-
positional heterogeneity of the sampled lithosphere, or, more
likely, both. Compositional heterogeneity is enhanced by the
longevity of the lithosphere underlying both the exposed Tan-
zanian craton and adjacent reworked craton margins beneath
Proterozoic mobile belts and the protracted tectonic history of
the region (Rogers et al., 1992; Smith and Mosley, 1993; Ches-
ley et al., 1999; Burton et al., 2000). Given this heterogeneity
and the sampling problem, the question arises as to whether we
can hope to find any correlations between the magmas erupted
at the surface and the underlying lithosphere.

Here, we summarize what is known of the lithospheric
mantle beneath northern Tanzania, as well as report new whole-
rock major-element, mineral trace-element, and Sr-Nd-He iso-
tope compositions from previously described peridotite xenoliths
from Lashaine, Olmani, and Labait, which are located in the
Gregory Rift of northern Tanzania (Rudnick et al., 1993, 1994;
Lee and Rudnick, 1999; Chesley et al., 1999; Aulbach et al.,
2008; Aulbach and Rudnick, 2009). We use these data to unravel
the tectonothermal evolution of the lithosphere beneath Tanzania,
including lithosphere formation (partial melt extraction), ancient
metasomatism, and young rift-related modification. Finally, we
use this amplified database to explore the relationship of these
lithospheric mantle sections to the chemical composition of rift-
related melts beneath different sections of the eastern and west-
ern branches of the East African Rift, from the Turkana Rift in the
north to Rungwe in the south (Fig. 1).

GEOLOGY AND SAMPLES

The East African Rift system begins in the north in the Afar
triple junction and traverses the Main Ethiopian Rift and the Tur-
kana Depression before bifurcating around the Tanzanian craton
into an eastern and a western branch and terminating in the south,
in the Rungwe province of Tanzania (Fig. 1). Along this transect,
there are the Ethiopian (Afar dome) and the East African (Kenya
dome) Plateaus, which are separated by the Turkana Depression.
The East African Rift’s tectonic and magmatic evolution has
recently been reviewed by Furman (2007) and Dawson (2008)
and is summarized here.

The Precambrian basement has apparently strongly influ-
enced rift development and can be divided into craton, reworked
craton, and mobile belt (Smith and Mosley, 1993). The Tanzanian
craton is Archean in age (older than 2.6 Ga; e.g., Manya et al.,
2006) and is underlain by a thick lithospheric keel to depths of
150-200 km (Weeraratne et al., 2003; Chesley et al., 1999). Pro-
terozoic mobile belts surround the craton on the south, east, and
west. The Mozambique belt to the east is composed mainly of
Archean crust (Moller et al., 1998; Maboko, 2000) that has been
reworked in two separate collisional events. The first of these,
the Usagaran orogeny, occurred at the southeastern margin of the
craton and is marked by 2.0 Ga eclogite-facies rocks that have
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mid-ocean-ridge basalt (MORB)-like precursors, suggesting that
subduction of oceanic lithosphere played a role in the formation
of the belt (Mdller et al., 1995; Collins et al., 2004). The second
collisional event, the East African orogeny (ca. 600 Ma) involved
the collision of eastern and western Gondwana and is associated
with westward emplacement of granulite-facies nappes (Fritz et
al., 2009), in which rocks record resetting of Rb-Sr and K-Ar
isotopes systems and Pb loss and metamorphic rim growth in zir-
cons (Maboko, 2000; Johnson et al., 2003; Sommer et al., 2003).
The Ubendian belt sits at the western craton margin and may
have had a similar history as the Usagaran (Moller et al., 1998).
While the oldest rift magmatism is recorded at 40-45 Ma in
the northern Turkana Depression in southernmost Ethiopia, it is
the 30 Ma flood basalts erupted in Ethiopia, Eritrea, and Yemen
that are held to mark the onset of plume impingement. Although
the exact pattern of magmatism and extension within the main
Ethiopian Rift is poorly constrained, there is a general south-
ward migration, with volcanism in central Kenya by 15 Ma and
northern Tanzania by 5-8 Ma (George et al., 1998). Upon reach-
ing the Tanzanian craton margin at ca. 10-12 Ma (Nyblade and
Brazier, 2002), the rift bifurcated into the eastern branch (Greg-
ory Rift) and western branch (Albert and Tanganyika Rifts) of
the East African Rift, separated by the 1300-km-wide East Afri-
can Plateau (which includes the Kenya Dome and the Tanzanian
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craton). Voluminous basaltic to trachytic magmatism erupted
from large shield volcanoes situated near the margin of the Tan-
zanian craton and within the adjacent Mozambique belt between
5 and 1 Ma, followed by faulting at ca. 1.2 Ma (Dawson, 1992;
Macdonald, 2002; Furman, 2007, and references therein). By
contrast, there is no clearly identifiable age progression for vol-
canism in the western rift (Ebinger et al., 1989), which formed
in Proterozoic mobile belts when rifting stalled in the eastern
rift due to the presence of the rigid, thick (150-200 km), cold
lithosphere of the Tanzania craton (Nyblade and Brazier, 2002;
Kokonyangi et al., 2007).

Previous studies have been carried out on samples from the
core of the Tanzanian craton (kimberlite-derived diamonds from
Mwadui and eclogite xenoliths from Igwisi Hills—Jagoutz, 1988;
Stachel et al., 1999; Dawson, 1994) and from several localities
in the eastern branch of the East African Rift, ranging from the
craton margin (Labait—Lee and Rudnick, 1999; Dawson, 1999;
Chesley et al., 1999; Burton et al., 2000; Aulbach et al., 2008;
Koornneef et al., 2009) to the Mozambique belt represented by
reworked craton in the west (Lashaine, Olmani, Monduli, Pello
Hill, Eledoi in the eastern branch—Cohen et al., 1984; Dawson
and Smith, 1988; Rudnick et al., 1993, 1994; Lee et al., 2000;
Burton et al., 2000; Dawson, 2002) and Proterozoic regions
further to the east (Marsabit, Chyulu Hills—Henjes-Kunst and
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Figure 1. (A) The East African Rift system, with the Afar Dome (Ethiopian Plateau), the Kenya Dome (East African Plateau), and the Tanzanian
craton outlined and with approximate political boundaries (after Kaeser et al., 2006). Large letters denote rift sections: MER—Main Ethiopian
Rift, NGR—Northern Gregory Rift, SGR—Southern Gregory Rift (including S—Shombole, O—Oldoinyo Lengai, C—Chyulu Hills, Su—
Sukulu, HB—Homa Bay), WR—western rift (including T—Toro Ankole, V—Virunga, K—Kivu), and R—Rungwe, at the southern junction of
the eastern and western rift branches. Location of Huri Hills (HH) and Marsabit (M) mantle xenolith localities also shown. (B) Simplified map
of the Kenyan and Tanzanian section of the East African Rift showing the outline of the Tanzanian craton (dark gray), Tertiary to Quaternary
volcanic rocks (light gray), and location of Tanzanian xenolith localities and Chyulu Hills in Kenya (black stars), kimberlites and kimberlite-like
rocks (white stars) referred to in the text, and further localities (H—Hanang, Ki—Kilimanjaro, Kw—Kwahara, N—Ngorongoro) (after Dawson

and Smith, 1988).
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Altherr, 1992; Kaeser et al., 2006, 2009) (Fig. 1). These stud-
ies document original lithosphere formation (from Re-Os stud-
ies) as well as a variety of metasomatic overprints that occurred
during multiple stages of lithosphere evolution, including the
influence of rift-related magmatism. Mantle xenoliths from the
western branch are limited to pyroxenites, the origins of which
were ascribed to multiple metasomatic events acting upon older
protoliths (Davies and Lloyd, 1989; Link et al., 2008).

Thinning of the lithosphere within the Gregory Rift is sug-
gested on the basis of geophysical investigations (e.g., Keller et
al., 1994; Byrne et al., 1997) as well as the equilibration depths of
mantle xenoliths (i.e., garnet-bearing peridotites are found only
in the southern, nonrift valley localities of Lashaine and Labait).
However, basalt geochemistry has been used to infer that the
lithospheric mantle is at least 75 km thick beneath southernmost
Kenya (le Roex et al., 2001). In the western branch of the East
African Rift, mantle lithosphere is suggested to thin from north
to south based on magma source mineralogy (Chakrabarti et al.,
2009; Rosenthal et al., 2009).

Work in the present study was carried out on peridotite
xenoliths from three Tanzanian localities, Olmani, Lashaine,
and Labait. These xenoliths are generally fresh, contrary to their
kimberlite-borne counterparts, and include variably refractory
and metasomatized peridotites (Dawson et al., 1970; Dawson
and Smith, 1973, 1988; Dawson, 1984, 1999, 2002; Cohen et al.,
1984; Rudnick et al., 1993, 1994; Lee and Rudnick, 1999; Ches-
ley et al., 1999). The Pleistocene Olmani cinder cone and the
Lashaine tuff cone are located 150 km east of the Archean Tan-
zanian craton (Dawson et al., 1970; Jones et al., 1983; Dawson,
1984; Cohen et al., 1984; Rudnick et al., 1993, 1994), while the
Labait olivine melilitite is located at the craton margin (Lee and
Rudnick, 1999; Aulbach et al., 2008). Detailed sample descrip-
tions can be found in the GSA Data Repository Appendix 1.!

SAMPLE PREPARATION AND
ANALYTICAL METHODS

Major, trace-element, and Sr and Nd isotopic compositions
of Olmani peridotites as well as major-element and Os iso-
tope data for Labait peridotites have been previously published
(Rudnick et al., 1993; Lee and Rudnick, 1999; Chesley et al.,
1999). Major-element concentrations for Lashaine peridotites
were determined by X-ray fluorescence (XRF) in the laboratory
of Bruce Chappell at the Australian National University, with
the exception of Na,O, which was determined by instrumental
neutron activation analysis (INAA) in the same laboratory, as
described in Rudnick et al. (1993).

Trace-element abundances in clinopyroxene (cpx) were
determined using either a UP213 nm wavelength or an ArF

!GSA Data Repository Item 2011189—Appendix 1: Sample description, Ap-
pendix 2: Sr and Nd isotopic compositions, and Appendix 3: Trace-element pat-
terns of clinopyroxenes—is available at www.geosociety.org/pubs/ft2011.htm,
or on request from editing @ geosociety.org or Documents Secretary, GSA, P.O.
Box 9140, Boulder, CO 80301-9140, USA.

Aulbach et al.

Excimer laser ablation unit operating at 193 nm (both from
New Wave Research), coupled to an Element 2 (Thermo Finni-
gan MAT) magnetic sector inductively coupled plasma—mass
spectrometer (ICP-MS) in the Department of Geology at the
University of Maryland, or a UP213 nm wavelength laser abla-
tion system coupled to an ELAN 6000 quadrupole ICP-MS at
the University of Alberta. Conditions for analyses at the Uni-
versity of Maryland are the same as those reported in Aulbach
et al. (2008), and analyses were carried out over the same time
period (sample gas: He; laser spot sizes: ~80—100 m; laser repeti-
tion rate: 8—10 Hz; internal standard: Ti [reported in Rudnick et
al., 1994]; external standard: NIST 610; data reduction: modi-
fied version of LAMTRACE by Longerich et al. (1996). Con-
ditions for analyses at the University of Alberta are similar to
those reported in Schmidberger et al. (2007) (sample gas: He;
laser spot sizes: ~80-150 m; laser repetition rate: 5 Hz; internal
standard: Ca [reported in Rudnick et al., 1994]; external standard:
NIST 612; data reduction: GLITTER software [van Achterbergh
et al., 2001]).

Clean mineral separates from two garnet-free peridotites, a
garnet lherzolite, and a pyroxenite from Labait were handpicked
under a binocular microscope. The samples were cleaned ultra-
sonically in deionized water several times, then in acetone, and
allowed to air dry before a final microscopic inspection. The
helium trapped in fluid inclusions was released by crushing the
samples in ultrahigh vacuum, and samples were analyzed follow-
ing methods described in Graham et al. (1998), using a specially
designed noble gas mass spectrometer at the National Oceanic
and Atmospheric Administration/Pacific Marine Environmental
Laboratory (NOAA/PMEL) in Newport, Oregon.

Trace elements in clinopyroxene from Olmani and a subset
of Lashaine xenoliths were analyzed over the same time period as
previously reported samples from Labait (Aulbach et al., 2008).
Optically pure clinopyroxene separates were cleaned in Milli-Q
H,O (18 M) in an ultrasonic bath (acids were not used because
their effects on Li isotopes, which were measured from the same
separate, were unknown; Aulbach et al., 2008; Aulbach and Rud-
nick, 2009), dissolved, and passed through columns filled with
Biorad cation-exchange resin to obtain Sr and Nd fractions,
which were further purified using Eichrom Sr-Spec and Ln-resin,
respectively. Strontium and Nd isotope ratios were measured by
thermal ionization mass spectrometry (TIMS) on the VG Sec-
tor 54 and by solution multicollector (MC) ICP-MS on the Nu
Instruments, respectively, at the University of Maryland. Both
solution and rock standards were analyzed to evaluate accuracy,
and results agree with previously published values (Aulbach et
al., 2008). The indistinguishable Sr and Nd isotope results for
samples measured both in this and in an earlier study where the
mineral separates were acid leached (Rudnick et al., 1993) indi-
cate that cleaning in MQ H,O was sufficient to remove impurities
(GSA Data Repository Appendix 2 [see footnote 1]). A subset
of clinopyroxene from Lashaine was analyzed by TIMS at the
Australian National University in the early 1990s following the
methods described in Rudnick et al. (1993).
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TABLE 1. MAJOR-ELEMENT CONCENTRATIONS (wt%) OF LASHAINE PERIDOTITE XENOLITHS

Sample Rock type Sio, TiO, AlLO, Fe,O, MnO MgO Ca0O Na,0 Total
89-661 Garnet lherzolite 42.38 0.08 0.70 7.53 0.09 48.07 0.94 0.21 100.0
89-662 Dunite 40.48 0.05 0.17 9.35 0.11 48.76 0.09 0.10 99.1
89-663 Harzburgite 41.11 0.10 0.68 9.94 0.11 46.34 0.35 0.11 98.7
89-664 Garnet harzburgite 41.85 0.15 0.19 9.83 0.12 47.53 0.31 0.14 100.1
89-669 Wehrlite 40.81 0.10 0.55 10.51 0.12 43.70 1.75 0.24 97.8
89-671 Dunite 40.16 0.13 0.42 12.79 0.14 46.27 0.09 0.10 100.1
89-672 Dunite 41.50 0.06 0.19 7.94 0.08 48.93 0.94 0.14 99.8
89-674 Garnet lherzolite 43.34 0.11 0.85 9.33 0.12 45.30 1.05 0.16 100.3
89-675 Garnet harzburgite 45.34 0.05 0.92 7.05 0.1 45.93 0.62 0.13 100.1
89-676 Olivine websterite 45.89 0.14 0.67 11.95 0.16 33.74 7.66 0.25 100.5
89-678 Harzburgite 41.81 0.07 0.26 9.05 0.11 48.61 0.30 0.12 100.3
89-680 Garnet harzburgite 44.28 0.03 1.22 7.35 0.1 45.93 0.81 0.14 99.9
89-719 Garnet harzburgite 43.36 0.02 1.09 7.58 0.09 47.66 0.55 0.13 100.5

RESULTS are positively correlated with CaO (Fig. 2B), reflecting higher

Whole-Rock Major Elements

As previously noted (Rudnick et al., 1994), the most strik-
ing aspect of the major-element compositions for Lashaine
peridotites (Table 1) are the lower contents of SiO, and Al,O,
for garnet-free peridotites (average 41.0 and 0.38 wt%, respec-
tively), compared to garnet-bearing peridotites (average 43.4
and 0.83 wt%, respectively; Table 1; Fig. 2A). Na,O contents
in Lashaine peridotite xenoliths are high (up to 0.25 wt%) and

801 carbonatite

melt Whole rocks

{ Lashaine garnet-free
Lashaine garnet-bearing

O Olmani high Ca/Al

O Olmani refractory
Labait garnet-free
Labait garnet-bearing
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0.02

CaO/ALO,

n
=)
i

melt
. addition

Partial
melting

0.0 T

42 44

SiO, (Wt%)

modal clinopyroxene in websterites and lherzolites. Na,O con-
tents in most peridotites from Lashaine and Pello Hill (Dawson
and Smith, 1988) are elevated at a given CaO content, compared
to Olmani (Rudnick et al., 1993) and Labait xenolith suites (Lee
and Rudnick, 1999).

Mineral Trace Elements

Major-element compositions for all minerals for which
trace elements are reported here (Table 2) can be found in

3.07
Whole rocks B
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o
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Figure 2. (A) Whole-rock SiO, vs. CaO/Al O, and (B) Na,O vs. CaO contents in Lashaine peridotites (this work; Pike et al., 1980; Rhodes
and Dawson, 1975) compared to those from Pello Hill (Dawson and Smith, 1988), Olmani (Rudnick et al., 1993), and Labait (Lee and
Rudnick, 1999). In A, mixing lines are for depleted Lashaine peridotite 89-664 and experimental silicic and carbonatitic pelite-derived
melts (Thomsen and Schmidt, 2008), and numbers in italics denote % melt in the mixture. Also shown are qualitative partial melting (gray)

and melt addition trends (black).
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Figure 3. Trace-element (left panels) and rare earth
element (right panels) patterns of clinopyroxenes
(Cpx) from (A) Lashaine, (B) Olmani, and (C) La-
bait (including data reported in Aulbach et al. [2008]
and in Koornneef et al. [2009]) and of (D) garnets (gt)
from Lashaine and Labait, and garnet inclusions in
diamonds from Mwadui (Tanzanian craton; Stachel
et al.,, 1999). Samples are normalized to primitive
mantle of McDonough and Sun (1995). REE—rare
earth element.
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Rudnick et al. (1994) (Olmani and Lashaine), Pike et al. (1980)
(Lashaine), and Lee and Rudnick (1999) (Labait). These papers
also explore the major-element systematics of the minerals and
report calculated equilibration conditions on the basis of vari-
ous thermobarometers.

Clinopyroxenes in peridotites from Lashaine have steep,
heavy rare earth element (HREE)—depleted, concave-downward,
primitive mantle—normalized (indicated by suffix “N”’) REE pat-
terns (1< light [L] REE <10, HREE <1) (Fig. 3). Clinopyrox-
enes from Lashaine peridotites have high Sr /Y (up to ~100)
values, which are due primarily to their very low abundances of
HREE rather than to high Sr abundances. All but one show high
Hf abundances relative to similarly compatible elements, and
small negative Ti anomalies. If the unusual trace-element pattern
of clinopyroxene in sample 89-680 is excluded, it is apparent that
the trace-element patterns for clinopyroxene in garnet-bearing
and garnet-free peridotites are generally similar, in that all show
LREE enrichments and HREE depletions. However, in detail,
differences are also apparent: clinopyroxenes in garnet-free peri-
dotites have somewhat higher LREEs and other highly incompat-
ible element abundances, lower HREE abundances, and stronger
negative Ti and Zr anomalies, and all but one lack the positive Hf
anomaly exhibited by clinopyroxene in garnet-bearing peridotites
(GSA Data Repository Appendix 3 [see footnote 1]). Because the
two varieties of peridotites are distinct in their whole-rock SiO,
and AL, O, contents (see previous), most of the differences in the
clinopyroxene trace-element patterns are likely due to bulk com-
positional differences rather than mineral assemblage.

Clinopyroxenes in three dunites from Olmani have very
high REE abundances (~10-100), whereas those from the
other three samples (two dunites and a wehrlite) show REE
generally <10. Primitive mantle—normalized trace-element pat-
terns of the REE-rich clinopyroxenes are less fractionated than
for REE-poorer clinopyroxene (Fig. 3B). One sample, with
the lowest overall REE content, has La /Ce  >1, contrary to
all other clinopyroxenes analyzed. All samples show uniformly
strong negative Ti anomalies, but Zr and Hf  abundances
vary widely from <1 to >10. As noted previously for the cor-
responding whole rocks (Rudnick et al., 1993), Zr/Hf  ratios in

clinopyroxene from Olmani are mostly >1, which distinguishes
them from clinopyroxene at other Tanzanian xenolith localities,
which have ratios <1.

Clinopyroxene from two Labait garnet peridotites (LB-4
and LB-12) have conspicuously low middle (M) REE and HREE
abundances (Fig. 3C). Clinopyroxene in garnet-free peridotite
LB-21 is strongly enriched in all but the most incompatible
elements and strongly resembles sample AT41 in the study of
Koornneef et al. (2009). The differences between trace-element
abundances in clinopyroxene from the remaining garnet-free
and two garnet-bearing varieties are minor. This seems to sug-
gest that clinopyroxene in the garnet-bearing peridotites did not
equilibrate with garnet, which could indicate that the clinopy-
roxene is a recent addition, although in this case, one would
not expect their isotopic compositions to be so heterogeneous
(see following).

Garnet in Lashaine peridotite TZ-2-13 (sample originally
collected by Howard Wilshire, provided to us by Tony Irving)
has a U-shaped primitive mantle-normalized trace-element pat-
tern with a trough in Pr (Nd, Sm, and Eu are below detection;
Fig. 3D), and thus resembles some garnet inclusions in diamonds
from the Mwadui kimberlite on the Tanzanian Craton (Stachel
et al., 1999). Garnets from two Labait harzburgites show flat to
mildly fractionated primitive mantle-normalized HREE patterns,
with higher HREE abundances than seen in harzburgitic and lher-
zolitic garnet inclusions in diamonds from Mwadui (Stachel et
al., 1999). They also lack the sinusoidal REE patterns typically
seen in the inclusions. One garnet from Labait (sample LB-2)
shows a distinct positive Zr anomaly.

He Isotopes

Olivines, orthopyroxene, and clinopyroxene from Labait
peridotites have *He/*He ratios ranging from 5.7 to 7.3 times
atmospheric ratios (R/R ; Table 3; Fig. 4). While few in number,
these analyses span the range of bulk compositions, from the most
refractory, garnet-free peridotite (LB-14) to the most fertile peri-
dotite (LB-45), which has a bulk composition similar to primitive
mantle. The *He/*He ratios for olivine and clinopyroxene from

TABLE 3. He CONCENTRATIONS AND ISOTOPIC COMPOSITIONS OF MINERAL
SEPARATES FROM LABAIT

Sample Rock type Wt (mg) R/R.* 26 ['He] (cm’qg)

LB14 olivine Garnet-free 690.7 5.92 0.14 2.95x10°
peridotite

LB15 olivine Pyroxenite 410.3 7.29 125 4.97x107"

LB15 clinopyroxene Pyroxenite 247.6 5.82 0.22 8.81 x 107

LB17 olivine Garnet-free 454.4 5.72 0.13 3.88 x 107
peridotite’

LB45 orthopyroxene Garnet Iherzolite 501.5 7.26 067 822x107"

LB45 clinopyroxene Garnet lherzolite 260.3 5.87 0.27 8.14x10°°

*Measured *He/'He ratios (R) relative to °He/'He of atmospheric He (R,), which is 1.39 x 10™°.

fIncludes vein.
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a pyroxenite xenolith fall within the range seen in the perido-
tites. These values are outside those of normal MORB, ranging to
lower values that are similar to those seen in some HIMU basalts
(Graham et al., 1992; Parai et al., 2009).

Sr and Nd Isotopes in Clinopyroxene

Strontium isotopic compositions of clinopyroxene sepa-
rates from Lashaine measured here range from 0.70411 to
0.71377 in a wehrlite and a garnet lherzolite, respectively, and
3Nd/"Nd ranges from 0.51238 to 0.51281 in a dunite and a
garnet lherzolite, respectively (Table 4). None of the samples
we analyzed shows the extreme isotopic compositions reported
for one phologite—garnet lherzolite by Cohen et al. (1984), but
two of our samples are displaced far to the right of the “mantle
array,” and one of these is in an unusual position within the
upper-right quadrant of the Sr-Nd isotope plot (Fig. 5A). The
compiled data set is given in GSA Data Repository Appendix 2
(see footnote 1).

Two clinopyroxene separates from Olmani are new to this
study, and three additional clinopyroxenes were replicated from
the original study of Rudnick et al. (1993). All clinopyroxenes
show a narrow range in ¥Sr/*°Sr from 0.70342 to 0.70388, and
Nd/"Nd from 0.512805 to 0.512826 (Table 4).

Strontium and Nd isotope data for clinopyroxenes from
Labait peridotites were previously reported in Aulbach et al.
(2008) and range from 0.70295 to 0.70558 and 0.51220-0.51288,
respectively. In our discussion, we also consider the new data of
Koornneef et al. (2009), which range to higher '*Nd/"**Nd (up to
0.513044) but show a similar range in *’Sr/*Sr.

Y Labait
> m Lashaine
o .
—0— e Virunga
= .
—0— pd S. Kivu
+—0— Rungwe
—0— Sudan
O Cameroon Line
HIMU (5.4-13.2)
Ranges are +1¢
L 1 1 1 1 ]
5 6 7 8 9 10

Figure 4. He isotope compositions of mineral separates from
Labait compared to previously published results from other
localities (after Dunai and Porcelli, 2002). HIMU—high-y;
NMORB—normal mid-ocean-ridge basalt; R: *He/*He sample;
R : atmospheric *He/*He.

TABLE 4. Sr AND Nd ISOTOPIC COMPOSITIONS OF MINERAL SEPARATES AND WHOLE ROCK

8Nd

“*Nd™Nd 2se/stdev

2se/stdev Sm Nd Sm™Nd
(ppm) (ppm)

Sresr

Sr “Rb™*Sr

(ppm)

Rb
(ppm)

Rock type

Sample

Lashaine
89-661 cpx avg  Garnet Iherzolite

3.3

0.512808 0.000009

0.1468

13.14

3.191

0.000419
0.000020
0.000020
0.000559
0.000018
0.000207
0.000031
0.000065
0.000016

0.713621

0.0025
0.020

165
233

0.14

0.704030
0.703900
0.705193
0.708999
0.709846
0.704107
0.705196
0.709636

1.6

Harzburgite

89-663 cpx

1.6
0.0
25

0.000021
0.000140
0.000001
0.000057
0.000035
0.000059

0.512721
0.512640
0.512766
0.512491
0.512380
0.512676

0.623
0.336

0.0022
1.213

5.9
4.149

87

0.0045
1.8
0.

Harzburgite

89-663 opx

0.0495

Garnet lherzolite

89-664 cpx avg  Garnet Iherzolite
89-669 cpx avg  Wehrlite

89-664 wr avg

0.1578

6.831
14.8

1.78

0.010

29

-5.0

13.5

Dunite
89-680 cpx avg  Garnet harzburgite

89-672 cpx avg

15.6

Garnet harzburgite

89-719

Olmani

0.000021
0.000020
0.000077
0.000044
0.000014
0.000015

0.512826
0.512805
0.512816
0.512814
0.512811
0.512818

17.7

0.000055
0.000010

0.703420
0.703470

Dunite
Dunite
Dunite

89-772 cpx avg
89-774 cpx
89-777 cpx avg  Wehrlite

3.3

14.0
25.2

89-776 cpx avg

3.4

57.0

0.000047
0.000016
0.000015

0.703485
0.703875
0.703476

5.0
36.3

averages of several analyses, including data from Rudnick et al. (1993); se

analyses); stdev—standard deviation (for multiple analyses); €, is per 10,000 deviation from present-day chondrite (value of Wasserburg et al., 1981).

Dunite
Dunite

89-778 cpx

89-780 cpx

standard error (for single

orthopyroxene; wr—whole rock; avg

Note: cpx—clinopyroxene; opx:
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Figure 5. ¥Sr/*Sr versus "*Nd/'*Nd di-
agram (A) for clinopyroxene separates
from peridotite xenoliths from Las-
haine, Olmani, and Labait in the east-
ern branch of the East African Rift (this
study; Cohen et al., 1984; Rudnick et
al., 1993; Aulbach et al., 2008; Koorn-
neef et al., 2009); Kenyan plume field
encompasses different estimates for the
composition of the plume beneath the
Kenya section of the East African Rift
from Rogers et al. (2000), and based
on homogeneous isotope compositions
for carbonatite-metasomatized Olmani
peridotites (Rudnick et al., 1993) and a
heavily overprinted deep-seated perido-
tite from Labait (Aulbach et al., 2008).
Trend and field for lavas from Samoa
(Jackson et al., 2007) and Italy (Rogers
etal., 1985), which are derived from sub-
ducted sediment-modified sources, are
shown for comparison. Depleted man-
tle (DM), high- (HIMU), and enriched
mantle (EM1, EM2) end members are
from Zindler and Hart (1986) and Bell
and Tilton (2001); bulk silicate earth
(BSE) and chondritic uniform reservoir
(CHUR) values (thin stippled lines)
are from Bell and Tilton (2001) and
Wasserburg et al. (1981), respectively.
(B) Volcanic rock isotope data (at time
of eruption) taken from http://georoc
.mpch-mainz.gwdg.de/georoc/, except
for Rungwe (Furman and Graham,
1994), Chyulu Hills (Spith et al., 2001),
Ngorongoro Volcanic Highland (Mollel
et al., 2011), Toro Ankole (Rosenthal et
al., 2009), Virunga (Chakrabarti et al.,
2009), and Igwisi Hills (Dawson, 1994).
Silicate lavas were screened for Ce/Pb
(>20) to avoid crustally contaminated
samples (Hofmann et al., 1986), and
for SiO, (50 wt%). Separate fields are
shown according to rift sections (North-
ern Gregory, Southern Gregory, western
rift) plus Rungwe; carbonatites (eastern
plus western branch), Turkana lavas,
Chyulu Hills lavas, and Igwisi Hills lava
are shown separately. East African car-
bonatite line (EACL) is from Bell and
Blenkinsop (1987). Whole-rock py-
roxenites from Virunga in the western
branch (Davies and Lloyd, 1989) are
shown for comparison.
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DISCUSSION

Lithosphere Formation and Modification Recorded in
Mantle Samples from Tanzania

We will focus our discussion on Tanzanian xenolith locali-
ties for which both trace-element and isotopic compositions are
available. Establishing the age of lithosphere formation is inte-
gral to efforts to decipher lithosphere evolution. The best tool
with which to gauge the age of melt depletion, which likely gave
rise to the formation of cratonic mantle lithosphere, is the Re-Os
isotope system (reviewed in Rudnick and Walker, 2009). Mini-
mum ages for Tanzanian peridotites range up to 3.2 Ga for Labait
and up to 3.4 Ga for Lashaine and Olmani (Chesley et al., 1999;
Burton et al., 2000). A single published Os analysis for a spi-
nel lherzolite from Pello Hill yields a Proterozoic minimum age
(1.3 Ga; Burton et al., 2000), but unpublished Os model ages for
Pello Hill and Eledoi indicate that, like Olmani and Lashaine, the
mantle lithosphere beneath these northern localities is Archean
(J. Chesley, 1998, personal commun.). An Archean age for all of
the Tanzanian localities considered here is also indicated by the
very refractory nature of the peridotites, many of which have the
high Fo and low AlO, and CaO contents that are characteristic
of mantle xenoliths from Archean cratons (e.g., Rudnick et al.,
1993, 1994; Lee and Rudnick, 1999).

Dawson (1999) remarked that each xenolith suite in Tan-
zania has a distinct metasomatic signature, which makes it dif-
ficult to identify spatial geochemical patterns. Moreover, there
is evidence for more than one episode of mantle modification.
One event was related to recent rift-related intrusion of sublitho-
spheric melts and fluids; other episodes are older. Texturally,
these multiple events are manifest in the presence of both equili-
brated “old” phlogopite and unequilibrated “young” phlogo-
pite in the same sample suite (Rudnick et al., 1994; Dawson,
2002; Koornneef et al., 2009). Melt refertilization is indicated
by included minerals having higher Mg# than those occurring
interstitially (Rudnick et al., 1994; Lee and Rudnick, 1999)
and inclusions in diamond centers being more refractory than
those occurring in diamond rims (Stachel et al., 1998). Rela-
tionships between clinopyroxene Sr and Nd isotopes and trace-
element compositions reveal two types of metasomatism. The
first results in relatively homogeneous isotope compositions,
despite variable parent-daughter ratios, which requires that it
occurred recently. The second type shows diverse ¥St/*Sr and
3N d/"Nd values that do not necessarily correlate with elemen-
tal abundances or parent-daughter ratios (Fig. 6). We describe
each of these metasomatic types next.

Rift-Related Mantle Metasomatism

Prior work on Tanzanian xenoliths showed that the litho-
spheric mantle has been heated and modified recently through
interaction with sublithospheric melts and fluids (Rudnick et
al., 1993; Lee and Rudnick, 1999; Chesley et al., 1999; Dawson
and Smith, 1988; Dawson, 2002; Aulbach et al., 2008; Koorn-
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neef et al., 2009). A ca. 400 ka age for euhedral zircons from
a phlogopite-rutile-orthopyroxene-chromite-sulfide vein in harz-
burgite suggests that this vein likely crystallized from rift-related
magmas, and it documents recent metasomatism in the litho-
spheric mantle (Rudnick et al., 1999). Labait is located where
the rift has started to propagate into the craton margin, and its
xenoliths therefore testify to lithosphere modification associated
with incipient extension. Iron-rich peridotites experienced strong
enrichment by asthenospheric, possibly plume-derived silicate
melts that added Fe, Li (Fig. 6), and radiogenic Os.

Clinopyroxenes in Olmani dunites and wehrlites are sug-
gested to have formed via rift-related carbonatitic metasomatism
(Rudnick et al., 1993). These peridotites are characterized by low
AL O, and SiO, and high CaO contents that contrast with those of
a single refractory harzburgite (Fig. 2). The clinopyroxenes from
Olmani peridotites generally have strongly negative Ti anoma-
lies (Fig. 3) and relatively unevolved and homogeneous Sr and
Nd isotope compositions (Fig. 5). All of these features are consis-
tent with formation of the clinopyroxene by reaction of peridotite
with rift-related carbonatitic melts (Rudnick et al., 1993). The
melts that gave rise to these features share similarities with silica-
undersaturated, carbonate-rich lavas in the western rift of the East
African Rift. The latter have been interpreted to reflect relatively
recent addition of small degrees of asthenosphere-derived car-
bonate melts that formed during initial stretching of the mantle
and solidified upon interacting with the cold lithosphere, shortly
thereafter providing a low-melting-point component contributing
to the formation of silica-undersaturated volcanic rocks (Rosen-
thal et al., 2009).

The Olmani clinopyroxenes have highly variable REE con-
tents but similar (La/Yb), values (2.0-5.6), which are typically
lower than those of clinopyroxene in SiO,-poor garnet-free peri-
dotites from Lashaine (4.9-35.2; Fig. 3). Lithium enrichment
appears to be a hallmark of the recent rift-related metasoma-
tism both by silicate melt beneath Labait and carbonatite melt
beneath Olmani. Overprinting of the lithosphere by rift magmas
is accompanied by evidence for deep lithospheric heating at the
margin and within the center of the Tanzanian craton (Labait and
Igwisi Hills, respectively). This heating is consistent with the for-
mation of symplectites surrounding garnets (Dawson, 1994; Lee
and Rudnick, 1999) and enhanced Zr concentrations on the rims
of recent rutiles in veins from peridotites from Labait (Watson
et al., 2006). Other manifestations of rift-related metasomatism
are the presence of pyroxenite xenoliths (e.g., Davies and Lloyd,
1989) and of veins in peridotite xenoliths (e.g., Rudnick et al.,
1999) from the craton margin and mobile belt, both in the eastern
and western branches of the East African Rift (Oldoinyo Len-
gai, Marsabit, Toro Ankole, Virunga; Davies and Lloyd, 1989;
Dawson and Smith, 1992; Link et al., 2008; Kaeser et al., 2009).
Finally, the relatively uniform and low *He/*He ratios of Labait
xenoliths, including a pyroxenite and the fertile, deepest sample
(LB-45), which shows the greatest overprinting by rift basalts,
suggest that the He isotopic signature of the lithosphere beneath
Labait has been overprinted by the rift fluids and magmas.
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Prerifting Mantle Metasomatism

Inclusions in diamonds from the 40-53 Ma Mwadui kim-
berlite cluster in the central Tanzanian craton attest to prerift-
ing metasomatism, since the kimberlites predate earliest plume
impingement in the Gregory Rift section of the East African
Rift. Studies of these inclusions have revealed the mantle litho-
sphere to be unusually fertile at the time of, or refertilized dur-
ing, diamond formation, leading to high TiO, in garnets and K,O
in clinopyroxene (even if a pressure dependence is considered),
a high ratio of lherzolitic to harzburgitic garnet inclusions, and
high FeO contents of inclusions near the rim of the diamond
compared to those occurring in diamond centers (Stachel et al.,
1998). The trace-element contents of these inclusions reflect
LREE and MREE enrichment (Stachel et al., 1999).

Unlike inclusions in diamonds, xenoliths can be modified
by metasomatic processes up to the time of entrainment in the
host magma (see previous section). However, garnet in a Las-
haine SiO-rich peridotite has a U-shaped trace-element pattern
that is similar to those of garnet inclusions in diamonds from
the ca. 50 Ma Mwadui kimberlites. This pattern is distinct from
those of garnets in deep, hot, and metasomatized Labait peri-
dotites (Fig. 3D; Koornneef et al., 2009). The similarity of the
Lashaine garnet and the diamond inclusion garnets points to
the antiquity of the metasomatic signature in Lashaine garnet-
bearing peridotites. Thus, portions of the refractory lithospheric
mantle escaped the rift-related overprint. The timing of metaso-
matism is best documented by radiogenic isotopes, as discussed
in the next section.

Ancient LREE enrichment and low Rb/Sr preserved in
refractory peridotite. Clinopyroxenes in spinel peridotites and
garnet-free harzburgites, the most refractory samples from
Labait and Lashaine, have highly variable Sr and Nd isotope
compositions that are distinct from those of rift-related volca-
nic rocks (Fig. 5). Clinopyroxene in refractory Labait spinel
peridotite LB-31 and Lashaine dunite 89-672 have unradio-
genic Nd (, 8.6 and 5.0, respectively) and moderately radio-
genic Sr (0.7042 and 0.7041) that is similar to enriched mantle
1 (EM1), which is likely due to LREE enrichment prior to any
plume-related overprints. Clinopyroxene from spinel perido-
tite LB-31 has a depleted mantle Nd model age (T,,) of 2.15 +
0.34 Ga ("*"Sm/'"Nd calculated from Sm = 3.17 ppm, Nd =
12.88 ppm [Table 2]; error calculated assuming 10% uncer-
tainty on Sm/Nd; depleted mantle [DM] values are from Mich-
ard et al., 1985). Similar isotope systematics and model ages
(based on the same model for DM) for clinopyroxene from
Labait xenoliths have recently been reported (Koornneef et al.,
2009). These point to low time-integrated Sm/Nd of the source
and may indicate that the metasomatic enrichment occurred
sometime in the Paleoproterozoic.

Sediment-derived silicic to carbonate melt metasomatism?
The SiO, contents of less-refractory garnet lherzolites from Las-
haine are higher than those of garnet-free peridotites (Fig. 2), and
clinopyroxene Sr/Y ratios are generally elevated in all litholo-
gies, but they are not unusual compared to those in fertile lher-
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zolites from Labait. Hence, the silica-rich Lashaine garnet lher-
zolites could have been refertilized during recent silicate melt
metasomatism, similar to Labait peridotites. However, olivines
in Lashaine garnet-bearing peridotites are Li-poor (1.7 ppm)
compared to recently silicate melt—-metasomatized samples from
Labait (average 3.1 ppm; Aulbach et al., 2008).

In contrast to silica-rich peridotites, several low SiO, perido-
tites from Lashaine have distinctly high CaO/AlQ, (Fig. 2), sim-
ilar to Olmani peridotites, which have previously been ascribed
to carbonatite metasomatism (Rudnick et al., 1993). Again, low
Li contents in high-Ca/Al,O, Lashaine peridotites, compared to
the high Li in recently carbonatite melt—-metasomatized samples
from Olmani (average 3.3 ppm; Aulbach and Rudnick, 2009),
preclude a temporal relationship. In addition, the unusually
radiogenic ¥’St/*Sr ratio relative to *Nd/'**Nd of clinopyrox-
ene in many Lashaine peridotites (and in one Labait peridotite)
is distinct from the relatively unradiogenic and uniform *’Sr/*Sr
inferred for the plume (Fig. 5). Collectively, this evidence sug-
gests that recent silicate- or carbonatite-melt metasomatism is not
responsible for the observed trace-element and isotope systemat-
ics of silica-rich and high-Ca/Al O, peridotites from Lashaine.
Therefore, we next consider a scenario of older metasomatism
involving recycled components.

The unusual Sr-Nd isotope compositions recorded in many
Lashaine peridotites, which plot in the upper- and lower-right
quadrants of the Sr-Nd isotope diagram, toward the far right
of primitive mantle ¥’Sr/**Sr (Fig. 5), may point to the pres-
ence of an ancient continental crust component in the litho-
spheric mantle, as previously argued (Rudnick et al., 1994),
possibly introduced by means of subduction of ancient sea-
floor sediments (e.g., Zindler and Hart, 1986). Samples in the
right quadrants have isotope characteristics similar to volcanic
rocks from central Italy and Samoa, which have been ascribed
to a subducted sediment-modified mantle source (Rogers et al.,
1985; Jackson et al., 2007) (Fig. 5A). The samples plotting
in the upper-right quadrant are more problematic to explain.
They require high time-integrated Rb/Sr and Sm/Nd, which
are unusual features in any common rock type. It is unlikely
that they represent mixtures between an extreme component
like that seen in BD-738 and rift basalts, because the amount
of basalt required to produce this mixture would be very large
(tens of percent), which is not consistent with the modal min-
eralogy observed in the samples. However, a relatively small
amount of Sr- and Nd-rich carbonatite having an isotopic
composition similar to the Olmani peridotites, mixed with the
BD-738 peridotite could produce these unusual compositions.
The conspicuously low Li contents in Lashaine peridotites
compared to other sample localities suggest either that Li was
not added by the metasomatic process, or that it has been sub-
sequently removed.

Melting of carbonated metapelite can produce a spectrum of
melts from silicic to carbonatitic (Thomsen and Schmidt, 2008)
and may be able to explain the crustal-like ¥’St/*Sr signature seen
in BD-738. The high Sr/Y and Na,O contents and low Sm/Nd
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observed for both high-CaO/Al,0, and high-SiO, Lashaine perido-
tites qualitatively require separation of the metasomatic melt from
a garnet-rich and clinopyroxene-poor source. This is observed for
phase relations in subducted sediment at high pressure, where the
garnet phase volume expands at the expense of clinopyroxene
(Thomsen and Schmidt, 2008). Interestingly, clinopyroxenes in
Lashaine peridotites show marked negative trends of Sr/Y with
Zr/Sm (Fig. 6E) and Sm/Nd (not shown), which would be com-
patible with increasing carbonatite component, with fractionated
LREE/(HREE + Y) and carrying little Zr (plus other high field
strength elements [HFSEs]), in an evolving melt.

Lower-crustal xenoliths from Labait, Lashaine, and Naibor
Soito (just south of Pello Hill) are, without exception, Archean
in age (Mansur, 2008). There is no evidence within the crust
for post-Archean magmatic additions to the lithosphere in this
region until the onset of rift magmatism. Therefore, if the signa-
tures in the Lashaine peridotites reflect crustal subduction into
the mantle, it probably occurred in the Archean, consistent with
the highly evolved ¥Sr/*Sr ratios observed for many Lashaine
samples. Equilibrated phlogopite, possibly precipitated during
reaction of slab-derived fluid with peridotite, is observed in some
samples (Cohen et al., 1984; Dawson, 2002). The most isotopi-
cally extreme example of these is BD-738, which has a *’Sr/*Sr
of 0.83 (Cohen et al., 1984). Assuming a bulk rock with 5 vol%
phlogopite, 7 vol% garnet, and 7 vol% clinopyroxene (B. Daw-
son, 2000, personal commun.), and using the observed Rb-Sr ele-
mental compositions (Cohen et al., 1984) and an initial *Sr/*Sr
for Archean carbonates of 0.7030 (Veizer et al., 1989), this sam-
ple would evolve to a ¥St/*Sr of only 0.724 after 3 b.y. However,
if the initial phlogopite mode was slightly higher (i.e., 8 vol%),
the assemblage could generate *’Sr/*Sr of 0.832 within 3 b.y.

Lithospheric Mantle Contributions to Rift Melts

As discussed already (‘“Rift-related mantle metasomatism”
section), some mantle xenoliths from Tanzania show the chemi-
cal and isotopic signatures of recent overprinting by rift-related
magmas. Conversely, these magmas show evidence of interaction
with the subcontinental lithospheric mantle. In East Africa, small-
volume, silica-poor, highly alkaline rock types such as nephelin-
ites, basanites, melilitites, and carbonatites predominate in the
craton, whereas in the mobile belt, alkali olivine basalts and tho-
leiites with higher SiO, contents are suggested to be more preva-
lent, the latter of which are associated with progressively shal-
lower, more voluminous melting (Rogers et al., 2000; Macdonald
et al., 2001). This appears reasonable given that the lithospheric
mantle beneath the East African Rift, though metasomatized, is
still relatively infertile (exemplified by low CaO and Al,O, con-
tents shown in Fig. 2) and cannot give rise to tholeiitic basalts.
However, it can generate low-volume silica-undersaturated
potassic melts fed by phlogopite- and carbonate-rich metaso-
matic vein assemblages that form during incipient rifting in
continental settings (e.g., Tappe et al., 2007, 2008; Rosenthal et
al., 2009). Figure 7 shows that there is no isotopic distinction
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between the highly alkaline and tholeiitic basalts from the south-
ern Gregory Rift, despite the reported correlation of setting and
chemical composition for rift-related magmas. This may indi-
cate that they share a range of sources from convecting mantle/
plume to lithospheric mantle.

For the following analysis, it is important to consider that
lithospheric mantle that has been strongly refertilized by rift
melts, similar to fertile Labait peridotite LB-45, which has a
major-element composition approaching that of primitive man-
tle, may produce melts that reflect plume geochemistry with-
out directly being plume-derived melts (Bell and Tilton, 2001;
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Figure 7. Sr-Nd isotope compositions for lavas from the eastern
branch of the East African Rift distinguished by (A) SiO,-content
(cut-off 45 wt%) and (B) alkali content (K,0+Na,O, cut-off 4.4 wt%),
with the cut-off corresponding to approximately the median content
for the data set (references as in Fig. 5).
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Spith et al., 2001). Since the isotopic maturation after young rift-
related metasomatism is minimal (see, for example, carbonatite-
metasomatized peridotites from Olmani), a direct versus indirect
plume contribution cannot be distinguished with our data, and
only contributions from lithospheric regions with large time-
integrated parent-daughter fractionations can be discerned. Fur-
thermore, Pb isotope data might not distinguish well between
lithosphere settings (Macdonald et al., 2001), and such data are
less commonly available for mantle xenoliths than Sr and Nd iso-
tope data. Therefore, we will focus on the latter in the following
discussion, which aims to identify lithospheric mantle signatures
in rift melts and address whether they are acquired in situ upon
percolation of the melt through the lithosphere or whether they
are inherited from a sublithospheric source.

Sr-Nd Isotopic Composition(s) of the “Kenya Plume”

In order to identify the imprint of lithospheric mantle on rift-
related melts, it is necessary to constrain the composition of the
plume(s) beneath the East African Rift that feeds the wide variety
of melts. The presence of one (Ebinger and Sleep, 1998; Mor-
ley, 1994) or two thermal anomalies (i.e., the Kenya and the Afar
plumes: George and Rogers, 2002; Rogers et al., 2000; Debayle
et al., 2001; Nyblade et al., 2000; Montelli et al., 2004) beneath
the East African Rift has been suggested based on geochemical,
geophysical, and modeling results. Alternatively, a single plume
with several plume stems containing domains of isotopically dis-
tinct materials may feed the magmatism in the Afar and the Greg-
ory Rifts (Furman et al., 2006). The isotopically distinct western
rift magmatism may also require a heterogeneous (Kenya) plume
beneath the Tanzanian craton (Chakrabarti et al., 2009). Here,
we focus on contributions from sublithospheric and lithospheric
mantle sources beneath the northern and southern Gregory Rift
(which together form the eastern branch), the western branch,
and Rungwe at the southern confluence of the two branches.

To the north, the Afar plume is suggested to have ¥Sr/*Sr of
0.7035 and '*Nd/"**Nd of 0.5129 (Rogers et al., 2000), whereas to
the south, various compositional estimates exist for the Kenyan-
Tanzanian plume. Consistent with the HIMU signatures seen in
widespread African volcanism (Janney et al., 2002), Oldoinyo
Lengai volcano and lavas from the Ngorongoro Volcanic High-
land in northern Tanzania show both HIMU and EMI signatures,
which have been ascribed to mixtures of anciently metasoma-
tized EMI-like lithosphere and plume-derived HIMU-like melts
(Bell and Simonetti, 1996; Mollel et al., 2009, 2011). Tertiary
(23-20 Ma) melts in the Turkana Depression of northern Kenya
and volcanic rocks in southern Ethiopia also have HIMU charac-
teristics (Furman et al., 2006), as do younger volcanic rocks in
the Huri Hills volcanic field (Class et al., 1994).

The HIMU signature has been suggested to be due to “con-
ditioning” of the lithospheric mantle by ocean-island basalt
(OIB)-like melts billions of years ago (Paslick et al., 1995; Pik et
al., 2006). However, a HIMU signature is identified in the Sr-Nd
isotope composition of a fertile lherzolite from Labait (LB-45:
87Sr/%6Sr = 0.7029, *Nd/"“*Nd = 0.51286; Aulbach et al., 2008),
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which is derived from the lithosphere-asthenosphere boundary,
where it experienced significant refertilization from plume-
derived melts (Lee and Rudnick, 1999; Chesley et al., 1999; Aul-
bach et al., 2008). This suggests that HIMU-like Sr-Nd isotope
compositions in the lithospheric mantle may stem from recent
addition of and interaction with magmas from the Kenya plume.
This is consistent with a model of thermal reactivation and incor-
poration of lithosphere into the plume (Rogers et al., 2006). At
Turkana, the depth of melting exceeds the lithospheric thickness,
therefore also clearly arguing against a (purely) lithospheric
source of the HIMU signature (Furman et al., 2006).

Moreover, a HIMU composition for the rift magmas can
be inferred from the low R/R_ ratios of the Tanzanian peridotite
xenoliths (Porcelli et al., 1986; this work), because HIMU lavas
typically have lower R/R  values than those of MORB (Fig. 4;
Graham et al., 1992; Hanyu and Kaneoka, 1997). Finally, if the
HIMU source resided in the lithosphere and was due to ancient
addition of OIB-like melts, the question arises as to why so few
lithospheric mantle xenoliths show this signature. Indeed, the
Sr-Nd isotope signatures of peridotite xenoliths from Labait
range from DM- to EM1-like, whereas Lashaine samples range
widely from EM1-like to unusually high ¥Sr/*¥Sr compositions
(Fig. 5). The various arguments outlined here imply a recent, ulti-
mately sublithospheric origin for the HIMU component.

The HIMU-like composition of deep Labait peridotite
LB-45 (¥Sr/*Sr = 0.7029, "*Nd/'"“Nd = 0.51286, *He/*He =
5.9, 'Li = 4.9) is different from the common rift end member in
Sr-Nd isotope space (*’Sr/*Sr = 0.7035, "*Nd/'"*Nd = 0.51275)
that has been identified for Tertiary to Holocene magmas from
the axial Gregory Rift, which has been suggested to reflect the
plume composition (Rogers et al., 2000; Fig. 5). This is, in turn,
different from the remarkably homogeneous ¥’Sr/*Sr (0.7034—
0.7039) and "*Nd/**Nd (0.51280-0.51284) values seen in the
Olmani dunites and wehrlites (Rudnick et al., 1993), as well as
the strongly rift-overprinted hydrous peridotites from Pello Hill
and Eledoi (Dawson and Smith, 1988; Cohen et al., 1984).

The suggested spread in estimates for the isotope composi-
tion of the Kenya plume may indicate that the plume has small
but significant heterogeneity in its Sr-Nd isotope characteristics,
including a small EM1 component that was present in the plume
source and not acquired during percolation through the subcon-
tinental lithospheric mantle, as suggested previously (Aulbach et
al., 2008). Compositional variation in a single plume is reported
for Hawaii and other oceanic intraplate magmatism (Hofmann,
2005, and references therein) and has also been inferred for the
Afar plume to the north (Furman et al., 2006) and for the western
branch of the East African Rift (Chakrabarti et al., 2009). If, as
suggested here, the Kenya plume is heterogeneous in Sr and Nd
isotope compositions, encompassing the range between HIMU
and HIMU plus EMI (circle in Fig. 5), then rift melt composi-
tions falling outside this limited range of isotope ratios (data com-
piled from http://georoc.mpch-mainz.gwdg.de/georoc/ and liter-
ature cited in the caption to Fig. 5) must reflect contamination by
lithospheric mantle (since crustally contaminated samples were



Evolution of the lithospheric mantle beneath the East African Rift in Tanzania

screened out of our compilation using Ce/Pb as a discriminant;
Hofmann et al., 1986). Conversely, lithospheric mantle samples
with compositions outside this plume range were not severely
overprinted by plume material.

Silicate Lavas

As outlined in the previous section, there is no evidence for
strongly heterogeneous source material feeding the magmas of
the Gregory Rift. Therefore, the isotopic diversity (e.g., HIMU
and EM components) seen in rift volcanic rocks has been ascribed
to a lithospheric mantle overprint of sublithospheric melts (e.g.,
Norry et al., 1980; Davies and Macdonald, 1987; Class et al., 1994;
Paslick et al., 1995; Bell and Simonetti, 1996; Kalt et al., 1997,
Rogers et al., 2000; Macdonald et al., 2001; Clément et al., 2003).
It is shown next that lithospheric signatures within rift magmas
show geographic variations, as summarized in Furman (2007).

Turkana is a low-standing area of high lithospheric extension
sitting between two topographic highs that may be surface expres-
sions of one or more mantle plumes (Furman et al., 2006). At Tur-
kana, Tertiary volcanic rocks exhibit a wider range of radiogenic
isotope compositions than Quaternary volcanic rocks. The latter
are compositionally similar to the Afar lavas and have HIMU char-
acteristics. Most Turkana Sr-Nd isotope compositions fall into the
suggested field of the heterogeneous Kenya plume composition,
with a few samples possibly showing the influence of lithospheric
mantle or depleted mantle (Fig. 5G; Furman et al., 2006).

The majority of lavas from the northern Gregory Rift have
Sr-Nd isotope compositions falling between those of the Kenyan
plume and depleted mantle and showing significant overlap with
lavas from the Turkana Depression (Fig. 5B). They erupted after
prolonged rift activity, predominantly in an axial rift setting, and
therefore likely sampled more of the ambient upper mantle and less
of the lithospheric mantle. By contrast, the Sr-Nd isotope system-
atics of most lavas from the southern Gregory Rift trend strongly
toward EM1 and, to a lesser degree, toward “anomalously” high
8Sr/%Sr decoupled from '*Nd/'**Nd, including the host melilitite
of the Labait xenoliths (Aulbach et al., 2008) (Fig. 5B). The com-
positions of these lavas likely reflect a significant contribution
from lithospheric mantle, similar to that identified beneath Las-
haine and Labait (Fig. 5A) and in a single measured Quaternary
kimberlite from the Igwisi Hills in the Tanzanian craton. This is
consistent with their location in the southern portion of the young
Gregory Rift (5 Ma; Dawson, 1992), where the lithospheric man-
tle is relatively thick (Henjes-Kunst and Altherr, 1992; Rudnick et
al., 1994; Ritsema et al., 1998; Lee and Rudnick, 1999; Kaeser et
al., 2006). Lavas from Chyulu Hills, east of the southern Gregory
Rift valley, overlap both the plume-like Sr-Nd isotope composi-
tions of the northern Gregory Rift and the more enriched com-
positions seen in lavas from the southern Gregory Rift (Fig. 5B).

Lavas from Rungwe, Tanzania, at the southern terminus of
the East African Rift, are not particularly potassic, but they are
silica undersaturated (Furman, 1995, 2007). Their Sr-Nd isotope
compositions reveal an even stronger influence of ancient LREE-
enriched lithosphere than in the southern Gregory Rift.
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Like Rungwe, the distinct volcanic provinces of the west-
ern branch (Toro-Ankole, Virunga, Kivu) erupt mainly silica-
undersaturated lavas with high incompatible element concentra-
tions (Furman, 2007, and references therein; Chakrabarti et al.,
2009; Rosenthal et al., 2009). Contrary to the Gregory Rift, there
is no identifiable southward age progression, but a systematic
decrease in K,0O and CO, from north to south is consistent with
progressively thinner lithosphere (Furman and Graham, 1999;
Rosenthal et al., 2009). Chakrabarti et al. (2009) advocated the
presence of a heterogeneous plume source that is tapped at vari-
ous depths, giving rise to the geochemical diversity of western
rift lavas. In contrast, Rogers et al. (1992, 1998) suggested that
western rift magmas are derived entirely from the lithospheric
mantle, which formed in the Archean and experienced 0.5 Ga
and 1 Ga enrichment events. Similarly, western rift kamafugites
(silica-undersaturated, Ca-rich rocks), which represent the earli-
est rift magmas erupted on thick continental lithosphere, are sug-
gested to be derived from a veined lithospheric mantle source
with contributions from older Mica-Amphibole-Rutile-Ilmenite-
Diopside (MARID)-type and young carbonate-rich metasomes
(Rosenthal et al., 2009). The wide range of chemical and isotopic
characteristics of Miocene to Holocene mafic lavas from the Kivu
volcanic province also bears evidence of a source region with
distinct enrichment histories resulting in a heterogeneous litho-
spheric mantle (Furman and Graham, 1999). The only xenoliths
described from western rift volcanic rocks are pyroxenites from
Virunga and Toro Ankole that have a narrow range of enriched
Sr-Nd isotope compositions, and compositions that overlap those
of their host rocks, but for which relationships to rift-related mag-
matism are unclear (Davies and Lloyd, 1989; Link et al., 2008).

Of all the East African Rift lavas considered, those from the
western rift show the strongest variability in Sr-Nd isotope space,
many lying far outside the field of proposed intrinsic plume het-
erogeneity and trending strongly toward high *’Sr/*Sr composi-
tions seen in Lashaine peridotites (Fig. 5B). Thus, western rift
lavas manifest contributions from lithospheric mantle that may
resemble that beneath Lashaine (Fig. 5A), which lies nearly
1000 km further east and is inferred to have been subduction-
modified in the Archean (see “Prerifting Mantle Metasomatism”
section). We therefore suggest that the western rift, though situ-
ated in Proterozoic mobile belts (Kokonyangi et al., 2007), like
Lashaine, is underlain by cratonic lithosphere that was modified
during accretionary processes.

Carbonatite Lavas

The high Sr and Nd concentrations in carbonatites ensure
that they are buffered against contaminants (Bell and Blenkinsop,
1987) and can themselves act as powerful metasomatic agents in
the mantle, as exemplified at Olmani (Rudnick et al., 1993). In
addition, their low viscosity and rapid ascent to the surface do
not allow much time for interaction with the crust (tens of years;
Williams et al., 1986). In terms of the evolution of rift-related
melts, small-volume, volatile-rich magmas, such as carbonatites,
have been linked to incipient rifting and faulting, giving way to
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larger-volume, silicate-dominated melts as rifting continues
(e.g., Bell and Tilton, 2001). The Sr-Nd isotope compositions of
East African Rift carbonatites (113 Ma and younger) form a lin-
ear array between HIMU and EM1 components (Fig. 5) that is
termed the East African carbonatite line (EACL), which reflects
mixtures of plume and enriched mantle sources (Bell and Blen-
kinsop, 1987; Bell and Simonetti, 1996). Individual carbonatite
complexes do not show this trend and likely have small, isotopi-
cally distinct lithospheric mantle sources that cannot be described
purely in terms of components in OIBs, such as HIMU and EM1
(Kalt et al., 1997). By contrast, Bell and Tilton (2001) suggested
that the broad-scale mixing between HIMU and EM1 in carbon-
atites may reflect streaks in the convecting mantle.

For a comparison of the Sr-Nd isotope characteristics of
carbonatites to those of xenoliths from the East African Rift, we
exclude older complexes from the southern East African Rift
(Malawi and Zambia), which, owing to their strongly enriched
character, quickly acquire distinct compositions due to in situ
decay that cannot be confidently corrected for (Kalt et al., 1997).
The most striking observation from Figure 5 is that, contrary to
many small-volume silicate melts, such as those from the west-
ern rift, carbonatites have virtually no high ¥Sr/*Sr component.
The absence of this signature in carbonatites may indicate that, in
the East African Rift, carbonatites were not derived from ancient
subduction-modified lithospheric mantle. Moreover, any interac-
tion that occurred between carbonatites and this ancient litho-
sphere resulted in complete overprinting of the lithosphere (e.g.,
Olmani, which is geographically close to Lashaine, which has the
most extreme ¥’Sr/*Sr). Thus, an unradiogenic Sr component in
asthenosphere-derived carbonate melts that were recently added
would swamp the signal of radiogenic Sr resulting from ancient
metasomatism, as has been postulated for silica-undersaturated
lavas from the western rift (Rosenthal et al., 2009).

SUMMARY AND CONCLUSIONS

‘We used chemical and isotopic characteristics of whole rocks
and clinopyroxene from peridotite xenoliths from northern Tan-
zania to unravel the plume-related and preplume history of the
lithospheric mantle beneath the Tanzanian craton margin (Labait)
and the rifted, reworked craton beneath the Mozambique belt
(Lashaine and Olmani). The lithospheric mantle beneath Tanza-
nia has affinities to three major mantle components identified by
Zindler and Hart (1986): (1) a heterogeneous component close to
HIMU, associated with recent intrusion of plume-related silicate
and carbonatite melts in the deep lithosphere over a geographi-
cally wide region (e.g., Labait, Olmani, Pello Hill, and Eledoi),
(2) an EM1-like component, likely reflecting old LREE enrich-
ment, which is preserved in refractory mantle samples from Las-
haine and Labait, and (3) an EM2-like component reflecting the
presence of old recycled continental crustal material identified in
the mantle lithosphere underlying Lashaine and Labait.

The Sr-Nd isotopic composition of the plume component is
inferred to be heterogeneous and to range from 0.7029 to 0.7036
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and 0.51275-0.51286, respectively, as reflected in isotope trends
for rift-related magmas (Rogers et al., 2000), and in heavily melt-
metasomatized samples from the lithospheric mantle beneath
Labait, Pello Hill, Eledoi, and Olmani. Rift-related melts with
lower "*Nd/'"*“Nd and higher ¥Sr/*Sr values than typical of
plume compositions are inferred to have interacted with or be
derived from ancient metasomatized lithospheric mantle sources
such as those preserved beneath Labait and Lashaine that have
EM1 or EM2 affinities. Silicate lavas from the southern Gregory
Rift, where rifting is recent, show a stronger input of EM1 and
EM?2 components than lavas from the northern Gregory Rift in
Tanzania and the Turkana Depression, where rifting commenced
earlier. The strongest lithospheric mantle signature is seen in sili-
cate lavas from the western branch, similar to that recognized in
peridotites from Lashaine, where “anomalous™ Sr is attributed
to ancient subduction. In contrast, the Sr-Nd isotope systematics
of rift carbonatites are inconsistent with an EM2 contribution,
which indicates that carbonatite melts in the East African Rift
are either not derived from or were not affected by subduction-
modified regions of the lithospheric mantle.
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ABSTRACT

New major-element, trace-element, and isotopic (Nd, Sr) analyses of undersatu-
rated alkaline lavas from the Kilimanjaro volcano (north Tanzania) are presented.
These data concern 54 samples, ranging from basanites to phonolites, collected dur-
ing a 1 mo field trip in March 2005. The three main cones of Kilimanjaro were sam-
pled, Shira, Mawenzi, and Kibo, together with numerous parasitic cones located on
a SE lineament on the main edifice. On the basis of both spatial distribution and
major- and trace-element characteristics of analyzed samples, the previous classifi-
cation of Kilimanjaro lavas is simplified into five groups: Shira, Mawenzi, Kibo 1,
Kibo 2, and parasitic activity, each of which has distinct petrological and geochemi-
cal features. The major- and trace-element characteristics of the rare primitive lavas
erupted on the volcano yield the ubiquitous signature of amphibole within the magma
source. We propose that Kilimanjaro melts originated from the partial melting of
lithospheric mantle. Combined modeling of trace-element behavior during partial
melting + fractional crystallization and isotopic constraints allow us to propose a
schematic model of melt genesis under the Kilimanjaro area. Thermal heating of the
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ancient continental lithosphere by an upwelling plume triggered partial melting in
parts of the lithosphere where amphibole was present and led to the Shira volcanic
episode. Then, during a time span of ~1 m.y., the depleted lithosphere was progres-
sively infiltrated by plume melts that resulted in crystallization of a new generation
of metasomatic amphibole. Finally, this rejuvenated lithosphere underwent partial
melting, leading to the magmas that formed the main edifice (Mawenzi and Kibo),
and leading to a progressive depletion of the source with time. An active contribution
of true asthenospheric melts during the last magmatic events of the volcano cannot
be excluded, but further detailed isotopic investigations are needed to test the model.

INTRODUCTION

Numerous occurrences of abundant differentiated alka-
line rocks, and particularly of phonolites, have been described,
either (1) on intra-oceanic islands, e.g., Ua Pou in the Marquesas
Archipelago (Legendre et al., 2005), and Tristan da Cunha (Le
Roex et al., 1990) and Fernando de Noronha (Weaver, 1990) in
the Atlantic, or (2) in intraplate continental settings, e.g., Mount
Erebus in Antarctica (Goldich et al., 1975; Kyle et al., 1992),
Mount Kenya (Price et al., 1985), and the Kenya Rift, Kenya,
where plateau-type flood phonolitic lava flows are common
(Lippard, 1973; Goles, 1976; Hay and Wendlandt, 1995; Hay et
al., 1995). Whether from intra-oceanic or intracontinental set-
tings, the origin of these phonolites is still a matter of debate.
The bimodal distribution of the corresponding alkaline magmatic
series (characterized by the absence or paucity of intermediate
lavas, referred to as the “Daly gap”), in addition to the huge vol-
ume of phonolites erupted in several locations (Ua Pou, Kenya
Plateau), has been explained by the derivation of these lavas from
partial melting of mantle-derived basaltic material at depth (Hay
and Wendlandt, 1995; Hay et al., 1995; Kaszuba and Wendlandt,
2000) or basanitic materials at depth (Legendre et al., 2005). On
the contrary, the almost continuous series ranging from basani-
tes to phonolites through phono-tephritic and tephri-phonolitic
lavas, which are observed in Tristan Da Cunha, Fernando de
Noronha, Mount Erebus, and Mount Kenya, have been explained
by the derivation of phonolites from associated mafic magmas by
fractional crystallization processes, possibly coupled with crustal
assimilation (Price et al., 1985; Le Roex et al., 1990; Weaver,
1990; Kyle et al., 1992).

The aim of this study is to examine the origin and evolution
of the alkaline lavas, and particularly those of the abundant pho-
nolites, at Kilimanjaro volcano (Tanzania) in the East African
Rift system. Previous studies have mainly examined the lavas
at Kilimanjaro from the point of view of their emplacement
and volcano-stratigraphic relationships (Downie et al., 1956,
1965; Downie and Wilkinson, 1972). We present new data on
the whole-rock major- and trace-element and isotope geochem-
istry of lavas and intrusive rocks sampled on the southern flank
of Kilimanjaro. These data are discussed in order (1) to better
constrain the nature of the mantle sources and primitive mag-
mas, and (2) to investigate the petrogenetic relationships among

mafic, intermediate, and highly differentiated rocks sampled in
the most representative volcanic formations.

GEOLOGICAL FRAMEWORK AND
VOLCANIC HISTORY

Kilimanjaro is Africa’s highest mountain, culminating at
5895 m, and it constitutes the most prominent volcanic construc-
tion of the East African Rift as a whole. This huge volcanic edi-
fice belongs to the volcanic province associated with the north
Tanzanian divergence (Dawson, 1992), a sector where the east-
ern branch of the East African Rift diverges southward from a
single and narrow N-S—trending volcanic rift valley, in southern
Kenya, to form a 400-km-wide three-arm rift system approach-
ing the Tanzanian craton (Ebinger et al., 1997). In association
with this significant change in the rifting morphology, a trans-
verse volcanic chain, trending N80°E over more than 200 km,
developed with the emplacement of major volcanic edifices such
as the Ngorongoro crater, Mount Meru, and Kilimanjaro. Kili-
manjaro is located in a key area of this system, where the N§O°E-
trending volcanic chain intersects a first-order NW-SE basement
discontinuity. The latter might have played an important role in
the propagation of rifting southward along the Pangani Rift arm
(Le Gall et al., 2008).

Kilimanjaro is a 40 x 60 km elliptic edifice, consisting of
three major eruptive centers located along a N110°E-trending
axis: From W to E, they are the Shira, Kibo, and Mawenzi vents
(Fig. 1). The chronology of volcanic activity, discussed by Non-
notte et al. (2008), is polyphased and involves the migration of
eruptive processes from one center to another. Shira is the oldest
vent, with activity from ca. 2.5 Ma to 1.9 Ma. The latest phases
of activity in this center are characterized by the emplacement of
a dense radial dike swarm and by the collapse of the northern part
of the edifice. Kilimanjaro then recorded a 1-m.y.-long period of
quiescence, before the migration of the volcanic activity toward

»
>

Figure 1. Simplified geological map of the three volcanic centers of
Kilimanjaro (modified after Nonnotte et al., 2008), with the locations
of the analyzed samples and their petrological and geochemical affini-
ties. The insert shows the location of the Kilimanjaro volcano along the
eastern arm of the East African Rift system.
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Kibo and Mawenzi centers, which present the first evidence
of eruption at around 1 Ma (Baker et al., 1971) and 0.95 Ma,
respectively (Bagdasaryan et al., 1973). The eruptions appear to
have been continuous in these two vents, but activity ceased in
Mawenzi at ca. 0.45 Ma, whereas it continues in Kibo until pres-
ent day, with edifice construction of the present summit cone and
crater between 0.27 and 0.17 Ma (Wilkinson et al., 1986; Non-
notte et al., 2008). The youngest evidence of volcanic activity in
the Kilimanjaro area (ca. 0.2 Ma to present), and in the volcanic
province associated with the North Tanzanian divergence, is seen
in the emplacement of numerous Strombolian-type tuff cones
forming several parasitic belts above deep-seated fractures on the
NW and SE slopes of Kilimanjaro.

MAIN VOLCANIC UNITS AND PETROGRAPHY

The main volcanic units are presented in the simplified geo-
logical map (Fig. 1). The composition of each volcanic unit is
homogeneous, whatever its spatial distribution, which is often
large due to flank eruptions. The petrographic features of the dif-
ferent sampled units are shown in Table 1 and are illustrated in
Plate 1 by photomicrographs of typical samples. The lava clas-
sification is based on major-element compositions plotted in
the total alkali—silica (TAS) diagram of Le Maitre et al. (1989)
(Fig. 2). The lithological units defined by Downie and Wilkinson
(1972) have been simplified into five groups: Shira, Mawenzi,
Kibo 1, Kibo 2, and parasitic activity.

Shira

The western vent of Shira is made up of mainly mafic and
undersaturated lavas with a considerable amount of pyroclastic
material. The center of the collapsed caldera is occupied by a small
conical hill composed of a heterogeneous assemblage of basaltic
tuffs and thin lava flows, intruded by later-stage nepheline monzo-
diorite dikes (Downie and Wilkinson, 1972). This structure, called
the Platzkegel agglomerate, can be interpreted as a vent infilling.
Sampled lavas from Shira come from the Shira Ridge Group,
composed mainly of pyroclastic materials of basaltic-basanitic
compositions crosscut by an important subvertical radial dike
swarm of similar composition. Basanitic samples are porphyritic
with olivine, clinopyroxene, plagioclase, and Fe-Ti—oxide phe-
nocrysts. The basanitic dikes differ from the lavas only by their
doleritic texture (sample 05KI07B). Sample 05KI07C is a trachy-
basalt sampled from a pyroclastic block that displays the same
texture and phenocrysts as the basanitic lavas and dikes, but has
scarce nepheline microcrysts in its groundmass.

Mawenzi

The unusual tower-shape morphology of the Mawenzi east-
ern center results from a dense radial mafic dike swarm (>500
intrusions), deeply eroded, which crosscuts all the other forma-
tions. The older Mawenzi Eruptive Center formation is a pile of
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pyroclastic breccias and blocky lava flows. Lava and dike sam-
ples from the Neumann Tower—-Mawenzi Group and Mawenzi
Eruptive Center show homogeneous compositions plotting in the
trachybasalt field of the TAS diagram (Fig. 2). Trachybasaltic
lavas are porphyritic with olivine, clinopyroxene, orthopyroxene,
plagioclase, and Fe-Ti—oxide phenocrysts, which are also found
as groundmass phases. Nepheline may occur as groundmass
microcrysts, but it remains very scarce. The Mawenzi dikes dif-
fer only from the other facies by their doleritic texture.

Kibo

The Kibo central edifice forms the main peak of Kiliman-
jaro (Uhuru Peak, 5895 m). It typically presents a cone-shaped
morphology, towering over the Saddle plateau between Kibo and
Mawenzi peaks. Due to its longer activity and lesser erosion, its
volcanic stratigraphy is more completed and complicated than
that of the two other centers. As a general feature, Kibo erupted
mainly silica-undersaturated but highly differentiated lava flows,
and lesser amounts of pyroclastic breccias of similar composi-
tion, from its present summit cone or flank vents.

The oldest rocks sampled from Kibo belong to the Lava
Tower Group, the lavas of which range from phono-tephrite to
tephri-phonolite (Kibo 2). These lavas are highly porphyritic
with nepheline, olivine, Fe-Ti—oxide, and apatite phenocrysts,
and they are characterized by (>10 mm) tabular phenocrysts of
plagioclase. Clinopyroxene and sanidine microcrysts occur in
relatively small amounts, except in samples 05KI11 and 05K123,
where K-feldspar laths are abundant.

The Rhomb Porphyry Group is the most distinctive forma-
tion of Kibo. It is composed of porphyritic tephri-phonolite to
phonolite lavas with phenocrysts (3040 mm long) of anortho-
clase with reaction rims. These lavas also contain olivine, Fe-Ti
oxide and apatite. Sanidine and nepheline occur only as relatively
abundant microcrysts in the groundmass.

The Lent Group, which overlies the former lavas, erupted
from several flank vents. The lava flows present at their base a
glassy horizon, ~30 cm thick on average. Although it is the most
widely distributed formation, its lavas are rather homogeneous.
They include aphyric phonolites and tephri-phonolites with rare
and small phenocrysts of clinopyroxene, amphibole (kaersutite),
olivine, and Fe-Ti oxides. Sanidine and nepheline occur in the
glassy groundmass.

In the overlying formation of the Caldera Rim Group,
features similar to those of Rhomb Porphyry Group lavas are
observed. The Caldera Rim Group lavas are highly porphyritic
tephri-phonolites to phonolites that contain large phenocrysts of
anorthoclase with reaction rims. Olivine, scarce clinopyroxene
(sample 05KI37), Fe-Ti oxides, apatite, and nepheline occur as
phenocrysts. Sanidine occurs only as laths in the groundmass.
The occurrence of nepheline phenocrysts in these lavas is the
most distinctive petrographic character allowing us to differen-
tiate them from the phonolites of the Rhomb Porphyry Group.
The Caldera Rim Group formation principally erupted from the



131

so|dwes
M8} Ul JN220 ued 8joqiydwy

S910B} 9AlR[NWNYD
auljpydau Juepunqy
auljaydau juepunge Alop

+

+

+

+

X X X X X

X X X X X

auljlaydau 821e0s Alop

auleydeu ao1eds A1on
‘sse|B ul you ssewpunolL)

x

x

x

Swil uonoral Yim siedsple-eN

Swil uonoeal Yim siedsploy-eN
swi4 uonoeal Yum sredspiey-eN

SWwili uoljoeas Yyum siedsplaj-eN
Jedsp|a-eN JeingeL

Jedspjej-eN Jejnge

x

+ X

+ X

+

x

+ o+
X X

+

aulaydau 801e0s Alop

+ [X X X

+

X X + X X X X X X X X |X

+ o+ o+ |+

X X X | X X X

X X XX X X X X X X +|X

syleway

ajedy

apIX0 11-94

aulaydaN

aulplues
ase[ooypoue
Jo asejoolbe|d
sjoquydwy
auaxolAdoyu

sisauabeled [essulp

suaxoihdoul)y [x x X |+

auInIO

JenoIsan

lepini4

juenb3g

(6861) '[e 12 aJye|\ 97 o weibeip uoneulwLOSIP (SY1) BIljIS—I[eye [e10} 8y} Buisn paweu ale seAe|
pue saifojoyll] dAISNIUI—SY | "SSewpunolb ay) ul s}sA1ooioiw se Ajuo Buinddo sjessuiw s81edlpul + ‘ssewpunolb ay) ul sisA100io1w pue sysAioousyd se Bulinddo sjelaulw saledlpul X (S8Jo0N

JeinuelboioIp

OIYMI0JOIN

auoz
ajlueseq Auanoe oniseled oquioy
auoz
Jeseg Auanoe onisered oquioy
auoz
Jeseqoiold Auanoe onisered oquioy
apyda Aunnoe onsered 8lppes
alplo4 Aunoe onisered dlppes
J8)U8)
yesegAyoel | aAndnig 1zuamepy 1IZUBMEBIN|
dnoin) 1zuame
JesegAyoel | —I9MO] uuewnaN 1IZUBMEN|
ayjouoyd dnouy Jsyeln sauu| oqy
8jjouoyd dnoug wiy elepien oqy
ayjouoyd
-uyda ) dnoin wiy elepen oqy
8yjouoyd dnoun wiy elepled oq
ajouoyd dnoip jue oqi
dnoin
ajljouoyd Kifydiod quoyy oqiy
aplydey
-ouoyd dnoig Jamo] eae oqry
ayjouoyd
-uyday dnoin) Jamo eaeT oqiy
allueseq dnoux) ebpiy eiys BIYS
JlesegAyoel | dnoun abpiy eays BIyS
ajlueseq dnoux) ebpiy eiys BIYS
g =
ve J o© 8
2 2% 8§ ¢35 8
[] 5 [] 22
< 32 € =2 5 % Syl uolyew.oy Juan
& 38 = & © § [eoibojoan) aAndnig
28 3§ =
@ ®
2]
salnxa |

OYVINYITIM 40 SNOILYINHOSL DINVOTOA NIVIN IHL 40 SOILSIHILOVHVYHO OIHdYHODOH13d IHL 40 AHVYINNNS " 31aV.L






Petrology and geochemistry of alkaline lava series, Kilimanjaro, Tanzania
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Plate 1. Photomicrographs of intrusive lithologies and lavas from
the main volcanic formations of Kilimanjaro. (A) Intrusive basani-
tic 05KIO8B sample with doleritic texture from Shira Ridge Group.
(B) Phono-tephrite 05KI15 from Lava Tower Group with tabular phe-
nocrysts of plagioclase. (C) Phonolite 05KI20 from Rhomb Porphyry
Group with phenocrysts (30—40 mm long) of anorthoclase (upper-left
corner) and olivine phenocrysts in a fine crystallized groundmass of
nepheline microcrysts and sanidine microliths. (D) Aphyric phono-
lite 05KI33 from Lent Group with microcrysts of amphibole in a mi-
crolithic groundmass of sanidine. (E) Tephri-phonolite 05KI35 from
Caldera Rim Group with megaphenocrysts of anorthoclase and scarce
nepheline phenocrysts. (F) Aphyric phonolite 05KI22 from Inner Cra-
ter Group with olivine microcrysts in a well-crystallized groundmass
of sanidine microliths. (G) Intrusive trachybasalt 05KI45 with finely
crystallized groundmass from the dike swarm of the Neumann Tower—
Mawenzi Group. (H) Cumulative basalt 03TZ41B from parasitic activ-
ity sampled in the Rombo zone with olivine and zoned clinopyroxene
phenocrysts. All the microphotographs were taken in polarized light at
40x magnification.

present crater of Kibo. Glassy porphyritic samples 05KI38B and
05KI38C, collected at Stella Point on the summit crater rim,
present the same petrographic characteristics as the ‘“kenytes”
described from the summit of Mount Kenya (Baker, 1967; Price
et al., 1985).

We sampled only one lava flow from the latest forma-
tion erupted from the summit crater of Kibo, the Inner Crater
Group (sample 05K122), which spreads mainly over the northern
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flanks of the edifice and fills up the present caldera floor. Inner
Crater Group lavas are almost totally aphyric phonolites with
K-feldspar, nepheline, Fe-Ti oxides, olivine, Clinopyroxene, and
apatite microcrysts. However, some flows contain rare aegirine
phenocrysts (Downie and Wilkinson, 1972).

The Rhomb Porphyry Group—Caldera Rim Group and the
Lent Group—Inner Crater Group are referred hereafter to Kibo 1
porphyritic and Kibo 1 aphyric units, respectively.

Parasitic Vents

On the Saddle plateau and on the NW and SE slopes of Kili-
manjaro, the eruption of a large number of Strombolian tuff cones
marked the latest phases of volcanic activity on Kilimanjaro. This
so-called parasitic activity is expressed by the emplacement of
hundreds of pyroclastic deposits and lava flows ranging from
picrobasalts to trachybasalts with subordinate clinopyroxene-rich
basanites and foidites (nephelinites). Two areas were sampled:
the parasitic vents from the saddle plateau and the SE lower slope
of Kilimanjaro near Marangu in the Rombo area (Fig. 1).

Parasitic volcanic activity on the Saddle plateau resulted
in the emplacement of basanites, tephrites, and nephelinites.
The basanites are porphyritic with olivine, clinopyroxene, Fe-Ti
oxides, and associated scarce phenocrysts of amphibole (kaer-
sutite) set in a groundmass containing plagioclase, nepheline,
and apatite. Sample 05KI41B is a tephrite showing a low nor-
mative olivine content (<10%). However, it presents the same
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Figure 2. Total alkali—silica (TAS) diagram for lavas erupted on the three centers and from the parasitic centers of Kili-

manjaro. The fields are from Le Maitre et al. (1989).
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mineralogy as the basanites, but with a larger amount of neph-
eline phenocrysts. Sample 05KI40 is a nephelinite with olivine
and clinopyroxene phenocrysts set in a groundmass rich in neph-
eline microcrysts associated with Fe-Ti oxides and apatite micro-
crysts. The Strombolian-type tuff cones of the Rombo area show
compositions ranging from picrobasalt to basalt and basanite.
In all these lavas, olivine and clinopyroxene phenocrysts coex-
ist with plagioclase, Fe-Ti oxide, and apatite microcrysts in their
groundmass. Rare orthopyroxene crystals occur in basaltic lavas.
Typically, it appears in this group that all lavas are composed
of a groundmass that is well and finely crystallized with large
amounts of Fe-Ti—oxide microcrysts.

SAMPLING AND ANALYTICAL TECHNIQUES
Sampling Strategy

In total, 54 samples from the three eruptive centers were
examined. Despite the restricted geographical location of this
sampling on the southern side of Kilimanjaro, the selected
rocks are assumed to be representative of each individual for-
mation for several reasons: (1) the southern flank of Kiliman-
jaro is the only area where we can observe the entire magmatic
succession because of its exposure by erosion and volcanic col-
lapse, (2) no other specific lava formations have been mapped
on the northern flank of the volcano (Downie et al., 1965), and
(3) as mentioned already, the lavas from the three centers of
Kilimanjaro show rather homogeneous compositions within
each individual formation. The most important limitation dur-
ing our sampling was the tropical vegetation, which covers
all the outcrops on the lower slopes of the edifice, except in
some locations of the Marangu area (Rombo zone parasitic
vents; Fig. 1). Therefore, our sampling was scarce below the
altitude of 3000 m, which is the upper limit of the dense tropi-
cal vegetation. The same limitation was encountered by previ-
ous authors during their mapping of the edifice (Downie et al.,
1956, 1965; Downie and Wilkinson, 1972). All the collected
samples were analyzed for major elements by inductively
coupled plasma—atomic emission spectrometry (ICP-AES).
Trace-element data were obtained by ICP-mass spectrometry
(MS) on 52 samples (Table 2). Sr and Nd isotopic ratios were
measured on 40 selected samples (Table 3).

Major and Trace Elements

Samples were selected for their freshness after removal of
the weathered parts, i.e., altered rims, vesicles with their fill-
ing (zeolites, phyllites). Samples were then powdered first in a
crusher and then in an agate grinder for 15-20 min.

Whole-rock major elements were measured on the ISA
Jobin-Yvon® JY70 ICP-AES at UMR 6538 Domaines Océa-
niques (Brest, France). A detailed description of the analytical
procedure is given by Cotten et al. (1995). Major elements were
determined from an H,BO, solution (boron being used as inter-
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nal standard for ICP-AES analysis). For major elements, relative
standard deviation is 1% for SiO, and 2% for the other major ele-
ments, except for low values (<0.50 wt%), for which the absolute
standard deviation is +0.01 wt%.

Whole-rock trace-element analyses were performed on
a high resolution ICP-MS Thermo Electron™ Element II at
IUEM (European Institute for Marine Studies, Brest, France).
Samples were dissolved with a mixture of HF- HNO, for 43
h at 95 °C, and then dried at the same temperature until the
complete evaporation of acids was achieved. Dry samples were
then dissolved in a 40 mL HCl solution. An aliquot of 150 pg
of these solutions was spiked with 10 pg of an artificial solu-
tion enriched in Tm ([Tm] ~77.9 ppb; Barrat et al., 1996) and
then evaporated to dryness. The samples were then dissolved
in diluted HNO,, and all the trace elements were determined
from this final solution. The detailed analytical procedure and
the calculation method for concentrations are given in Barrat et
al. (1996). Standard deviation was <2% for Sr and most of the
rare earth elements (REEs; except for Pr, Eu, Gd, and Yb, which
were 2.7%, 4.1%, 3.2%, and 5.4%, respectively), and most of
the metals were measured with a standard deviation <4%. How-
ever, the standard deviation was higher for elements such as Nb,
Ta, and Cs (around 12%) due to ionization difficulties in the
Ar plasma. International standards BHVO-2 and WSE were run
regularly to check the measurements and to control the instru-
mental drift.

Isotopic Analyses

Sr and Nd separation was performed on an aliquot of the
previous HCI solution (selected volume depending on the Nd
concentration of each sample) for 17 samples (see Table 3
for details). This aliquot was dried until total evaporation
was achieved and dissolved again prior to the elution. Others
samples were directly processed using HF- HNO, digestions.
Chemical separation for Sr and REEs was performed on cat-
ionic DOWEX® AG50X8 columns for part of the samples and
on combined Sr-Spec/Thru-Spec columns for the other part
(Table 3). For samples that followed the DOWEX procedure,
the Sr cut was processed again through the same column to
efficiently separate Sr from Rb and Ca. Nd was further eluted
on LnSpec Eichrom resin. Isotopic measurements were con-
ducted on a Thermo Electron™ Triton T1 at the IUEM for all
Nd measurements; Sr was measured on Triton T1 (IUEM) and
on Finnigan Mat 261 at Observatoire Midi Pyrénées, Toulouse,
France. Sr was run on a single W filament with Ta activator,
while Nd was run on a Re double filament. The NBS 987 (for Sr)
and La Jolla (for Nd) standards were run regularly to check the
measurements: average value *’Sr/%Sr = 0.710248 + 0.000020
(n = 17, Triton mass spectrometer), average value ¥Sr/%Sr =
0.710246 + 0.000012 (n = 23, Mat 261 mass spectrometer),
and average value "*Nd/'"**Nd = 0.511853 + 0.000010 (n = 16,
Triton mass spectrometer). Blanks were <650 pg for Sr and
<350 pg for Nd.
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TABLE 2. MAJOR-ELEMENT (%) AND TRACE-ELEMENT (ppm) ANALYSES OF KILIMANJARO SAMPLES

Sample: 05KI01 05KI02 05KI03A 05KI04 05KI05A 05KI05B 05KI06
Eruptive vent: Kibo Kibo Kibo Kibo Kibo Kibo Kibo
fGeologica}I Lava Tower Lava Tower Lent Group Lava Tower LentGroup  Lent Group Lava Tower
‘ormation: Group Group Group Group
o o (Loastl)t:Ude 03°05'33" 03°0520" 03°05"13" 03°04'55" 03°04'02" 03°04'02" 03°0324"
5% .
553 '(‘%1)9”“(‘9 37°1611"  37°1628"  37°1682"  37°1639"  37°1639"  37°1689"  37°1603"
geg @
° ﬁg')t“de 3123 3306 3450 3601 3865 3865 3796
TAS e tophrie Promolte  ZRR phonolite  peROlE (TR
SiO, 52.05 52.15 55.90 51.50 55.80 53.65 51.25
1) TiO, 1.62 153 0.92 1.98 0.87 0.90 1.94
E AlLO4 19.00 19.40 18.90 18.55 18.70 18.95 17.30
2_.) Fe,O5* 8.07 7.61 6.14 8.80 6.10 6.29 10.50
:o\ MnO 0.20 0.19 0.19 0.19 0.19 0.20 0.27
% MgO 1.42 1.35 0.82 1.97 0.79 0.81 1.58
e CaO 4.24 4.30 1.88 5.80 1.80 1.88 3.80
S NaO 520 5.20 775 577 8.60 4.97 4.88
iE, K,O 3.59 3.50 6.00 3.20 6.10 5.60 3.68
g P,Os 0.71 0.66 0.27 0.88 0.25 0.26 0.90
‘T LOI 297 3.48 0.78 0.74 0.01 5.52 3.03
= Total 99.07 99.37 99.55 99.38 99.21 99.03 99.13
Mg# 0.35 0.35 0.35 0.41 0.34 0.30 0.31
Li 19.1 20.7 37.9 7.4 443 57.4 18.9
Sc 5.6 4.7 6.0
\ 18 16 2 41 1 2 19
Cr 1.20 0.14 3.23 1.33 0.31 0.39
Co 9.3 9.0 3.0 13.9 2.3 2.9 10.6
Ni 25 0.3 2.4 1.8 0.1 0.4
Rb 95 91 285 126 198 211 97
Sr 1189 1200 108 1202 93 282 949
Y 542 46.7 62.9 445 59.1 59.2 74.3
Zr 861 717 1879 636 1407 1983 1028
Nb 272 175 501 183 352 519 249
» Cs 0.5 1.1 2.6 0.9 2.9 7.2 0.6
E. Ba 1299 1182 504 942 480 511 1456
E') La 140 123 189 125 179 192 177
/E« Ce 272 231 338 241 305 339 348
o Pr 29.6 24.7 34.9 25.7 33.6 35.0 38.5
g Nd 105 88.0 109 942 105 103 139
QEJ Sm 18.6 15.0 16.5 16.0 15.9 16.4 24.4
% Eu 5.6 4.7 3.2 45 3.1 35 6.9
§ Gd 15.8 12.6 10.8 13.9 9.7 13.1 21.0
= Tb 2.1 17 1.8 17 17 2.1 29
Dy 111 9.2 10.8 9.1 104 10.6 15.3
Ho 2.1 17 2.1 17 2.1 2.1 2.7
Er 54 44 6.1 4.4 6.0 6.4 74
Yb 4.9 3.9 6.5 3.6 6.3 6.8 6.3
Lu 0.65 053 0.91 0.49 0.88 0.85 0.86
Hf 18.1 144 35.6 13.3 26.9 37.2 21.6
Ta 133 6.1 267 9.9 14.1 26.0 10.1
Pb 7.9 24 145 3.2 12.7 12.8 2.6
Th 26.5 19.9 3.5 25.2 5.0 32.8 21.7
u 47 4.1 10.5 38 9.4 99 57

(Continued)
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TABLE 2. MAJOR-ELEMENT (%) AND TRACE-ELEMENT (ppm) ANALYSIS OF KILIMANJARO SAMPLES (Continued)

Sample: 05KI07A 05KI07B 05KI07C 05KI08A 05Kl08B 05KI09A 05KI09B
Eruptive vent: Shira Shira Shira Shira Shira Shira Shira
Geological Shira Ridge Shira Ridge Shira Ridge  Shira Ridge Shira Ridge Shira Ridge Shira Ridge
formation: Group Group Group Group Group Group Group
oo I(_oastl)t:ude 03°03'14" 03°03'14" 03°03'14" 03°03'14" 03°0314" 03°0322" 03°0322"
2 F
%% 8 I(_ooEn)gnude 37°1527" 37°1527" 37°1527" 37°1520" 37°1520" 37°1520" 37°1520"
8 § E Altitude
(m): 3763 3763 3763 3776 3776 3782 3782
TAS Basanite Basanite  Trachybasalt Basanite Basanite Basanite Basanite
SiO, 4710 47.30 48.75 48.55 44.60 45.40 45.60
» TiO, 249 253 2.15 1.99 2.32 229 229
u Al,O4 16.95 17.35 16.90 17.00 16.75 16.05 16.50
?'5 Fe,O5* 13.06 13.00 12.25 12.50 13.05 13.10 13.05
= MnO 0.21 0.21 0.20 0.20 0.21 0.20 0.20
% MgO 3.68 3.95 4.08 4.32 5.20 5.44 5.00
e CaO 7.62 8.00 7.42 6.75 9.10 9.00 8.65
T NaO 485 466 4.38 527 5.10 427 449
E, KO 2.07 2.01 217 247 1.92 1.84 1.90
g P05 0.70 0.64 0.62 0.75 0.71 0.62 0.65
© LOI 0.73 0.18 0.42 0.07 0.78 1.28 1.32
= Total 99.46 99.83 99.34 99.81 99.74 99.49 99.61
Mg# 0.41 0.43 0.49 0.51 0.50 0.51 0.49
Li 12.8 15.8 139 14.2 9.3 10.0 1.2
Sc 15.2 15.6 14.4 14.0 14.7 21.0 19.5
\Y 225 236 186 209 227 281 299
Cr 17.2 20.7 174 2741 33.9 522 426
Co 53.8 51.6 36.0 40.7 42.7 51.5 55.1
Ni 29.6 32.3 24.8 30.3 47.2 54.0 53.6
Rb 71 56 64 60 90 48 71
Sr 970 1011 843 843 989 867 980
Y 38.9 35.2 35.9 31.9 26.0 30.4 34.1
Zr 353 311 319 306 297 285 317
Nb 143 117 51 123 109 127 110
o Cs 0.9 0.7 0.9 0.6 0.6 0.4 0.5
> Ba 909 856 800 858 806 775 875
(0_3 La 90.9 82.3 93.4 83.2 73.8 79.1 90.2
= Ce 174 161 157 157 145 155 173
% Pr 19.2 17.3 18.2 17.0 15.2 16.5 18.7
g Nd 71.0 64.6 62.7 62.9 54.8 62.1 69.0
g Sm 12.2 1.3 10.7 10.6 9.5 115 124
2 Eu 32 32 3.0 29 27 33 3.6
S(é Gd 1.6 10.3 8.6 9.0 8.0 9.6 10.1
- Tb 15 14 1.3 1.2 1.1 1.2 1.3
Dy 7.8 71 6.7 6.2 5.1 6.2 6.8
Ho 15 1.3 1.3 11 1.0 1.1 1.2
Er 39 35 35 3.1 25 3.0 33
Yb 35 3.1 3.0 29 21 25 27
Lu 0.48 0.43 0.39 0.40 0.28 0.35 0.37
Hf 7.8 6.9 6.6 6.9 6.1 6.6 6.9
Ta 7.4 4.9 1.2 6.0 51 59 4.1
Pb 5.6 5.1 7.8 7.3 42 5.6 7.0
Th 16.1 10.7 27 34 9.5 6.5 4.6
U 2.7 23 2.1 2.1 1.6 1.7 2.0

(Continued)



TABLE 2. MAJOR-ELEMENT (%) AND TRACE-ELEMENT (ppm) ANALYSIS OF KILIMANJARO SAMPLES (Continued)

Sample: 05KI11 05KI12 05KI13 OKI14 05KI15 05KI16 05KI17
Eruptive vent: Kibo Kibo Kibo Kibo Kibo Kibo Kibo
Geological Lava Tower C;aql?:]ra Lava Tower Lava Tower LavaTower Lava Tower C;I?:]ra
formation: Group Group Group Group Group Group Group
o o (Loastl)t :ude 03°03'32" 03°03'48" 03°0355" 03°04'01" 03°04'04" 03°04'04" 03°04'05"
82 .
858 '(:?E”)g't“de 37°1553"  37°1901"  37°1916"  37°1943"  37°1940"  37°19'38"  37°19'38"
ggz -
° ﬁg')‘:“de 3750 4510 4555 4655 4622 4628 4642
TAS phonoite  Promlite 0N hie  tephrte tephrie  PYOMIe
SiO, 53.50 54.35 51.25 50.74 51.60 51.20 54.70
) TiO, 1.67 0.94 2.01 1.97 1.87 1.88 0.97
E Al,O,4 17.95 19.50 18.50 18.30 18.58 18.50 19.90
E-') Fe,Oz* 8.60 5.55 9.16 8.80 8.70 8.55 5.58
,_? MnO 0.23 0.18 0.19 0.18 0.20 0.19 0.17
% MgO 147 1.09 2.10 2.02 1.67 1.90 1.06
e CaO 4.26 237 5.70 5.65 5.78 5.56 2.50
% NaO 585 825 550 557 5.60 6.12 8.56
iE, KO 3.65 5.45 3.22 3.31 3.25 3.49 514
g P05 0.74 0.57 0.85 0.84 0.87 0.81 0.56
© LOI 1.10 0.73 0.71 1.80 1.80 1.62 0.31
= Total 99.02 98.98 99.19 99.19 99.92 99.82 99.45
Mg# 0.36 0.44 0.43 0.43 0.39 0.42 0.43
Li 11.8 32.3 17.6 17.8 16.0 18.8 329
Sc 5.8 32 7.7 71 6.4 6.8 35
\Y 17 8 48 42 28 33 8
Cr 0.13 0.83 1.21 0.21 0.21 0.14
Co 8.6 4.6 171 15.9 134 141 4.9
Ni 0.2 0.3 22 25 0.7 1.1 0.2
Rb 90 171 88 79 90 80 172
Sr 1048 633 1112 1022 1121 1028 753
Y 50.9 447 52.5 48.1 49.6 49.6 46.0
Zr 769 1433 764 708 716 733 1409
Nb 247 402 164 214 171 140 420
» Cs 14 25 0.9 1.0 1.0 1.0 24
= Ba 1239 1020 1065 964 933 980 1114
?_-) La 133 162 146 134 131 135 164
% Ce 259 296 281 254 254 259 291
g Pr 27.9 30.2 29.6 27.6 28.1 274 30.0
:é Nd 99.1 94.2 105.9 96.9 98.9 96.7 94.6
°E> Sm 176 141 18.2 16.4 16.5 16.3 142
% Eu 5.3 3.8 5.0 47 4.8 44 41
§ Gd 143 94 149 142 135 135 123
= Tb 2.0 14 21 19 2.0 1.8 1.8
Dy 10.3 8.3 105 95 9.8 9.6 8.6
Ho 2.0 1.6 2.0 17 1.7 1.8 1.6
Er 52 45 5.1 47 47 47 48
Yb 44 4.6 44 3.9 41 4.0 4.7
Lu 0.59 0.64 0.59 0.53 0.53 0.54 0.61
Hf 16.7 26.6 155 14.0 139 14.3 254
Ta 95 231 58 1.2 8.9 51 20.7
Pb 25 7.2 42 45 38 34 6.4
Th 259 4.7 21.7 222 17.0 8.7 441
U 44 9.2 45 36 40 43 8.3

(Continued)
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TABLE 2. MAJOR-ELEMENT (%) AND TRACE-ELEMENT (ppm) ANALYSIS OF KILIMANJARO SAMPLES (Continued)

Sample: 05KI18 05KI19 05KI120 05KI21 05KI22 05KI23 05KI24
Eruptive vent: Kibo Kibo Kibo Kibo Kibo Kibo Kibo
Geological Lava Tower Lava Tower Rhomb Rhomb Inner Crater Lava Tower CaIQera
formation: Group Group nghyry Porphyry Group Group Rim
roup Group Group
o z'fg')t:“de 03°0358"  03°0356"  03°0433"  03°0411"  030503"  03°0543"  03°0556"
58S .
553 '(z(gg't”de 37°1903"  37°1902"  37°1916"  37°1923"  37°1927"  37°2000"  37°20113"
o
g8 Altitude
) 4546 4506 4371 4410 4350 4051 4211
TAS tzgﬁ';‘i‘;’é tzgﬁﬂ?é Phonolite  Phonolite  Phonolite pﬁzﬁglﬂ'{e Phonolite
S0, 51.40 51.00 55.60 56.00 54.80 52,50 54.60
w»  TiO, 193 1.90 1.00 1.01 113 197 0.86
W ALO, 18.70 19.67 19.50 19.55 18.80 16.70 19.95
€ FeOy 8.98 8.90 5.05 5.10 6.35 1055 4.91
=~ Mo 0.19 0.19 0417 017 0.19 0.24 0.19
£ Mg 1.96 1.97 0.99 1.00 112 1.83 0.94
> ca0 5.60 5.50 240 249 227 439 1.98
S NaO 6.00 5.38 8.07 8.03 7.75 562 8.60
5§ ko0 3.36 3.08 498 5.00 6.08 3.95 5.30
> PO 0.80 0.78 0.46 048 033 0.89 054
5 Lol 0.47 150 0.59 0.40 1.04 0.87 121
2 Toul 99.39 99.27 98.81 99.23 99.86 9951 99.08
Mg 0.42 042 0.44 0.44 0.41 0.36 043
L 16.9 158 280 304 382 190 300
Sc 7.2 77 44 42 6.4 11.0 19
v 43 47 15 11 6 35 7
Cr 0.21 2.96 0.06 0.12
Co 165 187 54 46 46 163 39
Ni 19 44 03 112
Rb 92 98 173 149 202 99 176
Sr 1106 1212 753 502 151 783 833
Y 50.1 537 55.0 480 56.4 712 38.1
zr 746 820 1410 1341 1757 974 1307
Nb 175 271 505 397 493 327 407
» s 11 14 23 19 22 10 24
> Ba 1030 1126 1078 893 547 1455 1163
& la 139 150 179 152 174 175 158
= Ce 269 286 328 283 321 342 280
s P 287 31.0 329 282 319 379 272
g Nd 102 112 106 89.9 103 139 84.3
S sm 17.7 189 17.9 14.0 16.4 253 126
S Eu 48 53 49 38 32 7.2 35
8 Gd 14.3 153 135 1.2 136 203 104
s ™ 19 2.1 20 17 19 28 14
Dy 100 109 106 8.9 105 146 7.0
Ho 19 20 2.4 17 24 28 13
Er 50 55 59 49 59 73 38
Yb 43 47 6.2 50 6.2 6.4 38
Lu 058 063 083 0.68 0.86 0.88 052
Hi 15.3 17.1 298 26.0 334 222 24.0
Ta 66 14.1 259 17.8 19.7 17.6 222
Pb 37 42 103 45 20.6 321 54
Th 14.8 438 64.7 469 30.4 29.8 518
u 41 48 8.9 8.1 10.1 53 8.9

(Continued)



TABLE 2. MAJOR-ELEMENT (%) AND TRACE-ELEMENT (ppm) ANALYSIS OF KILIMANJARO SAMPLES (Continued)

Sample: 05KI25 05KI26 05KI28 05KI29 05KI30 05KI31 05KI32
Eruptive vent: Kibo Kibo Kibo Kibo Kibo Kibo Kibo
Geological Cak_:lera Calgara Rhomb
formation: Rim Rim Porphyry LentGroup LentGroup LentGroup Lent Group
Group Group Group
o o I(‘fst')t :ude 03°06'04" 03°06'05" 03°06'44" 03°06'49" 03°06'58" 03°07'08" 03°07'10"
8D
g % 8 I(_Ocl)zn)g ftude 37°2024" 37°20'32" 37°21'14" 37°2119" 37°2127" 37°21'45" 37°22'14"
88 .
° ﬁg')‘:“de 4125 4098 4035 4027 4036 4062 4103
TAS Phorolite  Phonolite Tephri- Phorolite  Phonolite ~ Phonolite  Phonolite
phonolite
SiO, 54.00 54.25 55.25 55.20 55.20 55.25 55.60
1) TiO, 0.86 0.80 1.04 1.00 1.01 1.03 1.03
u Al,O4 20.00 20.20 19.70 18.80 18.70 19.00 19.10
E'-) Fe,O;* 4.95 4.55 515 6.23 6.26 6.37 5.35
,_? MnO 0.19 0.17 0.18 0.19 0.19 0.19 0.19
% MgO 0.96 0.84 1.08 0.98 0.93 0.94 0.94
e CaO 2.01 1.86 2.61 212 1.95 1.91 1.93
g Na,O 9.15 8.70 7.10 7.40 7.60 7.61 9.00
iE, K,O 5.90 5.20 4.78 5.80 5.80 5.20 5.85
g P,Os 0.53 0.49 047 0.30 0.30 0.30 0.29
© LOI 1.19 227 1.89 1.06 0.48 0.09 0.35
= Total 99.74 99.33 99.25 98.08 98.42 97.89 99.63
Mg# 0.43 0.42 0.41 0.38 0.37 0.37 0.41
Li 325 31.0 33.6 43.6 427 39.9 38.0
Sc 2.1 47 47 7.3 6.6 6.6 6.3
\Y 7 5 12 3 3 4 3
Cr 0.14 0.13
Co 37 3.9 5.0 41 3.8 3.8 3.3
Ni 0.1
Rb 169 168 163 228 230 230 205
Sr 818 988 670 116 108 112 99
Y 38.6 38.4 53.5 65.1 61.0 63.9 56.0
Zr 1347 1327 1405 2024 1852 1909 1704
Nb 421 423 448 576 503 519 481
» Cs 21 21 2.0 31 29 29 27
= Ba 1123 1344 1039 498 477 491 431
?_3 La 161 168 174 200 181 190 166
é Ce 291 288 318 365 333 346 310
o Pr 275 28.0 31.8 36.3 34.1 35.0 31.1
‘?é; Nd 86.3 87.3 102 115 107 111 98.5
“E’ Sm 132 129 16.1 184 172 176 154
2 Eu 35 4.0 45 35 3.3 34 3.0
3 Gd 10.2 101 124 16.0 14.0 15.2 13.0
E Tb 1.4 1.4 1.9 22 2.1 22 2.0
Dy 7.3 7.3 10.1 11.9 10.8 1.2 9.8
Ho 14 14 2.0 23 2.1 22 19
Er 4.0 4.0 5.6 6.8 6.2 6.3 5.7
Yb 4.0 4.1 56 6.8 65 6.8 59
Lu 0.53 0.56 0.81 0.98 0.90 0.93 0.82
Hf 249 26.2 27.8 38.1 35.6 36.8 32.3
Ta 191 225 25.3 25.8 220 26.8 22.0
Pb 5.9 15.1 4.8 134 124 12.8 11.3
Th 66.1 61.3 55.4 61.8 75.6 78.7 70.0
U 9.1 9.2 8.3 129 11.0 11.6 10.8

(Continued)
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TABLE 2. MAJOR-ELEMENT (%) AND TRACE-ELEMENT (ppm) ANALYSIS OF KILIMANJARO SAMPLES (Continued)

Sample: 05KI33 05KI35 05KI36 05KI137 05KI38B 05KI38C 05KI39
Eruptive vent: Kibo Kibo Kibo Kibo Kibo Kibo Saddle
Geological Lent Group CaRl?rira Cla:{kijne:a Lent Group CaRl?n?lra CaRl?nira Parasitic
formation: Group Group Group Group activity
o o I('fgl)t?de 03°06'30" 03°06'56" 03°07'13" 03°07'33" 03°08'02"
%.% g ] Stella Point  Stella Point
E [=N{)) LongltUde 0nNIAA" 0, AQn on A QN L1~ wdd 0, na"
g-g(gr) (°E): 37°22'44 37°23'48 37°24'18 37°25"17 37°26'09
58< Altitude
(m): 4407 4258 4172 4043 5795 5795 3848
TAS Phonolite p{gﬁg{i't'e pﬁiﬂ';{i'{e Phonolite  Phonolite  Phonolite  Tephrite
SiO, 55.25 54.70 54.30 55.40 55.10 55.25 43.70
) TiO, 1.01 0.95 0.95 0.92 0.81 0.89 3.28
"<',:J AlL,O4 18.74 19.96 19.55 18.85 20.55 20.15 14.60
2—; Fe,O5* 6.25 5.62 5.50 6.20 4.63 5.10 14.40
,_o\ MnO 0.19 0.18 0.18 0.20 0.18 0.20 0.26
% MgO 0.92 1.04 1.08 0.88 0.87 0.95 4.83
e Ca0 1.93 2.56 2.57 1.86 2.00 1.98 9.80
‘S Na,O 7.60 7.33 7.50 7.70 9.50 8.80 5.30
iE, K,O 5.65 515 5.07 5.74 5.45 5.40 2.28
g P,Os 0.29 0.54 0.52 0.25 0.52 0.55 1.35
© LOI 0.64 1.65 1.23 0.83 0.07 0.48 0.15
= Total 98.47 99.68 98.45 98.83 99.68 99.75 99.95
Mg# 0.37 0.38 0.39 0.36 043 0.42 0.45
Li 422 35.8 32.7 52.1 31.9 32.6 149
Sc 6.2 3.7 3.5 6.2 1.8 2.1 14.4
\' 2 6 7 2 8 9 221
Cr 4.27 0.19 0.56 0.98 21.3
Co 37 54 45 3.3 3.8 41 40.4
Ni 35 0.1 0.2 0.3 0.8 18.6
Rb 240 193 167 230 155 157 68
Sr 112 846 718 110 977 828 1422
Y 63.5 54.9 46.6 63.8 38.2 38.2 41.6
Zr 2012 1656 1418 1986 1261 1319 541
Nb 568 498 412 532 389 405 236
” Cs 3.1 25 2.2 2.9 2.0 2.0 0.7
E‘ Ba 495 1239 1038 457 1276 1130 1176
E-) La 196 199 171 197 156 158 173
% Ce 362 355 305 356 279 281 322
o Pr 35.7 35.2 30.7 35.1 279 26.7 34.3
f_uc? Nd 113 112 9.8 112 86.6 84.7 122
g sSm 18.0 17.7 14.4 17.3 12.4 12.7 19.9
% Eu 3.3 47 37 3.3 3.8 35 54
§ Gd 142 139 129 154 7.9 124 155
= Tb 2.1 2.0 17 22 12 14 19
Dy 11.7 10.6 8.6 11.3 7.0 71 9.0
Ho 23 2.0 16 2.2 13 14 15
Er 6.6 57 47 6.5 3.8 0.8 3.9
Yb 7.0 57 47 6.7 39 37 30
Lu 0.99 0.81 0.64 0.94 0.53 0.53 0.40
Hf 38.3 31.8 25.8 37.8 229 234 1141
Ta 30.7 234 16.9 25.1 206 16.7 11.0
Pb 146 8.7 6.6 134 6.7 23.0 18.9
Th 60.8 465 15.9 779 56 56.1 33.9
U 1.7 10.1 9.8 13.2 8.7 8.4 41

(Continued)
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TABLE 2. MAJOR-ELEMENT (%) AND TRACE-ELEMENT (ppm) ANALYSIS OF KILIMANJARO SAMPLES (Continued)

Sample: 05KI40 05KI41A 05KI41B 05KI42 05KI43A 05KI43B 05Kl144
Eruptive vent: Saddle Saddle Saddle Mawenzi Mawenzi Mawenzi Mawenzi
) - N - Neumann Neumann Neumann Mawenzi
Geologmal Par§1§|t|c Pargyhc Parggltlc Tower—' Tower—l Tower—. Eruptive
formation: activity activity activity Mawenzi Mawenzi Mawenzi
Group Group Group Center
Latitude oNTIAQH oI 4 " o7IN4 " ONREA" oNRAQ" oNRNRQN oNRIND"
oa_ S 03°07'49 03°07'21 03°07'21 03°06'54 03°06'38 03°06'38 03°06'02
553 .
%% a (LDCI‘E”)?’"“de 3792604 37°2601"  37°2601"  37°26'10"  S7°26'11"  37°2611"  37°2640"
8 § E Altitude
(m): 3909 4031 4031 4139 4197 4197 4422
TAS Foidite Basanite Tephrite Trachybasalt Trachybasalt Trachybasalt Trachybasalt
SiO, 40.20 41.10 43.00 49.60 49.40 48.30 49.00
» TiO, 4.30 3.60 3.38 3.07 3.45 3.18 297
E Al,Oq4 13.35 12.22 14.10 14.75 15.55 16.45 16.90
E'-) Fe,O5* 14.20 13.05 14.20 13.10 13.35 12.20 11.70
= MnO 0.21 0.19 0.25 0.17 0.17 0.17 0.17
% MgO 7.55 10.75 5.93 5.20 4.69 4.08 3.23
e CaO 12.80 12.80 10.30 7.50 7.30 7.60 7.50
g Na,O 4.42 3.45 5.12 3.50 4.05 4.05 4.35
E, K,O 1.98 1.40 2.20 1.85 2.07 2.20 2.30
g P,Og 0.86 0.64 1.23 0.55 0.57 0.70 0.80
5 LOI 0.04 0.23 0.09 0.19 -0.57 0.66 0.55
= Total 99.91 99.43 99.80 99.48 100.03 99.59 99.47
Mg# 0.57 0.67 0.51 0.53 0.50 0.49 0.44
Li 6.7 6.3 77 10.9 13.1 8.9 13.6
Sc 33.1 417 18.2 26.8 23.8 14.7 14.8
\Y 394 376 236 287 299 366 213
Cr 97.7 400 67.3 137 384 37.9 19.3
Co 614 70.9 428 61.2 51.1 35.3 36.8
Ni 73.9 2174 1.7 103.8 36.7 30.0 227
Rb 58 45 57 47 4 50 53
Sr 1109 973 1325 686 737 1192 1090
Y 34.0 31.8 38.9 39.8 34.6 326 418
Zr 447 346 484 383 375 323 443
Nb 108 163 157 92 97 73 127
i Cs 0.6 04 0.7 04 0.2 0.6 0.5
= Ba 907 745 1066 790 830 822 1037
?_3 La 119 105 152 70.9 67.8 69.9 90.6
T Ce 230 205 284 142 138 136 184
e Pr 252 225 30.3 16.1 154 15.2 20.3
,\g/ Nd 94.2 83.3 108 63.2 60.1 57.2 776
OE) Sm 15.9 145 17.8 12.6 115 10.8 14.8
% Eu 45 41 5.1 3.7 35 3.2 4.3
8 Gd 14.7 12.0 16.2 11.2 9.9 9.4 124
E Tb 1.7 15 1.8 15 14 1.3 1.6
Dy 75 7.0 8.2 8.2 7.2 6.4 8.6
Ho 1.3 1.2 14 15 1.3 1.2 1.6
Er 3.0 29 3.6 3.9 34 3.0 4.0
Yb 2.1 2.1 27 3.2 2.8 24 3.3
Lu 0.28 0.28 0.36 0.44 0.38 0.32 0.44
Hf 9.1 77 9.5 9.3 8.8 74 9.8
Ta 35 97 6.0 46 5.4 32 6.4
Pb 6.7 3.6 8.3 11.9 18.1 55 8.6
Th 116 241 20.4 15.1 12.1 44 14.1
U 3.1 2.6 3.9 1.7 1.2 1.2 22
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TABLE 2. MAJOR-ELEMENT (%) AND TRACE-ELEMENT (ppm) ANALYSIS OF KILIMANJARO SAMPLES (Continued)

Sample: 05KI45 03TZ40 03TZ41A 03TZ41B 03TZ42A 03TZ42B
Eruptive vent: Mawenzi Rzo ;1120 Rzocr:r:l;o RZO;:ZO Rzocr)':l;o Rzocngo
Geological I\éﬁmgz\nlz Pari_as_itic Pargs_itic Pargs_itic Pargs_itic Pargs_itic
formation: Center activity activity activity activity activity
o I(‘oast';fjde 03°06'02" 03°1629" 03°16'34" 03°16'34" 03°17'14" 03°17'14"
gés
%,-g_ é (E,°E”)9't“de 37°26'52" 37°36'56" 37°34'53" 37°34'53" 37°3305" 37°3305"
3 9
G 8% Afitude 4490
(m):
TAS: Trachybasalt Picrobasalt Basalt Basalt Basanite Basanite
Sio, 49.05 41.00 46.00 47.10 42.00 42.20
1) TiO, 3.17 3.20 3.29 3.12 3.49 3.54
E Al,O4 16.60 11.80 13.90 15.22 11.65 11.75
(0_)'- Fe,Oz* 12.32 13.15 14.00 12.90 13.70 13.70
_,? MnO 0.18 0.18 0.18 0.17 0.17 0.17
% MgO 3.17 12.90 7.72 5.64 12.25 12.05
e Cao 7.60 11.90 9.10 7.60 10.80 11.00
E Na,O 4.75 1.63 3.36 3.37 2.80 3.28
5 KO 2.35 0.88 1.39 1.64 1.25 1.42
g P,Os 0.77 0.50 0.67 0.56 0.55 0.56
‘T LOI -0.35 211 -0.47 213 0.55 -0.25
= Total 99.61 99.25 99.14 99.45 99.21 99.42
Mg# 0.42 0.70 0.58 0.52 0.69 0.69
Li 8.9 9.9 5.2
Sc 14.7 23.1 30.2
\Y 206 291 336
Cr 9.61 91.0 446
Co 29.9 49.6 80.1
Ni 14.6 40.7 331.6
Rb 42 41 39
Sr 926 754 934
Y 37.2 34.0 277
Zr 382 367 319
Nb 85 97 131
o Cs 0.5 0.4 0.4
= Ba 846 661 689
5 La 752 69.6 77.0
= Ce 144 143 155
o Pr 164 15.9 17.2
g Nd 633 61.0 66.8
g Sm 1.9 1.7 12.6
2 Eu 35 35 338
é Gd 1.2 105 111
= Tb 14 14 14
Dy 7.2 7.0 6.4
Ho 1.3 1.3 1.1
Er 34 3.2 25
Yb 27 2.6 1.8
Lu 0.37 0.35 0.23
Hf 8.3 8.7 7.9
Ta 43 48 7.3
Pb 71 71 4.6
Th 1.0 8.3 9.0
U 1.7 1.6 2.0

Notes: Major-element data were measured by inductively coupled plasma—atomic emission spectrometry (ICP-AES), and
trace-element concentrations were measured by inductively coupled plasma—mass spectrometry (ICP-MS) at UMR 6538
(Brest, France). LOl—loss on ignition. Mg# = 100 Mg/(Mg + Fe?*), where Mg and Fe** are expressed in number of cations per
formula unit. Mg# was calculated using Fe,O4/FeO recommended by Middlemost (1989). TAS—intrusive lithologies and lavas
were named using the total alkali—silica (TAS) discrimination diagram of Le Maitre et al. (1989).
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Petrology and geochemistry of alkaline lava series, Kilimanjaro, Tanzania

MAJOR-ELEMENT DATA

Kilimanjaro lavas are strongly silica-undersaturated, espe-
cially those from Kibo 1 (average normative nepheline [Ne] con-
tent ~19%) compared to intermediate lavas from Kibo 2 (average
Ne content ~5%). Mafic facies from Shira and parasitic activ-
ity samples also show high Ne contents (average values of ~9%
and 13%, respectively) in comparison to the rocks of Mawenzi,
which are weakly silica-undersaturated, with an average Ne con-
tent of ~2%. Only two samples (05KI40 and 05KI41) from the
saddle parasitic vents bear normative leucite (9.18% and 6.49%,
respectively). Given their MgO values, ranging from 0.79% to
5.44% (basanite 05KIO9A from Shira), none of the studied sam-
ples from the three main Kilimanjaro eruptive centers, including
the mafic lavas from Shira and Mawenzi, can be considered to be
a primary magma. Only the lavas from the parasitic vents of the
Saddle and Rombo zone have MgO >10% (05KI41A, 03TZ40,
03TZA2A, and 03TZ42B), but these high contents may be related
to the accumulation of olivine and clinopyroxene phenocrysts in
these lavas.

Several groups of lavas can be distinguished in the TAS dia-
gram (Fig. 2; Le Maitre et al., 1989). Lavas erupted from Shira,
Mawenzi, and parasitic centers are mafic, with 40% < Si0,< 50%
and Na,O + K,0 <8%. All the Mawenzi samples are trachybasalts,
whereas the Shira lavas are basanitic, except sample 05KI07C,
which is trachybasaltic. In comparison, the samples erupted in the
latest parasitic centers show a wide range of compositions. They
plot within various fields (basalt, picrobasalt, basanite-tephrite,
and foidite) and show SiO, contents <47%. Lavas erupted from
Kibo have evolved compositions, with Na,O + K,O >8% and
SiO, >52%, and are phono-tephrite, tephri-phonolite, and phono-
lite. However, samples from the oldest volcanic formation of Kibo
(Lava Tower Group) are intermediate phono-tephritic lavas, except
samples 05KI11 and 05KI23, which plot at the boundary of the
tephri-phonolitic field. A majority of lavas from the younger Kibo
formations (Rhomb Porphyry Group, Lent Group, Caldera Rim
Group, and Inner Crater Group) are phonolites, with the excep-
tion of four samples, which are less evolved tephri-phonolites. On
the basis of the TAS diagram, as well as other major-elements
diagrams (Fig. 3), we distinguished the intermediate lavas of
the Lava Tower Group from the evolved phonolites and tephri-
phonolites (other Kibo lava formations) in two groups called Kibo
2 and Kibo 1, respectively. Kibo 1 porphyritic and aphyric lavas
are plotted using different symbols in the figures.

Selected major-element plots against SiO, are shown in
Figure 3. Increasing SiO, values from 40.2% to 56.0% correlate
with (1) a decrease in TiO, from 4.30% to 0.80%, and in CaO
from 12.8% to 1.80%, and (2) an increase in Na,O from 1.63%
to 9.50%. On these three diagrams, it clearly appears that lavas
from Kibo define isolated groups that do not overlap with the
mafic facies from Shira, Mawenzi, and parasitic centers. Kibo
1 and Kibo 2 lava groups do not overlap, with the exception of
sample O5KIOS5B in the Na,O versus SiO, diagram, but the dis-
tinction between aphyric and porphyritic lavas of Kibo 1 is not
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shown precisely. The TiO, versus SiO, diagram also shows that
lavas from Mawenzi present a higher TiO, content compared to
the lavas from Shira, at equivalent SiO, contents. Concentrations
of P,O, are scattered, but they show a rough negative correlation
with SiO, in the lavas from Kibo, with a decrease from ~1% to
0.25%. A slight increase in the concentration of PO, with SiO,
can be observed between mafic facies and intermediate lavas from
the Kibo 2 group. This plot also shows clearly the differences
between lavas from Kibo 2 and Kibo 1, as well as the separation
between porphyritic and aphyric lavas of Kibo 1: porphyritic lavas
contain ~0.5% P,O,, and aphyric samples contain 0.25% P,O..
This difference in the P,O, content, for equivalent SiO, concentra-
tions, in Kibo 1 lavas can be related to the presence of numerous
apatite phenocrysts in the porphyritic facies, while apatite is pres-
ent as less abundant microcrysts in aphyric lavas.

TRACE-ELEMENT DATA

The trace-element data of the different groups of lava are
shown in Table 2, as well as in primitive mantle—normalized dia-
grams (Sun and McDonough, 1989; Fig. 4) and plots of selected
element contents versus SiO, (Fig. 5). Considering Kilimanjaro
as a whole, the level of trace-element concentrations is character-
istic of enriched lavas, typically related to intraplate continental
and oceanic-island volcanic activities.

Looking in detail at the trace-element patterns, each
petrographic group is clearly distinct from the other, and the
groups follow the petrologic classification established in the
previous sections.

Primitive Mantle-Normalized Diagrams

Shira lavas are characterized by a significant heavy (H) REE
depletion, relative Ti, Sr, and K negative anomalies, and slight
Zr and Hf depletions. Th concentrations are highly variable, in
comparison to Ba and U. One sample has a different pattern
(0O5KIO7C) and displays Nb, Ta, and Th negative anomalies. In
terms of overall trace-element levels, Nb and Th concentrations
can reach 100-190 times those of the primitive mantle (PM).
Besides 05KI07C, Shira patterns are rather parallel, defining a
consistent group within Kilimanjaro volcanics.

Mawenzi lavas have more homogeneous patterns, partly
because only a few samples were collected on this volcano. Li,
Ti, Sr, K, U, Rb, and Cs show negative anomalies, and there are
variable positive Pb anomalies. The Zr and Hf depletion observed
in Shira lavas is no longer present in these lavas. HREEs are also
fractionated, and overall REE concentrations are close to those
of Shira lavas.

Kibo 2 lavas display more contrasted patterns, character-
ized by marked Ti, Sr, and K negative spikes and variable Li and
Pb negative anomalies. On the left side of the diagram, the most
incompatible trace elements display higher concentrations than
those of Shira and Mawenzi lavas, with typical values (Nb, Ta,
Th) reaching 100460 times PM. The range of Th, Nb, and Ta
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concentrations is rather large in comparison to the neighboring
elements (U, Ba, Rb, Cs). Moreover, the Nb/Ta ratios are vari-
able, ranging from 1.06 to 1.64. One sample differs from the rest
(05KI23) by its higher trace-element concentrations and marked
positive Pb anomaly.

Kibo 1 lavas display the most extreme trace-element char-
acteristics. The samples have strong negative Sr, Ti, K, and Ba
anomalies. Negative Sr and Ba anomalies can be very signifi-
cant for some of the samples (typically those with feldspar phe-
nocrysts). The other characteristics are a systematic positive Li
anomaly, variable Pb concentrations with both positive and nega-
tive anomalies, a large range of Th contents, and a relatively flat
HREE pattern. The most noticeable feature is the level of concen-
trations reached by some of the most incompatible elements (Th,
U, Nb, Ta), up to 900 times PM. With the exception of Ti, these
lavas display the most enriched trace-element concentrations of
the whole volcano.

Nonnotte et al.

Parasitic vent samples display very heterogeneous patterns,
consistent with the polygenic characteristics of these magmas,
and the fact that they have different localities. Their trace-element
patterns may be interpreted with regards to (1) their petrologic
affinities and (2) their geographic locations. Apart from this,
there are some common features shared by all these lavas: i.e.,
relative Rb, Cs, K, and Li depletions, systematic Zr and Hf nega-
tive anomalies, highly variable Th, U, Nb, Ta, Pb, P, and light (L)
REE enrichment, and a pronounced HREE fractionation.

Trace Element versus SiO,

Using SiQO, as a differentiation index, selected trace-element
variations allow us to distinguish several tendencies within the
Kilimanjaro lavas. LREE and HREE concentrations do not show
the same behavior within the different groups: Whereas Yb con-
centrations systematically increase with SiO,, La concentrations
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147

'¢ 2In31] ur se
S[oquIAs QweS (686 ‘YSNOUOOA PUE UNS Io)e dpuetl dARIWLd—IATI])
seAe] Jo sdnoiS JuaIoyIp oY) 10§ su)ed PaZIRWLIOU—)USUII[S QORI * oINS

N7gA J30H A 11AQPD 1L NJWS JH JZPN d JS JdAd@D BT M BLAN N YLedads)

o}

NIHd/O

00

—

000}

ol

NIHd/O

00}

1IZUsSMe

000}

NT0A J30H A 1AQPD 1L NJWS JH JZPN d IS 1d ddeD BT M BLAN N YLEegays)

g

onuAydiod | oayi ¢
ouAyde | oqiy o

NTUAJFOH A 11AQPD 1L NJWS JH JZPN d IS Id dd®@D BT M BLAN N YLBEAHSO

BIyS

NTgAJ30H A 17AQPD 1L NJWS JH JZPN d IS Idad@D BT M BLAN N YLedadsD

Aunnoe onisered

NIHd/0

-

000}

NIHd/0

5

000}

NIHd/O

000}



148

Nonnotte et al.

1600 2
1400 R 80 %
d *
1200 % o ‘{ . 70 * o
X o T < 60 *
= 1000 e * = R
* 50
g 8001 AR 2 ee2) a O $
- X X ~ 40
(U L N
m 600 +—K—X X P = 30 X — O
400 & X DE':f -
20 X
A g e
200 10 -
0 0 AT oy *
40 45 50 55 60 40 45 50 55 60
SiO, (%) SiO, (%)
14 700
&
12 & 600 >
10 f 500 < g%o
. ‘0 —_ &
£ 8 - E 400 BNoo
g = 300 o °
= | o
- 2 x 30 o
4 oK = 200
Z'MK—,Q—%—@ 1oou<*—XA_LA e}
A O o) X x OAO0
0 +——x 5 0
40 45 50 55 60 40 45 50 55 60
SiO, (%) SiO, (%)
250 1440
Xx
1240
S K o, IF
1040 O
E 00 g R T
= 150 . Th €y | -
£ E“%E' O E 8401 K~ A et
g K 8 ol X e 9 LN
o 100X — 640 : -t
- X £ 2 % @
e X ASy X O 440
240 <
<
0 40 &
40 45 50 55 60 40 45 50 55 60
SIO, (%) SIO, (%)
2500 8
7
2000 O_§ S 6 o X%
— 1500 = O ¢
£ L 4
5 Ry 5 B e
a = A O
— 1000 a 3 « Lo
N D? 0 > X7 A y?_odiﬁ
« @D oK W >§< A X
500 - X
14 %
X% aex & oD !
0 0
40 45 50 55 60 40 45 50 55 60
SO, (%) SiO, (%)

Figure 5. Selected trace-element concentrations plotted against SiO,. Same symbols as in Figure 3.



Petrology and geochemistry of alkaline lava series, Kilimanjaro, Tanzania

are very scattered within the parasitic vent group, where La can
reach the level of concentrations of the samples from the Kibo 1
group but also increases linearly with SiO, in the other groups.
In contrast, Kibo 1 and Kibo 2 lavas have rather homogeneous
La concentrations but variable Yb. This last feature seems to be
related to the porphyritic character of the lavas.

In Shira and Mawenzi lavas, Zr, Nb, Th, and U have the
same range of concentrations, independent of SiO, values. All
these element concentrations increase for more fractionated
lavas (i.e., SiO, >50%). However, Zr, Nb, and U do not behave
like Th or even Sr. Whereas the former systematically increase
with SiO,, Ba, Th, and Sr are more scattered, defining two differ-
ent groups. This also may be related to the porphyritic character
of the lavas, but the groups defined in the Kibo 1 lavas are not
the same whether we consider Sr-Ba on one side, or Th on the
other side.

In terms of overall trace-element enrichment, Shira and
Mawenzi lavas have a very similar range of concentrations,
although they display different patterns. Parasitic activity and
Kibo 2 lavas also display similar patterns and ranges of con-
centrations. However, parasitic activity samples have contrasted
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ranges of concentrations, while Kibo 2 lavas are more homoge-
neous. Kibo 1 lavas show the more enriched and fractionated
trace-element features.

ISOTOPIC COMPOSITIONS

The Sr and Nd isotopic compositions of 40 samples from
Kilimanjaro are presented in Table 3 and have been plotted on a
SNd/"Nd versus ¥Sr/*Sr diagram (Fig. 6).

With the exception of samples 05KIO7B, 05KIO7C, and
05KIO8A, and despite their intermediate to differentiated char-
acter, Kilimanjaro samples fall in the most depleted part of the
field defined by North Tanzania lavas (Paslick et al., 1995, 1996).
Our data are consistent with Sr and Nd isotopic compositions
measured for Chyulu Hills (Spith et al., 2001) and for Kenya
Rift lavas (Le Roex et al., 2001; MacDonald et al., 2001; CIé-
ment et al., 2003), without reaching the most Sr and Nd depleted
signatures observed for these lavas. They plot on, or close to, the
East African carbonatite line (EACL) defined by Bell and Blen-
kinshop (1987) on the basis of Sr-Nd isotopic variations in recent
carbonatite lavas. This EACL has been interpreted as a mixing

0.51320
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0.51300 - Comorian Maurice and Reunion )
Islands O Kibo2
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A Shira
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¥ 0.51260 - Tanzania
= 05K107B
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<
oo
0.51200 T T T T T T
0.7020 0.7030 0.7040 0.7050 0.7060 0.7070 0.7080 0.7090
7
¥'Sr/*°sr

Figure 6. "*Nd/'"*Nd versus ¥’St/*Sr correlation diagram for lavas erupted from the different centers of Kilimanjaro
(Shira, Mawenzi, Kibo, and parasitic vents) together with lavas from volcanic provinces associated with the East African
Rift system and Indian Ocean ocean-island basalt (OIB). High U/Pb (HIMU) and enriched mantle (EMI)—mantle end
members from Zindler and Hart (1986), EACL—East African carbonatite line defined by Bell and Blenkinshop (1987).
Sources of data: Lashaine granulite xenoliths (Cohen et al., 1984), North Tanzania (Paslick et al., 1995, 1996), Chyulu
Hills (Spéth et al., 2001), Kenya Rift (Le Roex et al., 2001; MacDonald et al., 2001; Clément et al., 2003), Kivu and
Virunga volcanic province (western arm; De Mulder et al., 1986; Rogers et al., 1992; Furman and Graham, 1999), Co-
morian Islands (Class and Goldstein, 1997; Class et al., 1998; Spith et al., 1996), Maurice and Reunion Islands (Hamelin
et al., 1986; Mahoney et al., 1989; Peng and Mahoney, 1995; Paul et al., 2005; Newsom et al., 1986; Fisk et al., 1988;
Albarede et al., 1997; Fretzdorff and Haase, 2002; Luais, 2004).
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trend between two end-member mantle types with compositions
similar to well-known ocean-island basalt (OIB) sources (Bell
and Blenkinshop, 1987; Bell and Tilton, 2001): the HIMU (high
U/Pb) and enriched mantle (EMI) components (Zindler and Hart,
1986). When compared to the Indian ocean OIB, the majority
of Kilimanjaro samples display ¥'St/**Sr and '**Nd/"*Nd ratios
close to the Comores Archipelago (Spith et al., 1996; Class et
al., 1998). However, they present a very distinctive signature,
with lower '*Nd/"**Nd for the same range of *’Sr/*Sr, compared
to the Indian ocean OIB of Maurice and Reunion Island fields
(Hamelin et al., 1986; Newsom et al., 1986; Fisk et al., 1988;
Mahoney et al., 1989; Peng and Mahoney, 1995; Albarede et al.,
1997; Fretzdortf and Haase, 2002; Luais, 2004; Paul et al., 2005).

As a whole, Kilimanjaro samples (except the three sam-
ples mentioned before) are characterized by a restricted range
in Sr isotopic compositions (¥’Sr/*Sr = 0.703261-0.704616)
with more scattered Nd isotopic signatures ('*Nd/'*Nd =
0.512502-0.512789).

The Shira samples, despite their rather homogeneous com-
position, display a large range of isotopic signatures: from
87S1/%Sr = 0.703816 and '*Nd/"*“Nd = 0.512655 to ¥Sr/*Sr =
0.705856 and '"*Nd/'*Nd = 0.512444, the latter being the most
enriched sample of our data set. It is noteworthy that all these
samples come from a restricted area: 05KIO7B and 05KI07C,
and O5KIO8A and O5KIO8B. The Sr isotopic composition of
05KIO7C (¥'Sr/*Sr = 0.705856; Table 3) may give us a con-
straint on the nature of the assimilated material, since crustal
assimilation can be reasonably suspected to be responsible for
displacement to such high ¥’Sr/*Sr ratios (Furman, 2007; see
following discussion).

Similarly, the Mawenzi samples show scattered Sr and Nd
isotopic compositions (from ¥’St/*Sr = 0.703677 and '*Nd/"**Nd
=0.512618 to *’Sr/*Sr = 0.704616 and '*Nd/"*Nd = 0.512510),
although they fall in the North Tanzanian field. Moreover, they
have systematically lower '“Nd/"*Nd ratios compared to the
majority of our samples, plotting on or below the EACL (Fig. 6).

Samples with the highest "*Nd/"*Nd belong to the Kibo 2
and Kibo 1 porphyritic groups, and these plot clearly on the field
defined by Chyulu Hills lavas (Spith et al., 2001). It is worth
noting that only sample 05KI04 plots away from the North Tan-
zanian field, having low ¥Sr/*Sr = 0.703261 and '*Nd/"*Nd =
0.512775. This sample displays lower Srisotopic ratios than those
of the other Kibo 2 samples, for similar "**Nd/"*Nd ratios. Simi-
lar signatures have been reported for nearby Chyulu Hills lavas.
Furthermore, Kibo 1 porphyritic and aphyric lavas display dis-
tinctive isotopic signatures: Kibo 1 aphyric lavas have systemati-
cally lower Nd ratios (0.512672-0.512694) and higher Sr ratios
(0.704008-0.704069) than Kibo 1 porphyritic lavas (respectively,
0.512714-0.512782 for Nd and 0.703641-0.703768 for Sr). It is
worth noting that these lavas, which are clearly evolved in terms
of petrology, display the most primitive Nd values.

Lavas erupted from the parasitic vents display a restricted
range of isotopic signatures, except for one sample (03TZ41B),
located in the Marangu region (Rombo zone, Fig. 1). All the other
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samples plot clearly within the range of the majority of Kiliman-
jaro lavas (¥St/*Sr = 0.703261-0.704616 and '“Nd/'“Nd =
0.512502-0.512789). The basalt 03TZ41B falls close to the
Mawenzi samples, with *Nd/'"*Nd = 0.512579 for ¥Sr/*Sr =
0.704143, and is also significantly more evolved than the other
parasitic activity samples (SiO, = 47.1%).

PETROGENETIC PROCESSES

The genesis of alkaline lavas is still a matter of debate,
especially in continental rift settings. This debate is intrinsi-
cally linked to the active or passive rifting models applied to the
investigated magmatic extensional provinces. In the first case,
melts are the direct expression of an asthenospheric mantle
plume, as documented in intraplate oceanic islands (McKenzie
and Bickle, 1988; Arndt and Christensen, 1992). The origin of
alkaline magmas in passive rift frameworks is more complex
because it involves hydrous melting of the lithospheric mantle,
probably triggered at depth by the thermal effects of a hotspot
(Nyblade and Robinson, 1994; Ebinger and Sleep, 1998).
Hydrous melting of the lithospheric mantle becomes plausible
only if hydrous phases, such as amphibole or phlogopite, occur
within the source material (McKenzie, 1989; Gallagher and
Hawkesworth, 1992; Turner et al., 1996; Class and Goldstein,
1997; Le Roex et al., 2001).

The East African Rift provides a unique setting where
the transition from (1) rift-axis basaltic volcanics with typical
plume-like isotopic compositions (Barrat et al., 1998; Rogers et
al., 2000) to (2) more differentiated alkaline lavas allows us to
further discuss the respective contributions of lithospheric and
asthenospheric melting processes for magma genesis (Pik et al.,
1999; Furman et al., 2004; Furman, 2007). In the case of the
North Tanzanian divergence, the occurrence of large volcanoes
over a continental crust of normal thickness (~40 km) (Birt et
al., 1997; Last et al., 1997) may favor the location of the melting
zone in the lithosphere. The geochemical study of young (1 Ma)
primitive alkaline lavas from the Chyulu Hills chain, NE of the
North Tanzanian divergence, suggests that melting occurred in
the lithosphere, involving source material containing residual
amphiboles directly linked to metasomatism of the lithospheric
mantle by melts coming from the plume located underneath
(Spith et al., 2000, 2001).

Effect of Crustal Assimilation: Coupled Isotopic and
Trace-Element Constraints

The Sr and Nd isotopic compositions measured for Kiliman-
jaro lavas, including the evolved ones, show clearly that these
lavas have been only weakly contaminated by the lower African
continental crust (Fig. 6). In comparison, the Kenya Rift data
show two trends: (1) toward very low Nd isotopic ratios, with
isotopic composition close to the Tanzanian granulitic xeno-
liths (Cohen et al., 1984), suggesting that assimilation of lower
crust has occurred; and (2) toward very Sr radiogenic values,
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suggesting the assimilation of an upper-crustal component (Rol-
linson, 1993). This last case seems more relevant for some of
the samples considered here. However, both contaminants were
tested in the following simulations.

In Kilimanjaro lavas, we can distinguish two types of
behaviors for the different groups of lavas, illustrated in Fig-
ures 7A and 7B.

Their isotopic signatures either correlate with SiO, (Shira,
Mawenzi) and [Gd]/[YDb] ratios, or they are fairly homoge-
neous within one group (Kibo 1, Kibo 2, parasitic activity).

As far as Sr and Nd isotopic ratios are concerned, parasitic
activity and Kibo 1 and Kibo 2 lavas may be related to the same
source, the latter being the fractionated end member of the for-
mer. In this case, a simple fractional crystallization process or a
little AFC (assimilation and fractional crystallization) link these
lavas at various stages of the volcano history. However, the aver-
age Sr and Nd isotopic signatures of both parasitic activity and
Kibo 1 and 2 are slightly different: The simple fact that Kibo
2 lavas have more primitive Nd than parasitic activity samples
contradicts an AFC process, keeping in mind that parasitic activ-
ity lava signatures may not be representative of all the isotopic
spectrum below Kilimanjaro.

We performed AFC modeling with assimilation of either a
deep (granulitic) or a shallow (felsic) crustal component (Figs. 7C
and 7D). As starting material, we used two basanitic melts, one
close to the most primitive parasitic activity basanites and one
slightly more depleted in terms of isotopic compositions. Both
modeled basanites experience felsic and granulitic assimilation
(trend C to J in Figs. 7C and 7D).

Using Cohen et al. (1984) and Rudnick and Fountain (1995)
data for a lower-crustal signature, it is possible to fit the Kibo 1
and Kibo 2 signatures, starting for a isotopic primitive basanitic
melt and using aratio R, (mass assimilated divided by mass crys-
tallized) of 0.8. Starting with the same material and assimilating
a felsic crustal component, we can hardly fit the Shira signature,
as extreme degrees of fractionation are required. On the opposite,
the Mawenzi group may be linked to Kibo groups by this process.
Regarding the Shira group, we tested different parameters for the
AFC model, and the best fit was obtained using a highly REE
fractionated, Sr radiogenic, crustal component (see parameter in
Fig. 7 caption), with R_of 0.9, starting from a parental melt char-
acterized by a composition close to the parasitic activity ones.

Looking carefully at the modeled AFC curves and the posi-
tions of the Kilimanjaro lavas, one should mention that in Fig-
ures 7C and 7D both Kibo 1 and 2 and Mawenzi/Shira partly
fall between their respective upper- and lower-crustal assimila-
tion trends. This may indicate that fractionation—and therefore
assimilation—occurs in different magmatic chambers at various
depths beneath Kilimanjaro.

Finally, the AFC modeling suggests two opposite hypoth-
eses for the origin of the Kilimanjaro lava signatures:

1. All lavas have a unique source, partly illustrated by the
parasitic activity position in Figure 7. Kibo 1 and 2 lavas can be
directly linked to the parasitic activity ones by simple fractional
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crystallization, and Mawenzi can be linked to Shira by AFC with
assimilation of both lower- and upper-crustal components. In
this case, it is difficult to explain the fact that some of the Kibo
2 signatures are more primitive than the parasitic activity ones,
although the parasitic activity signatures may not be representa-
tive of the whole spectrum of the Kilimanjaro source.

2. Shira group is clearly linked to the parasitic activity mag-
matic source by AFC process of both lower- and upper-crustal
components. Kibo 1 and 2 are related to a more isotopic depleted
source and have experienced AFC process of a dominant lower-
crustal component. Mawenzi can be either related to the same
Shira or Kibo source, with assimilation of an upper-crustal com-
ponent. According to the timing of these lava eruptions, we are
tempted to relate them to the Kibo event, since the feeding of two
adjoining volcanoes by two magmatic sources seems extraneous.

These considerations are model-dependent and may vary
with different sources, Ma/Mc (mass assimilated divided by
mass crystallized), and fractional crystallization paths. However,
SiO,-isotope correlations remain a good proxy for the AFC pro-
cess, as for Shira/Mawenzi lavas. Kibo melt signatures are then
better explained by simple fractional crystallization. In both
cases, the AFC or simple fractional crystallization processes
reveal that Shira and Kibo lavas do not share the same source and
have not assimilated the same components.

Finally, one may note that AFC is an efficient process by
which to wipe out the primary HREE depletion. Although this
depletion is clearly marked for basanitic lavas, HREE patterns
become flat as fractionation occurs. AFC modeling shows that
this tendency may be related to continental material assimila-
tion, the alternative hypothesis being massive crystallization
of feldspars.

In the following section, sample characteristics are discussed
in terms of melting and simple fractionation processes, i.e., the
effects of AFC on REE fractionation are not considered. How-
ever, variations from one group to the other are not discussed
in terms of fractionation, since too many parameters have to be
taken into account: Fractionation modes can change, multiple
crystallization stages may happen in several magma chambers,
at different depths within the crust, and AFC is a predominant
process for Shira and Mawenzi lavas.

Partial Melting and Source Composition

Source and partial melting hypotheses are essentially rel-
evant for “not-too-much” fractionated melts. In the case of Kili-
manjaro, the only melts that can be considered as truly “primi-
tive” are the parasitic activity lavas and some Shira lavas. Parasitic
activity samples display clear HREE depletion, high Mg#, and
pristine isotopic compositions. Furthermore, their clear Zr, Hf,
and Ti negative anomalies make them good candidates to test the
hypothesis that Spith et al. (2001) proposed for the Chyulu Hills
volcanic chain. Although Shira basanites are primitive, they have
certainly experienced AFC processes, which have wiped out part
of their pristine isotope and trace-element characteristics.
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Furthermore, in our case, additional difficulties exist because
of (1) the apparent lack of cogenetic primitive melts, and (2) the
significant time interval between the emplacement of the oldest
(Shira) and youngest (parasitic activity) basanites. This tempo-
ral gap, combined with the spatial distribution of analyzed lavas,
which further display contrasted isotopic compositions, allows
us to infer that the source(s) below the whole Kilimanjaro edi-
fice is (are) either heterogeneous at a small/medium scale, or has
changed through time. Furthermore, some lavas also display a
crustal assimilation imprint that obliterates their original trace-
element/isotopic signatures.

Besides Kibo, all the studied lavas show similar trace-
element patterns, hence suggesting that, even if their sources are
isotopically heterogeneous, their mineralogy and the melting
process may be quite similar. Furthermore, the roughly similar
trace-element patterns of the different lava groups provide indi-
rect evidence for a persistent residual mineralogy of their source
during the melting process (Spith et al., 2001). In order to esti-
mate the source composition, we select sample 03TZ42A, which
is olivine rich (Mg# = 0.69). The olivine fractionation effect on
its trace-element content is therefore balanced by the occurrence
of numerous olivine phenocrysts within the lava. Therefore, we
did not correct the trace-element content for crystallization of
olivine prior to the calculation of the source composition. The
specific trace-element features of this melt include: (1) a clear
large ion lithophile element (LILE; Cs, Rb, Ba) and Th depletion,
(2) a strong Nb, Ta, and LREE enrichment, (3) marked K, P, and
Li negative anomalies, and finally (4) slight Zr, Hf and Ti nega-
tive anomalies. These features have been used by several authors
to propose amphibole as a phase contributing to the melt fraction,
but one that was not totally consumed during melting (Francis
and Ludden, 1990, 1995; Class and Goldstein, 1997; Le Roex et
al., 2001; Spith et al., 2001).

A detailed comparison between our primary melt composi-
tion and that of Spith et al. (2001) for the Chyulu Hills lavas
shows that they share almost all the trace-element characteristics
used by these authors to demonstrate the occurrence of residual
amphibole during the lithospheric mantle melting process, while
no feature demonstrates that of phlogopite. It is beyond the scope
of this paper to perform a detailed direct and reverse partial melt-
ing modeling exercise on the basis of Kilimanjaro lava analyses,
since the majority of them have undergone extreme fractional
crystallization effects. Moreover, some of them have also experi-
enced AFC processes.

In the following paragraphs, different grids relevant to vari-
ous melting trends are discussed in order to address the issue
about compositions of melts during melting and crystallization
processes. We consider that lithospheric partial melting occurs
in the stability domains of both garnet and amphibole. These two
last assumptions are required to explain (1) the relative depletion
of Cs, Rb, Zr, Hf, and K, and (2) the clear HREE fractionation.
In the following, we test the melting of two different sources
that display the same starting mineralogy, but that differ by their
trace-element contents (corresponding to the original source of
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03TZA2A before melting at different rates of 1% and 5%, referred
to as primitive and depleted, respectively, in Figs. 8A and 8B).

We use the accumulated fractional melting equation from
O’Hara (1977) and test the corresponding melting paths, consid-
ering variable amounts of residual garnet and variable contribu-
tions of amphibole to the melt fraction.

Origin of Basanites

AFC modeling has shown that basanites from Shira and
parasitic activity samples may share the same source material.
However, Shira basanites display lower Ti/Gd ratios compared to
parasitic activity lavas. Two possible explanations are suggested
by Figure 8A plots. They imply that either massive crystalliza-
tion of Fe-Ti oxides occurred prior to emplacement of the Shira
basanitic melts, or that oxides behaved as residual minerals in the
source of the Shira basanites. Since the latter is not noticeably
depleted in Cr, the second hypothesis seems more relevant. It is
worth noting that basanites from Shira are different from para-
sitic activity basanites in terms of Ce/K ratios. However, parasitic
vent lavas display a large spectrum of compositions, from primi-
tive to depleted, according to the melting paths. This is consis-
tent with the localized and volumetrically restricted characters of
these melts, which may sample small volumes of the lithospheric
mantle and ascend rapidly up to the surface.

Fractional Crystallization from Basanites to
Phono-Tephrites

The fact that a continuous evolution from basanite to phono-
lite occurs within the Kilimanjaro edifice allows us to infer that
these magmas have followed a similar fractional crystallization
sequence, whether or not they are cogenetic (Price et al., 1985;
Le Roex et al., 1990; Weaver, 1990; Kyle et al., 1992; Ablay et
al., 1998). In Figures 8A and 8B, we reported fractionation trends
corresponding to the evolution from basanites to tephrites and
phono-tephrites and within phono-tephrites and phonolites (Le
Roex et al., 1990). The main effect on trace-element abundances
is related to fractionation of (1) apatite, which traps REEs and P,
and fractionates U from Th (not shown), (2) Fe-Ti oxides, which
causes a strong Ti depletion, and (3) plagioclase/feldspar, which
can explain the low Dy/Yb ratios (this feature is potentially related
to massive assimilation of the country-rock during AFC process).

Fractionation within the phono-tephrite (Kibo 2) and pho-
nolitic (Kibo 1) series is partly counterbalanced by the variable
amount of phenocrysts within the lavas. The occurrence of minor
to major xenocrysts is not modeled in Figures 8A and 8B, but this
may not drastically change the accumulation trends. The vari-
able amount of pheno/xenocrysts is particularly critical for Sr, K,
and Ba in aphyric phonolites (Figs. 4 and 5) and porphyritic pho-
nolites (plagioclase and K-feldspar accumulation). Fe-Ti oxides
have been removed from the magmas before phono-tephrite and
phonolite fractionation episodes, because their fractionation com-
monly occurs at the tephritic/trachyandesitic stage of evolution
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of alkaline series. Considering the mineralogical assemblage
thought to crystallize from phono-tephrite to phonolite (Le Roex
et al., 1990; Ablay et al., 1998), it is almost impossible to draw
an evolution trend from Kibo 2 to Kibo 1 magmas. Therefore, we
propose that the phono-tephritic magmas did not reach the sur-
face at the time Kibo 1 lavas were erupted. Taking into account
the limited assumptions we can make from evolved lava compo-
sitions, Kibo 1 and Kibo 2 lavas appear to have originated from
different batches of magma, derived from a different source, or
alternatively from the same source that has experienced variable
degrees of melting.

Isotopic and Trace-Element Constraints on Kilimanjaro
Edifice Construction

The isotopic signatures of Kibo 1 and Kibo 2 lavas are close
in a Nd-Sr diagram. The porphyritic phonolites from Kibo 1
show only a slight shift toward enriched signatures, which can
be related either to their mantle source or crustal assimilation. On
the other hand, the progressive temporal depletion of the source
beneath Kilimanjaro seems to be a reasonable explanation for
the apparent trace-element depletion of phonolites (Kibo 1) com-
pared to phono-tephrites (Kibo 2). This hypothesis is consistent
with the time gap between Kibo 2 and Kibo 1 magmatic events
(Baker et al., 1971; Bagdasaryan et al., 1973; Wilkinson et al.,
1986; Nonnotte et al., 2008). Moreover, it is worth noting that
Mawenzi trachybasalts fall on the continuation of the fraction-
ation trends (Figs. 8A and 8B) defined by contemporaneous Kibo
2 phono-tephrites, although these two groups show different iso-
topic signatures.

Nd and Sr isotopic signatures versus time display some
remarkable features. The first Shira edifice, despite the large
range of isotopic compositions certainly related to crustal con-
tamination, has the more enriched isotopic signatures. During
the main building period of Kilimanjaro, there remains a signifi-
cant difference between Mawenzi and Kibo magmatic sources:
Whether Kibo lavas have relative depleted signatures, those from
Mawenzi still display enriched, crust-contaminated isotopic
ratios. This is also the period where the most depleted isotopic
compositions are found, within the Kibo 2 lavas.

Later on, as the activity focused on the Kibo volcanic cone,
the aphyric Kibo 1 unit erupted with intermediate, but very
homogeneous, isotopic signatures between Mawenzi and Kibo
2. Finally, the porphyritic Kibo 1 unit was emplaced, displaying
similar depleted signatures compared to those of Kibo 2 lavas.

To conclude, trace-element modeling and isotopic signa-
tures both suggest a progressive depletion of the source beneath
the Kilimanjaro area, from the Shira main volcanic episode to
the late phonolitic event building the Kibo cone. This depletion
particularly affected an amphibole-bearing lithospheric mantle,
in the amphibole-garnet facies.

Indeed, two questions remain unsolved: (1) Are the hydrous
minerals present in the lithospheric mantle beneath this zone
related either to an ancient metasomatism of the African litho-
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sphere (Cohen et al., 1984; Paslick et al. 1995; Lee et al., 2000;
Burton et al., 2000), or to the recent activity of a plume beneath
eastern Africa (Spith et al., 2001), or both? (2) Is there any occur-
rence of true asthenospheric melts?

Isotopic Signature Modeling

Decoupling of trace-element enrichment and depleted isoto-
pic compositions has been used by several authors (Clague and
Frey, 1982; Spith et al., 2001) to emphasize that the metasomatic
event that affected the lithospheric mantle, and therefore triggered
its melting, was contemporaneous with the activity of the plume.
Alternatively, isotopic data on mantle xenoliths from Kenya and
Tanzania have yielded old (Proterozoic) ages (Cohen et al., 1984;
Burton et al., 2000). In case of an old lithospheric metasomatic
event, a rough calculation of the initial source Nd isotopic com-
position (using the calculated trace-element composition of the
source and an age of 2 Ga) indicates clear mantle signatures
(around 0.5108 compared to 0.51006 for the CHUR [CHondritic
Uniform Reservoir]). On the other hand, the effects of mixing
plume-derived melts with an old refractory lithospheric mantle,
which has developed its own radiogenic signature, are difficult to
estimate. Refractory lithospheric mantle, isolated from a chon-
dritic reservoir at 2 Ga, with a '*’Sm/"*Nd ratio of 0.003 gives a
("*Nd/"**Nd), value of 0.51303. Taking reasonable assumptions
for the plume melts ([Nd] = 60 ppm, "*Nd/"*Nd = 0.5126), 10%
plume melts would be needed to change the '"*Nd/'*Nd of the
mantle source to fit the observed isotopic signatures. Further-
more, the complex geodynamic history of this part of the African
continent, involving successive Precambrian orogenic events and
a number of younger extensional processes (Karoo, Cenozoic),
may be used as an indirect argument to support the “young meta-
somatism’ hypothesis.

One plausible explanation reconciling trace-element and
isotopic signatures may be that during the Shira magmatic epi-
sode (2-3 Ma), heating of the lithospheric mantle by the plume
triggered the melting of an ancient, amphibole-rich, metaso-
matized source, hence producing the Shira basanites. Further
temporal infiltration of plume melts led to a progressive change
of the composition of the source (metasomatic crystallization
of amphibole at greater depths). Then, after a time gap cor-
responding to further addition of plume melts into the litho-
sphere, thermal heating by the plume head triggered the melt-
ing of this rejuvenated lithosphere. Lithosphere metasomatic
process might explain the time gap between the end of the
Shira episode and the main edifice-building stage of Mawenzi
and Kibo cones. In addition, the existence of a mixing trend
between Kibo 1 aphyric and porphyritic phonolites may be
related to the arrival into the Kibo magma chamber of enriched
plume-derived asthenospheric melts, incorporating previously
crystallized minerals left behind by Kibo 2 melts. However, we
cannot totally discard the hypothesis of massive crustal con-
tamination for Kibo 1 aphyric phonolites. Parasitic vents can
be related to a late reactivation of sublithospheric mantle, since
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they have compositions close to the source compositions of the
Shira lavas.

CONCLUSIONS

Kilimanjaro is a polyphased volcano that displays various
petrological lithofacies showing contrasted trace elements and
isotopic signatures. However, those features are not randomly
distributed for the three major edifices: They are related to time,
source compositions, and fractionation processes such as frac-
tional crystallization, assimilation of the lower and upper crust,
and magma pooling at various levels within the continental crust.
Based on interpretation and modeling of both isotopes and trace-
element signatures, we proposed that Kilimanjaro volcanics
originated within the lithosphere. Melting of the latter was at first
triggered by conductive heating of fertile remnant portions of the
lithosphere during impingement of a plume head. After a signifi-
cant time gap corresponding to progressive infiltration of plume
melt in the lithosphere, a second melting episode generated melts
that participated in the construction of the main cone. There is
no clear evidence for the participation of “true” asthenospheric
melts in construction of the Kilimanjaro edifice, although we
cannot totally rule out this hypothesis, on the basis of our data set.
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