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[1] Joint French—Ethiopian field trips in 1995—-1996 yield new geochronologic and
paleomagnetic data, which significantly expand our knowledge of the recent magmatic
and tectonic history of the Afar depression. Twenty-four new K-Ar ages range from 0.6 to
3.3 Ma. There is quite good agreement between magnetic polarities and Geomagnetic
Polarity Timescale (GPTS). Eight age determinations with uncertainty less than 50 kyr can
be used in future reassessments of the GPTS (upper and lower Olduvai/Matuyama
reversals and Reunion and Mammoth subchrons). Paleomagnetic analysis of 865 cores
from 133 sites confirms that low-Ti magnetites are the main carrier of the Characteristic
Remanent Magnetization (ChRM). A positive tilt test (based on two subgroups with 63
and 23 sites, respectively) confirms that this ChRM is likely the primary magnetization.
The main paleomagnetic results can be summarized as follow&. Ma reference pole

for stable Africa is determined based on 26 sites located on either side of the northern
termination of the East African rift. It is located at 87.2N, =217.1E (Ags=4).A

4.6 £ 1.8 (2 ) inclination shallowing is identified within a population of 231 stratoid lava
flows, consistent with a global axial quadrupole of 6 + 2% of the axial dipole. Combined
with earlier data ofActon et al.[2000], our new data allow mean paleomagnetic field
directions to be determined for five individual, fault-bounded blocks previously identified
by tectonic analysis within central Afar. These all have suffered negligible rotations about
vertical axes since emplacement of the lava. This contrasts with the significant rotations
previously uncovered to the east in Djiboutian Afar for three major individual blocks.
Taken altogether, the declination differences with respect to reference directions are 2 + 4
for central Afar and 13 + &or eastern Afar, consistent with the modeMatnighetti et al.
[2001a]. It appears that in the las8 Ma the Afar depression was extensively floored by
trap-like basalts, which were deformed by a single but complex physical (tectonic)
process, combining diffuse extension, rift localization, propagation, jumps and overlap,
and bookshelf faulting. INDEX TERMS 1525 Geomagnetism and Paleomagnetism: Paleomagnetism
applied to tectonics (regional, global); 1035 Geochemistry: Geochronology; 8109 Tectonophysics: Continental
tectonics—extensional (0905); 3040 Marine Geology and Geophysics: Plate tectonics (8150, 8155, 8157,
8158); 9604 Information Related to Geologic Time: Cenoziy,WORDSAfar tectonics, block rotation, rift
propagation and overlap, reference pole, polarity timescale, inclination anomaly

Citation: Kidane, T., V. Courtillot, I. Manighetti, L. Audin, P. Lahitte, X. Quidelleur, P.-Y. Gillot, Y. Gallet, J. Carlut, and T. Haile,
New paleomagnetic and geochronologic results from Ethiopian Afar: Block rotations linked to rift overlap and propagation and
determination of a 2 Ma reference pole for stable Africd, Geophys. Resl08B2), 2102, doi:10.1029/2001JB000645, 2003.

lLaboratoires de Padenagriisme et de Tectonique, Institut de ;
Physique du Globe de Paris, Paris, France. 1. Introduction
A d;DeAP;”bmerl‘Ettﬁf Geology and Geophysics, University of Addis-Ababa,[;] The Afar depression is one of the best field laboratories
IS-Ababa, lopia. :
SInstitut de Recherche pour le Devoloppement, Universital where the early .Stages of Comlr.]em.al brea.‘kLJp and the °.”$?t of
Sabatier, Gelogie, Toulouse, France. seafloor spreading can be studied in the field. After the initial
“Laboratoire de Gmchronologie Multi-Techniques, Universiraris discovery that the Adenrift propagated onland into Afar [e.g.,

Sud-Institut de Physique du Globe de Paris, Sciences de la Te@ourtillot, 1980, 1982Courtillot et al, 1980, 1987], and the

UniversiteParis XlI-Paris Sud, Orsay, France. TpH ; ; _
SLaboratoire de Gaogie, Ecole Normale Stpeure, Paris, France. f!ndlng that rather Iarge block rOtaFlonS due to rift p_ropaga_
tion could be directly measured using paleomagnetic techni-
Copyright 2003 by the American Geophysical Union. ques Courtillot et al, 1984], continued fieldwork within the
0148-0227/03/2001JB000645$09.00 Republic of Djibouti between 1989 and 1993 led to the
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Figure 1. Tectonic framework of rift propagation around the Afar depressiamighetti et al.2001a].

Large full arrows are for rifts and half arrowheads for coeval shear zones. Inset: Relative locations (with
respect to the African, i.e., Nubia/Somalia, plate) of the Danakil block and Arabian plate at Present (dark
shade) and 3 Ma ago (light shad@uflin 1999]. SES: Shukra-el-Sheik transform fault; BA: Bia Anot
fault; HH: Hol Hol fault; GATZ: Gamarri-Alol tear zone (see text).
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Figure 2. Details of rift and block structure in AfaManighetti et al. 2001a], with rift segments (broad
gray lines), main faults, and an indication of individual block rotations measured from paleomagnetism in
the present and earlier studies.

publication of a series of papers on the propagation of riftiagj, 1990; Manighetti et al. 2001a, 2001b]. The strain

in the gulfs of Aden and Tadjourdpnighetti et al. 1997] history can be accounted for in terms of rotations about
and into Afar Manighetti et al. 1998], ending with a model vertical axes of small rigid blocks, but since it is transient

for the history of strain transfer between overlapping proghese blocks can be defined only for a certain time span, on
agating rifts Manighetti et al. 2001a]. the order of a few hundred thousand yedajighetti et

[3] Eruption of the Ethiopian traps about 30 Ma ago [e.cal., 2001a]. Two recent phases of deformation, propagation,
Baker et al. 1972; Hofmann et al. 1997; Rochette et al. and overlap have been identified: during the first phase,
1998] facilitated breakup of Arabia and Africadurtillot et fault-bounded blocks rotated and stretched. During this
al., 1999] and, after an initial phase of incipient breakugme, westward and northward propagation continued,
along the East African rift and the Red Sea, the Gulf ebtablishing the Mak’arrasou transform zone and triggering
Aden rift propagated from the Indian ocean toward the angfling in the Manda-Inakir rift (Figure 2). As a result, the
weakened by the hot spot; it arrived on the Shukra-el-Shéikokshelf mechanism propagated west.
discontinuity about 20 Ma ago, where it stalled for some 13s] Rift formation and propagation were accompanied by
Ma (Figure 1, inset)Nlanighetti et al. 1997;Audin 1999]. volcanism. The oldest formation, the Adolei basalts, is found
In the mean time (30-20 Ma), the Red Sea rift hadin the Ali-Sabieh region, at the current southern margin of
propagated toward the hot spot area. There, the lithosphtredepression and is dated &7 Ma [Barberi et al, 1975;
was so softened that both rifts were unable to break it iBéack et al, 1975]. This volcanic activity may have lasted
clean-cut fashion; the Afar depression started to stresgme 8 Myr [Deniel et al, 1994], and was followed from
through both localized (disconnected rift segments) and6to 9 Ma by emplacement of the Mabla rhyolit¥afet
diffuse faulting, associated with magmatism. Two “micrcet al, 1975; Chessex et gl.1975]. A new basaltic phase
plates,” the Danakil and Ali Sabieh blocks, were isolatestupted 8to 4 Ma ago, known as the Dahla basaltargt
and the depression started opening (Figure 1). Since aboahdl Gassg1978]. All of the above formations outcrop only
Ma, the Aden rift has localized along the western edge @fer limited surfaces near the edges of the depression.
the Danakil block, where it has been propagating northwarfs] The most important formation is the 1-1.5 km thick
in a series of discontinuous jumps. In the process, a lalggsaltic stratoid series which floors more than 2/3 of the
size, growing overlap was formed (Figure 1) [eMan- depressionVaret et al, 1975]. Conventional K-Ar dating
ighetti, 1993;Audin 1999;Manighetti et al. 1998, 2001a]. assigned it ages from 0.4 to 4.4 MBafberi et al, 1972,

[4 Transient deformation in the growing overlap zon&975;Civetta et al. 1975;Chessex et gl1975;Black et al,
occurred through distributed extensional faulting and rots975]. Further K-Ar and®Ar-3°Ar ages, restricted to the
tion of a small number of “miniblocks,” following a southeastern part of the depression in the Republic of
bookshelf faulting mechanism (Figure Tjapponnier et Djibouti, were in a window from 1.3 to 2.2 M&purtillot
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Figure 3a. Map of the studied area, with sites (shown as squares) sampled for paleomagnetism and age
determination. Main faults are indicated. Towns are shown as full circles. All sites cannot be shown in the
area with densest sampling in central Afar, which is shown in more detail in Figures 3b and 3c.

et al, 1984]. These authors suggested that peak phase&idane [1999]. Independent work had been undertaken in
basaltic volcanism were episodic in nature, with alternatitige field by Gary Acton and colleagues in 1992 and was
1 Ma long phases of volcanism and tectonic deformatigoublished byActon et al.[2000]. The two data sets are
[7] The model ofManighetti et al.[2001a] was largely complementary and will be combined in this paper. Addi-
based on data restricted to the Republic of Djibouti, and tianal analyses are given Bydin[1999] [see also Audin et
geophysical data from the oceanic part of the gulf of Adeal., submitted manuscript, 2002] with an emphasis on
Yet, it makes predictions for the remaining largest part tactonic data, and biahitte [2000] [see alsd.ahitte et
the Afar depression, which occurs mostly within Ethiopial., 2001] with an emphasis on geochronological data.
Testing of this model is possible through combination of[s] We first recall some geological information, then
field and remote tectonic analyses, paleomagnetic and gaescribe our geochronological results, next the paleomag-
chronological sampling. With such testing in mind, aetic results, and discuss all these jointly in the frame of the
collaboration program was established between INSManighetti et al.[2001a] andActon et al.[1991, 2000]
CNRS and the department of geology and geophysicsmbdels. At the same time we provide a ne Ma
the University of Addis-Ababa and fieldwork started imeference paleomagnetic pole for “stable” Africa.
1995. Sampling was focused on the stratoid series. Data
obta_ined on older formations_are includgd in the st_ud_y ofé. Geological Constraints and Tectonic
Audin et al. (Paleomagnetic constraints and timing Qf. block
deformation associated with the onland propagation of t croblocks
Aden ridge into SE Afar during the last 8 Myr, submitted [10] Figure 2 displays a simplified topographic and tec-
manuscript, 2002, hereinafter referred to as Audin et @bnic map of the central part of the Afar depression. Based
submitted manuscript, 2002), and additional new data andraprevious inspection of satellite and air photographs and
critical review of all geochronological results are given Hieldwork, a number of active rift segments and major faults
Lahitte et al.[2001]. were identified. Analyses of fault size, geometry and dis-
[s] Our aim was to sample as densely as possible hiacement, scarp morphology, offset markers, and evidence
blocks identified in the remote sensing tectonic analysespinrecent seismic activity reveal a hierarchy of tectonic
order to constrain their ages and rotations. Another goal vieatures llanighettj 1993] and define a limited number of
to sample the less deformed, “stable” part of African crushicroblocks.
since all rotations measured previously in the Republic of11] In the eastern part of the area, largely within the
Djibouti could only be referred to a “synthetic” AfricanRepublic of Djibouti, one encounters a series of roughly
reference but not to actual African data. The fieldwork d¥W-SE-striking normal faults, most of them with a signifi-
which the present paper focuses was undertaken in 1885t component of left-lateral slip. These faults bound a
and 1996, and the analytical work is described in detail bgries (5—9 according tdanighetti et al[2001a]) of much
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Figure 3b. Geological map of central Afar with main formations and faults and location of sites where

an age determination has been obtained (yellow squares: K-Ar determinations (this study and earlier ones
by our group); red squares: thermoluminescence datzt{e et al, 2003]; stars: K-Ar determinations
[Barberi et al, 1975]; GATZ: Gamarri Alol tear zone. See color version of this figure at back of this
issue.
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Figure 3c. Same as Figure 3b, with location of paleomagnetic sites: open circles are from the study of
Acton et al[2000]; squares are from our groupdurtillot et al, 1984;Manighettj 1993;Manighetti et

al., 2001a; this paper]: yellow squares are sites with a joint age determination and red squares are without
one. See color version of this figure at back of this issue.

less deformed blocks, with from south to north three maj@ropagating Manda-Inakir rift. A small block (north Balho)
first-order blocks: Gamarri-Dakka, Data-Yager-Hanle, andn be defined between the NW extension of the Ghoub-
Der’Ela-Gaggade. The identification of the northwestebet-Asal southern bordering fault, the Gamarri-Alol tear
termination of these blocks has been the subject of work gne, the Mak’arrasou transfer zone and the Manda-Inakir
Manighetti[1993]. The blocks terminate in a tapered fashift.
ion through a series of efcleelon fault segments with [13] Related blocks can be described to the west of GATZ.
evidence of strike slip motion. All eventually terminatédgain going from south to north, one first encounters the
along the Gamarri-Alol tear zone (GATZ) [see aldan- “stable” edge of the Ethiopian (African) plate, the active
ighetti et al, 2001a]. To the SE, the mean strike of the faultdanda-Hararo rift which forms the southern extension of
rotates to a more EW azimuth, and the faults are apparetitly Red Sea propagating rift system, the Unda-Gamarri
rooted in the hardly deformed Ali Sabieh block. block, the small Dobi sliver, the larger Isso-Deda’i/Siyarrou
[12] North of the Asal-Ghoubbet active rift system, onblock bounded to the north by the conspicuous, S-shaped
encounters the Mak'arrasou transfer zone, along whichmino graben, followed to the north by the north Immino
strain is transferred further north to the next, youngdaock until the western termination of the Manda-Inakir rift.
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Table 1. Results of K-Ar Dating of 24 Basaltic Lava Flows From the Afar DepreSsion

Sample K% Percentage tAr “OAr*, at./g (10 Age, Ma Uncertainty (1 Level) Magnetic Polarity
70J 0.339 0.429 2.6732 0.75 0.26 LO1
0.339 0.722 1.7405 0.49 0.10 Reversed
0.59 0.16
72B 0.428 0.930 2.6078 0.583 0.094 TAO1
0.428 1.061 3.2041 0.717 0.102 Transitional
0.654 0.098
70K 0.307 1.840 2.9028 0.91 0.07 L02
0.307 2.213 2.2539 0.70 0.05 Reversed
0.79 0.06
70L 0.377 0.410 4.3829 1.11 0.41 LO6C1
0.377 0.859 2.8294 0.72 0.13 Reversed
0.84 0.22
72L 0.796 6.709 7.1690 0.862 0.023 TAl12
0.796 7.090 6.9692 0.838 0.021 Reversed
0.850 0.022
72K 0.818 3.800 8.1795 0.96 0.04 TAl11
0.818 3.64 7.7704 0.91 0.04 Reversed
0.94 0.04
72J 0.543 1.679 5.0987 0.899 0.081 TA10
0.543 1.440 5.6175 0.990 0.104 Normal
0.941 0.092
70N 0.307 0.176 1.9058 0.60 0.51 L083
0.307 1.422 3.2667 1.02 0.11 Normal
0.97 0.15
72W 0.303 3.500 3.2429 1.02 0.05 TA24
0.303 2.640 3.3140 1.05 0.06 Reversed
1.03 0.05
72U 0.922 2.500 9.9720 1.04 0.06 TA22
0.922 3.000 10.8900 1.13 0.06 Reversed
1.09 0.06
2T 0.865 2.350 9.9646 1.10 0.07 TA21
0.865 2.290 9.7682 1.08 0.07 Reversed
1.09 0.07
72Q 0.882 1.770 10.2070 1.11 0.10
0.882 1.740 10.2520 1.11 0.10 TA18
0.882 1.960 10.2060 1.11 0.09 Reversed
1.11 0.09
72P 0.679 1.600 8.4826 1.20 0.11
0.679 2.070 10.9920 1.55 0.11 TA17
0.679 1.770 9.0968 1.28 0.11 Reversed
1.36 0.11
72C 0.743 4.050 11.6700 1.50 0.06 TAO6
0.743 4.680 11.1240 1.43 0.05 Reversed
1.46 0.05
2V 1.053 4.700 16.8450 1.53 0.05 TA23
1.053 5.450 17.5860 1.60 0.05 Reversed
1.57 0.05
72H 0.873 6.490 14.6700 1.61 0.04 TAO8
0.873 6.940 14.5400 1.59 0.04 Reversed
1.60 0.04
72l 1.014 2.940 18.9940 1.79 0.09 TA09
1.014 2.710 17.9130 1.69 0.10 Reversed
1.74 0.10
72M 1.494 4.430 26.9980 1.73 0.06 TA13
1.494 5.456 28.1030 1.80 0.06 Reversed
1.77 0.06
72N 0.790 4.380 14.6900 1.78 0.07 TA 14
0.790 4.950 15.0360 1.82 0.06 Normal
1.80 0.06
72D1 0.802 4.994 16.6040 1.98 0.07 TAO3
0.802 4.409 15.9570 1.90 0.07 Reversed
1.94 0.07
720 0.973 4.470 20.4260 2.01 0.07 TA15
0.973 4.850 20.2080 1.99 0.07 Reversed
2.00 0.07
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Table 1. (continued)

Sample K% Percentage $Har 4OAr, at./g (101 Age, Ma Uncertainty (1 Level) Magnetic Polarity
72R 1.029 4.200 21.4550 2.00 0.08 TA20
1.029 4.160 22.5340 2.10 0.08 Reversed
2.05 0.08
72D2 0.750 4.048 16.1160 2.06 0.08 TAO4
0.750 4.684 16.3970 2.09 0.07 Reversed
2.08 0.08
72E 0.200 4.560 5.7436 2.75 0.10 TAO05
0.200 5.310 5.6069 2.68 0.08 Normal
2.71 0.09

asample, identification; K%, total percentage of potassium in sample; percenfiger opercentage of radiogenic argon 40 in sampiar*, at./g,
number of atoms of radiogenic argon 40 per gram of sample tnat/@); Age, Ma, ages determined from two replicate argon measurements for each
sample (the means of these replicate determinations are given in bold); uncertainty is atetred; Torresponding magnetic polarity at same site
(paleomagnetic site code is given) is also indicated.

[14 Earlier sampling in the Republic of Djibouti pro-reported elsewher&idane et al. 1999]. Work byActon et
vided extensive paleomagnetic and geochronological data[2000] has concentrated along (and up to 3 km away
sets on the Gamarri-Dakka, Data-Yager-Hanle, afrdm) the only Highway and resulted in 48 paleomagnetic
Der’Ela-Gaggade blocks, except for their northwestesiratoid sites (labeled ET in Figure 3c; 350 analyzed cores,
terminations @Galibert et al, 1980; Couirtillot et al, 1984; without geochronological data; sites discussed but rejected
Manighettj 1993;Manighetti et al. 2001a]. Detailed work by the authors are not mentioned here). These sites are

on a section of the Gamarri fault and escarpment on tbeated mainly on the Manda-Hararo rift, and the Unda
Ethiopian side (GA and GB sites in Figure 3c) has be&amarri, Dobi, Isso, Siyarrou, and north Immino blocks.

Table 2. Location, Previous and Proposed Geological Formation Assignment, and Ages of Samples Listed in Table 1 and Published by

Kidane et al.[1999] andLahitte [2000] and Collected Along or Close to the Main Addis Ababa-Asab Road

Sample Name

Locality

Lat, Lon, deg

Formation (Previous)

Age Yicertainty, Ma Formation (This Study)

Block

708
7282
75CP
70K?
70L2
7212
72K2
723
70N?
72W
727
7270
720
72P
72¢
72\2
2H2
721
75AJP
72M°
72N
7507
75A32
72D
7200
75B1°
GB2F
GA2F
2R
72D
GB3C
GALCF
GAOX
728%
75CC
75CBP

NW of Serdo
North of Aysaita
Near Gewane
NW of Serdo
NW of Serdo
NE of Elidar
Immino graben
Immino graben
NW of Serdo
South of Datbabhri
North of Serdo
NW of Serdo
North of Dichooto
NW Dichooto
Around Serdo
South of Datbahri
East of Dichooto
East of Dichooto
South of Isso
Around Elidar
Dobi Escarp.
Dobi graben
South of Isso
SW of Serdo
NW Dichooto
Dobi graben
Gamarri Sect.
Gamarri Sect.
West of Dichooto
SW of Serdo
Gamarri Sect.
Gamarri Sect.
Gamarri Sect.
North of Mille
North of Gewane
Near Adaytu

12.017, 41.205
11.782, 41.343
10.000, 40.600
12.033, 41.225
12.019, 41.178
12.096, 41.982
12.153, 42.056
12.152, 42.056
12.022, 41.133
11.525, 41.261
12.087, 41.250
12.223, 41.179
12.041, 41.449
12.042, 41.436
11.956, 41.533
11.413, 41.356
11.917, 41.587
11.893, 41.650
11.917, 41.783
11.969, 41.838
11.895, 41.759
11.760, 41.823
11.917, 41.783
11.624, 40.939
11.981, 41.434
11.803, 41.759
11.600, 41.700
11.600, 41.700
11.925, 41.469
11.624, 40.939
11.600, 41.700
11.600, 41.700
11.600, 41.700
11.496, 40.799
10.300, 40.800
11.125, 40.775

Stratoid series
Upper stratoid
Stratoid series
Stratoid series
Stratoid series
Upper stratoid
Upper stratoid
Upper stratoid
Stratoid series
Upper stratoid
Stratoid series
Stratoid series
Stratoid series
Stratoid series
Stratoid series
Stratoid series
Stratoid series
Stratoid series
Stratoid series
Stratoid series
Stratoid series
Stratoid series
Stratoid series
Stratoid series
Stratoid series
Stratoid series
Stratoid series
Stratoid series
Stratoid series
Stratoid series
Stratoid series
Stratoid series
Stratoid series
Dahla basalt
Stratoid series
Stratoid series

0.59 + 0.16
0.65 + 0.10
0.73 + 0.06
0.79 £ 0.06
0.84 £ 0.22
0.85 + 0.02
0.94 £ 0.04
0.94 + 0.09
0.97 + 0.15
1.03 £ 0.05
1.09 + 0.06
1.09 £ 0.07
1.11 £ 0.09
1.36 £ 0.11
1.46 + 0.05
1.57 + 0.05
1.60 £ 0.04
1.74 + 0.10
1.76 + 0.04
1.77 £ 0.06
1.80 + 0.06
1.89 + 0.06
1.93 £ 0.07
1.94 + 0.07
2.00 + 0.07
2.01 £ 0.09
2.02 + 0.04
2.03 £ 0.08
2.05 +0.08
2.08 + 0.08
2.08 + 0.06
2.09 + 0.06
2.14 + 0.06
2.71 £ 0.09
3.22+0.19
3.27 + 0.06

Gulf basalt
Gulf basalt
Gulf basalt
Gulf basalt
Gulf basalt
Gulf basalt
Gulf basalt
Gulf basalt
Gulf basalt
Gulf basalt
Gulf basalt
Gulf basalt
Gulf basalt
Upper stratoid
Upper stratoid
Upper stratoid
Upper stratoid
Upper stratoid
Upper stratoid
Upper stratoid
Upper stratoid
Upper stratoid
Upper stratoid
Upper stratoid
Upper stratoid
Upper stratoid
Upper stratoid
Upper stratoid
Upper stratoid
Upper stratoid
Upper stratoid
Upper stratoid
Upper stratoid
Lower stratoid
Lower stratoid
Lower stratoid

Serdo-Semera
Manda-Hararro
Ethiopian Plate
Serdo-Semera
Serdo-Semera
Siyarrou
Siyarrou
Siyarrou
Serdo-Semera
Ethiopian Plate
Unda-Gamarri
Serdo-Semera
Unda-Gamatrri
Unda-Gamarri
Unda-Gamarri
Ethiopian Plate
Unda-Gamarri
Unda-Gamarri
Isso-Deda’ai
Siyarrou
Dobi
Dobi
Isso-Deda’ai
Ethiopian Plate
Unda-Gamarri
Dobi
Gamarri-Dakka
Gamarri-Dakka
Unda-Gamarri
Ethiopian Plate
Gamarri-Dakka
Gamarri-Dakka
Gamarri-Dakka
Ethiopian Plate
Ethiopian Plate
Ethiopian Plate

3This paper.

BLahitte [2000].
‘Kidane et al[1999].
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age groups: 13 samples within 0.6—1.1 Ma, 20 between 1.3
and 2.2 Ma, and 3 older than 2.5 Ma.

[18] Given field and aerial photographs, we can separate
the “stratoid” series into three distinct age subgroups
characterized by different overall texture, freshness, and
degree of incision. We call these subgroups the lower and
upper stratoid formations and the “Gulf” basalts (following
existing usage). The lower stratoid formation is defined by
only 3 dated samples between 2.6 and 3.3 Ma, outcropping
near the northern termination of the East African rift system
(Figures 3a and 3b). It has flat topography and tabular
surfaces, and outcrops along river cuts and gullies. It is also
exposed along the shores of the Awash river. The character-
istic morphology and topography allows the mapping
shown in Figures 3b and 3c.

[19] The upper stratoid formation outcrops north of Mile.
Good exposures occur mainly along fault scarps. Lava
flows are tabular with large-scale horizontal continuity.
Around 50% of the region we studied is covered by this
formation. It is the most widespread and thickest formation
found in the depression, with a thickness reaching at least
We collected 133 sites (865 cores collected, 728 analyZ&D0Om. Lava flows are continuous and sometimes separated
for paleomagnetism, 24 samples for geochronology; Figy scoria. Fifteen of our samples yield ages clustered
ures 3a-3c), providing paleomagnetic and geochronoldgptween 1.36 + 0.11 and 2.08 + 0.08 Ma (Table 2). Samples
ical data on a wider surface than previously availablieom the Unda-Gamarri, Dobi graben, Isso-Deda’i, and
sampling all blocks referred to previously west of th@amarri blocks are all between 1.1 and 2.1 Ma, i.e., the
Gamarri-Alol tear zone, and the (possibly) stable parts wfper stratoid formation. Similar ages are found south of
the African plate, on both sides of the northernmoSiyarrou block. All blocks share essentially the same age
termination of the East African rift (which we will callranges. The five samples dated at the Gamarri section
Mile-Gewane and Ali-Sabieh, respectively; see Figure @able 2) Kidane et al. 1999], further age results lhyahitte
[seeAudin 1999]. [2000], and the previous results Bpurtillot et al.[1984]

on the stratoid formation are mostly in the age range of the
upper stratoid formation.
3. Geochronology [20] The so-called Gulf basalts outcrop mainly along

[15] We collected a series of 24 new samples on outcrogéde rhyolitic massifs close to Immino graben, at the
previously assigned to the stratoid series (Figure 3b). TAR/theastern margin of the Manda-Hararo rift system, and
was complemented by more detailed analyses of the so-
called Gamarri cliff (Figure 3c), where five samples from a
continuous magnetostratigraphic section provided consis-
tent ages (2.07 £ 0.05 M&idane et al, 1999]. Additional
samples covering a broader temporal range have been
analyzed byLahitte et al.[2001, 2003].

[16] All this new dating was performed using the Cassi-
gnol-Gillot K-Ar technique €Cassignol and Gillgt 1982;

Gillot and Cornette 1986]. Great care was taken in sam-
pling only fresh rocks in the field. Although sampling was
performed essentially along fault scarps, which may have
been affected by fluid circulation, selected samples were
from massive lavas with microlithic groundmass. The
groundmass was systematically selected for sample prepa-
ration by means of heavy liquids separation, after careful
examination in thin section. Samples with doleritic textures
were rejected. Further details are given ®Gillot and
Cornette[1986]. The GL-O standardddin, 1982] and the
conventional international decay constar¢eifger and
Jager, 1977] were used throughout.

[171 The results of our 24 measurements are given fiigure 5. Histogram of 571 measured Natural Remanent
Table 1. All have been duplicated on separate aliquots.Ntagnetizations (NRM) (number versus decimal logarithm
the following discussion, 12 results obtained earlier in tloé NRM in A/m) for stratoid samples from this work and the
Gamarri sectionqidane et al, 1999] and byLahitte[2000] study ofActon et al[2000]. Mean (lognormal) variance and
are also included (Table 2). Ages range frod6 to 3.3 total number of samples are given in the upper right-hand
Ma. The data histogram (Figure 4) suggests three uneqainer.

Figure 4. Histogram of 36 age determinations given i
this paper (see Table 2).
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Figure 6. Normalized intensity curves for representative samples demagnetized by (a) AF and (b)
thermal treatment. Field in mT and temperaturedn

in the area close to the Azelo volcano east of Gewawere collected from areas previously mapped as part of the
village (Figure 3a). Wherever found, they represent thetratoid series” Varet et al, 1975]. Because of their

uppermost chronostratigraphic unit. Exposure is largalistinct age, mode of exposure and emplacement, we refer
surficial and along fault scarps. The ages for this formatitm this as a separate formation, and correlate it with the
range between 0.59 + 0.16 and 1.11 + 0.09 Ma. Our sampesval Gulf basalts mapped elsewhere. Table 2 summarizes
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Figure 7. Representative Zijderveld (orthogonal vector) diagrams for samples submitted to thermal (in
C) and AF (in mT) demagnetizations. Categories A, B, C, D, and E are described in the text. Two
companion samples demagnetized with both techniques are shown for categories A, B, and C.
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Table 3. Mean Paleomagnetic Directidns

Mile-Gewane Block

Site N Ds Is Ks ( 95)s Age, Ma Formation
TAO5 5 6.4 16.0 27.6 14.8 2.7 + 0.09 Lower strat.
TA25 9 168.4 5.4 118.9 4.8 3.3+ 0.06 Lower strat.
TA26 7 187.6 3.5 279.1 3.7 Lower strat.
TA27 8 192.8 32.0 142.7 4.7 Lower strat.
TA28 5 194.9 35.0 375 12.7 Lower strat.
TA29 5 177.3 10.7 59.1 10.8 Lower strat.
TA30 6 183.7 13.4 92.1 7.0 Lower strat.
TA37 6 167.6 16.5 235.0 4.4 Lower strat.
TA38 6 169.5 15.6 318.5 3.8 Lower strat.
TA39 5 183.8 25.9 126.5 6.8 Lower strat.
TA40 6 186.2 24.0 55.4 9.2 3.2+0.19 Lower strat.
TAO3 5 175.6 23.9 68.0 9.3 1.9 +0.07 Upper strat.
TA04 7 179.2 17.9 351.4 3.3 2.1 +0.08 Upper strat.
TA23 6 169.4 8.2 153.5 5.4 1.6 £ 0.05 Upper strat.
(ET37)* 7 180.9 41.8 81.0 7.4 Upper strat.
ET38* 5 167.5 19.6 992.3 25 Upper strat.
(ET39)* 6 167.4 325 57.9 8.9 Upper strat.
(ET40)* 5 28.1 49.2 49.2 11.8 Upper strat.
(ET41)* 5 4.4 43.0 74.4 9.2 Upper strat.
ET42* 6 345.7 31.5 579.6 2.8 Upper strat.
TA31 5 17.9 23.8 112.7 7.2 0.7 £ 0.06 Recent bas.
TA32 7 10.3 21.0 174.0 4.6 Recent bas.
TA33 6 10.9 28.4 309.7 3.8 Recent bas.
TA34 6 0.0 29.0 218.2 4.5 Recent bas.
TA35 5 3.3 26.3 58.3 10.1 Recent bas.
(TA36) 6 24.3 16.6 128.7 5.9 Recent bas.

Ali Sabieh Block, South of Hol Hol Falilt

Site N Dy lg Dg Is ( 95)s Age, Ma Formation
(A18) 7 252.6 3.6 252.6 3.6 6.2 Lower strat.
Al19 8 2.8 7.7 2.8 7.7 3.3 Lower strat.
A20 6 4 9.6 4 9.6 7.7 Lower strat.
A4l 6 177.8 23.4 177.8 23.4 4.0 Lower strat.
(A42) 5 200.9 1.6 200.9 1.6 9.5 Lower strat.
A43 9 195.9 6.7 197.4 7.4 8.0 Lower strat.
A48 7 186.4 26.1 186.4 26.1 3.6 Lower strat.
A50 4 180.8 18.4 180.8 18.4 10.0 Lower strat.
A51 6 164.9 9.8 164.9 9.8 11.0 Lower strat.
(A52) 8 196.7 46.7 196.7 46.7 5.3 Lower strat.
A54 9 179.8 20.5 (160.0 49.1) 8.1 Lower strat.
(A01) 9 4.7 40.7 4.7 40.7 6.6 1.5+ 0.05 Upper strat.
(A22) 5 252.2 0.6 252.2 0.6 7.4 Upper strat.
A23 8 4.2 19.1 4.2 19.1 4.3 1.8 + 0.02 Upper strat.
A55 9 187.0 41.6 187.0 41.6 55 1.4 +0.03 Upper strat.
A53 6 202.9 35.0 218.3 30.4 5.3 Recent bas.
(A56) 7 356.2 17.0 356.2 17.0 21.6 0.6 + 0.02 Recent bas.
A57 9 357.1 29.7 357.1 29.7 6.7 Recent bas.

Sites between parentheses are not used in calculation of the mean (reasons for removal include too few samplegstt@teigenal directions,
and combination of several flows into a single cooling unit; see text). ET sites are from G. Acton (personal communication, A8@8) eiral [2000];
N, number of sampled), |, declination and inclination in degrees (subscript g for geographic or in situ coordinates, subscript s for tilt-corrected or
stratigraphic coordinatedf.and g5 areFischers [1953] statistical parameters. New K-Ar geochronological measurements are indicated when available
(see Tables 1 and 2) and formation name (lower stratoid, upper stratoid, and recent or “Gulf” basalts).

PReinterpreted sites for which our reinterpretation was significantly different from that of Acton. Otherwisetpthet al [2000] values are used.

°See Figure 3a andudin [1999].

geochronological results from the present and several earli@®9], are shown in Figure 3a. A “site” was generally a
studies in the general area of Figures 3b and 3c. single flow, or 2 flows, though in one case up to 13 flows
were sampled. At least 6 and up to 10 cores were drilled at a
. site, with separation of meters to tens of meters between
4. Paleomagnetism cores. Standard 2.2 cm long samples were cut from the 2.5
4.1. Sampling, Measurement of Remanence, and cm diameter cores in the laboratory. All measured samples
Treatment are reported in the tables, though when the total number of
[21] Altogether, 133 sites were sampled for paleomagnsamples was less than 4 data were not used further.

ism in the depression. Figure 3c shows where most palegz2] Cores were oriented in the field most of the time with
magnetic sites were collected. Additional sites collected bath a solar and a magnetic compasston et al.[2000]

the Mile-Gewane block to the south of the area of Figure 3eport a mean deviation of 1.0 + 0fr 368 joint determi-

and near the Ali Sabieh block in southeastern Afardin,  nations. We added those to our 865 joint determinations: for
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Figure 8. (a) Stereographic projections of characteristic magnetization directions from sites of stratoid
series basalts in the Mile-Gewane and Ali-Sabieh blocks (see Figures 2 and 3a) and overall magnetization
direction (star) with 95% confidence interval. Mean direction values are given in inset with statistical
parameters (26 sites). (b) Comparison of separate averages from sites in the Mile-Gewane and Ali Sabieh
blocks, respectively (see Table 3 and text).

these 1233 data, the overall mean difference between azijor one at 3.6 Am', and a secondary one at 15.8
muths is 1.4, with a standard deviation of 17.and a Am . Such a bimodal distribution has been found for Afar
standard error of 0.5When 47 samples with differencesasalts since the study @fourtillot et al. [1984] and is
larger than 15are removed, the average becomes, @& interpreted following the study oPrévot and Gromrhe
standard deviation 4.@nd the standard error 0.Thisisin [1975], as indicating that those (minor) basalts with higher
excellent agreement with previous determinationSair- magnetizations probably erupted under water, whereas
tillot et al. [1984] andKidane et al.[1999] and shows that (dominant) basalts with 5 times weaker magnetizations
there is no significant systematic magnetic bias. were emplaced subaerially. The high tail of the distribution
[23] Magnetizations were measured on either a JHkely corresponds to basalts struck by lightning.
spinner magnetometer or a horizontal 2G cryogenic magz4] Samples were demagnetized either by alternating
netometer, in the shielded room at IPG in Paris. The natuialds in a Schostedt instrument or thermally in labora-
remanent magnetizations (NRM) from 571 stratoid samptesy-built quasi field-free furnaces, or both. Typical
(i.e., ours plus those dicton et al.[2000]) are shown in demagnetization curves by the two methods are shown
histogram form in Figure 5. The lognormal mean is 4i8 Figure 6. In the case of AF demagnetization, the median
Am 1 (2.9/8.6); the distribution displays two modes, destructive field (mdf) is generally between 20 and 35 mT.
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Table 4. Mean Paleomagnetic Directions for Recent (Less Thaome with a broader spectrum. Some samples have much

0.3 Ma) Sites in the Manda-Hararo Rift lower unblocking temperatures (A4803A and A4907A in
Site N o ly D, I K. ( oo Figure §b): they generally correspond to very wgakly

magnetized samples, which did not reveal a primary

LO10 8 95 204 95 207 1457 . o , . .

(LO11A) 4 143 233 143 233 125 »7 Magnetization and carried a jagged secondary overprint

(LO11B) 4 53 30.1 53 301 935 10.1 (see below and A4905A in Figure 7). For the majority of

LO11 8 106 265 106 265 221 12.1 samples, these diagrams are characteristic of low Ti

ET36 g 13 119 13 119 905 5.9 magnetites, consistent with previous studies of the same

erel o8 a0 o3 200 2498 32 formation in other parts of AfarCurtillot et al, 1984;

ET69 7 0.8 166 08 166 4735 >g Kidane et al. 1999; Acton et al, 2000; Manighetti et al.

Fisherian mean: D=4.4,1s=17.8 ( 9s=6.4, N =6, K=110.7) 2001a].

Bivariate n)ﬂean D=4.4,15=17.8 ( 95x=1.3, g95y=6.9, K« =1897, [25] Demagnetization behavior is displayed in vector
K, = 68

form in Figure 7. Most samples fall in either one of five
3Sites between parentheses are not used in calculation of the meandgstinct categones Many sa_mples carry a univectorial
ﬁgggﬁcg T?bI?D:;)I S)Sgﬁesr:fl‘;acno‘éienc"’t‘ggsﬁ ”gc’)“k:zr r?li:Soa‘r"?rl?'ziuuszl’71%1gnetlzatlon which decays to the origin and is identical
stratigraphligc or StiIt—corrected coordinates, rgspgcti?/ely (only whenijjagder bOth treatments, sometimes with a Very,Weak over-
significant tilt was measured in the field)y K os)s osX, osys Kx, K, PriNt that is removed by 20Q@ or 20 mT (A; Figure 7,
Fischer[1953] andLeGoff[1990] statistical parameters. sample A4301). In some cases, two distinct components
are clearly found, with good separation in AF treatment,
but significant overlap in thermal demagnetization (B;
Higher values may correspond to the presence of twW@ure 7, sample A5707). Other samples, also with two
components with opposite polarities (ta 2501a in Figucemponents, have largely or completely overlapping spectra
6a), and smaller ones to samples with very high intensitibsth upon thermal and AF demagnetization (C; Figure 7,
most likely struck by lighting (TA1003B and TA0302B insample A4307). A (small) fourth category, already men-
Figure 6a). In the case of thermal demagnetization, mtsehed above, consists of weakly magnetized samples with
samples have unblocking temperatures betweenc480d a jagged (most likely recent) overprint erased by 300—
580 C, some with a single or two narrow ranges, ar@b0 C and erratic behavior above (D; Figure 7, sample

Figure 9. Detailed location of sites in Manda-Hararo rift (see Figures 2 and 3c) with a rough indication
of topography.
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Table 5. Mean Paleomagnetic Directions fof.3 Ma Sites in the ally led to results similar to those published/Awston et al.

Serdo-Semera Microblock (see Table 4) [2000], though some differences were foukitipng 1999].

Site N o, Iy D. I, Ke  ( ooe For instance,l most Zijderv<_a|d diagram_s fo_r samples of site
(Lon) s 2004 90 2092 139 1337 107 ET37 have widely overlapping unblocking f|(_eld and temper-
LO2 2 2061 09 2060 15 1104 8g ature spectra, so that 5 out of 7 samples yielded only great
(LO3A) 5 1987 99 1984 158 1405 6.7 Ccircles. As aresult, there is a large uncertainty on the average
(LO3B) 4 2043 107 2042 167 3424 50 from that site. Three other sites (ET39-41) yield distribu-
(LO3C) 3 2097 92 2097 152 663 179 {jons which are far from Fisherian. The data points form an
'(‘If)034 A) 162 gng 199'10 ggi:g’ 19%0 zligi’ iela elongate distributipn, yvith “aniso.tropies“. (Kx/Ky ratios, see
(LO4B) 6 2035 97 2032 111 1943 52 Le Goffs[1990] bivariate analysis) ranging from 15 to 150.
LO4 12 2041 94 2040 104 2254 3.0 The four sites, listed in parentheses in Table 3, are therefore
Etgggg i 1e6f g-g 166-46 g-g 78%468 98-99 excluded from further consideration. Altogether, there are 22
Los 6 o9 ac o8 63 719 o Site results available for the Mile-Gewane block.

(LOBA) 4 2027 84 2026 99 1872 67 l271 The separate averages calculated for the upper and
(LO6B) 4 2033 157 2032 164 1822 7.2 lower stratoid series are statistically indistinguishable and
(LOBC) 5 2036 75 2035 105 2184 52 can be averaged together yielding a mean direction D =
(oép) 3 1970 61 1970 61 2302 81 3583 | =173 ( g5 = 7.1, N = 16) in stratigraphic
(LIbOGGAE—)D 126 %gg:g 93:2 2%)3%3 113_'3 11}1?2(3'4 311'4 coordinates. The remaining six sites of recent basalts come
LO7 5 53 17.6 53 17.6 975 go from two separate locations close to the village of
(LO8A) 4 1980 124 1980 116 13788 25 Gewane. The distribution of averages is somewhat elon-
(LO8B) 4 2019 72 2018 84 1087 103 gate. The overall mean direction is D = 11.B= 24.4

LO8 8 2000 43 2000 35 48.3 82 (=79, N = 6).

LO9A 5 34 261 30 278 38.8 39 e . . .
(LO9B) 3 145 108 144 137 8927 a1 |28 Fifty-seven sites were collected in the Aysha-Ali
(TAO1) 5 2237 301 2237 301 90.3 8.3 Sabieh region (Figure 3a). Sites from the Dahla basalts
gﬁgig g g;g-g 3313-3 3;;{383 42-140 302%32 3-29 ( 4.5-7 Ma) and Mabla rhyolites (up to 20 Ma) are
TAnt 4 1818 129 1818 129 1000 85 reported glsewhere({dape 1999,Auqi|n, 1999]_(Aud|n et
TA22 4 1731 40 1731 a0 1911 67 al., submitted manuscript, 2002). Eighteen sites of stratoid
ET035 13 3518 134 3518 134 549 1.8 and recent basalts are reported in Table 3. Most sites

Mean 1 (LO5, LO7, LO9A, TA21, TA22, ET035):3- 0.8, Is= 13.7 provided readily interpretable results, though 6 were even-
(95=9.1,N=6 K=548) tually eliminated (shown in parentheses). Sites A18, A52,
M‘?a” 2:<7L32'NL23§ L}?f'géoSA_D’ LO8): D=203.1, 1= 7.1 A01, and A22 are remote from the rest of the distribution
B : : and may correspond to large local rotations (A18 and A22)
or to transitional directions (A52 and A01). Site A56 was
A4905). Finally, strongly magnetized samples (over sestiminated because of its large uncertaintys(= 22 ; all
eral 1 Am 1) correspond to lightning (E; Figure 7,site mean directions withes larger than 15were elimi-
sample TA1004B). Most samples fall in the A, B, or @ated from calculations of means throughout the paper). Site
category. In the A and B cases, components weAd2 was also discarded, because the overprint direction
extracted using principal component analy&isschvink could not be eliminated. A tectonic correction was applied
1980]. In the case of overlapping spectra, Hadls [1976, in three cases (A43, A54, and A53), but was negligible in
1978] remagnetization circles method was used. The tivn cases. In the case of flow A54, the basalt lies on tilted
kinds of data were integrated following the study afurassic limestones with a W dip, but application of the
McFadden and McEIhinnj1988]. Low blocking field or tectonic corrections yields an uninterpretable direction,
temperature components generally average close to whereas the in situ direction is compatible with other sites:
present field direction in Afar and are recent overprintis.is likely that flow A54 was emplaced over the already
There is little ambiguity in extracting the more resistatitted limestones. Its in situ direction is therefore used in
Characteristic Remanent Magnetization (ChRM). As oalculating the mean. Only two sites are finally available for
previous work on Afar basalts, we found that the Athe upper stratoid formation, and a separate mean could not
technique was particularly efficient in allowing us tde determined. Because these two directions were compat-
extract the ChRM (Figure 7, A and B categories) and thisle with the population of lower stratoid directions, the 10

was used for 90% of the samples. available results were averaged, yielding a mean of D =
. . . . 20, | =15.1 ( 95 — 106)

4.2. Site Mean Paleomagnetic Directions [29] Figure 8b shows that the separate overall means from

4.2.1. “Stable” Africa: The Mile-Gewane and Ali the Mile-Gewane and Ali-Sabieh blocks are indistinguish-

Sabieh Blocks able and can be combined. The site mean distribution of the

[26] Twenty new sites from the Mile-Gewane “block” 26 sites (5 with normal polarity and 21 with reversed polar-
(labeled TA) are reported in Table 3. Measured ages raiitygis shown in Figure 8a, and the resulting overall mean for
from 0.7 to 3.3 Ma. To these we added six sites (labeled E§jable” Africa at the time of the stratoid series is D =
studied byActon et al[2000] and communicated in detail by359.7, | = 16.4 ( o5 = 5.7). This direction is statistically
Gary Acton (personal communication, 1998). We reintadentical to that predicted for stable Africa at 2 Ma by the
preted these data using the same methods and interpretatyothetic apparent polar wander patiBesse and Courtillot
software as used for the rest of our study (J. P. Cogfitd91, 2002] (hereafter referred to as BC02). VGP scatter
personal communication, 2000). Our reinterpretation genfrg.,Cox 1969]is 11.6(9.8 < < 17.8), compatible with
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Figure 10. Stereographic projections of characteristic magnetization directions from sites of stratoid
series basalts in the Serdo-Semera block (see Figures 2 and 3c) and mean magnetization directions (stars
with 95% confidence intervals) for two separate (rotated and nonrotated) subsets (see text). Mean
direction values are given in insets with statistical parameters (5 and 6 sites, respectively) (see Table 5).

the prediction of thélcFadden et al[1991] model, suggest-
ing that secular variation has been properly recorded.
[30] The 5 sites of “Gulf” basalts from the Mile-Gewane
side and the two sites from the Ali-Sabieh side can be
combined to yield a mean direction of D = §.7= 27.0 Table 6. Mean Paleomagnetic Directions fol.8 Ma Sites in the
( 95=5.4, N =7). The slight declination differencep = Unda-Gamarri Microblock (see Table 4)

6.1 £ 5.6), and inclination anomaly (I = 6.0 £ 5.9) with Site N 0, Iy Ds Is Ks 056
respect to expected values at 0.5 Ma should not be OVEKos) 5 1701 138 1701 138 985 7.7
interpreted, due to the small number of sites. (TAO7) 5 1751 1.7 1751 1.7 1156 7.1
4.2.2. The Manda-Hararo Rift TA06-07 10 1726  12.8 1726 128 1049 47

[311 We next describe paleomagnetic results from indif08 5 1801 189 1801 189 5148 34
vidual blocks in the order they are encountered along > 182 A0 1195 212 1%s 08
road going from the Ethiopian rift northward. For the sakg g 5 1867 326 1867 326 427 122
of completeness, we briefly report three sites that wemgr7 5 1736 0.6 1738 06 548 104
sampled on the young (<0.3 Ma) axis of the Manda-Harar&18 5 1893 317 1892 318 1357 6.8
rift (Table 4). Two superimposed flows from the same si ;g g igi’-g gi-g 18‘13-8 gi-g éég% ‘71%
actually yield statistically identical directions (due to theryg 6 1833 230 1883 155 847 73
large o5 0f LO11A), which can therefore be combined as @&ros 6 180.4 382 190.2 30.8 6133 2.7
possibly single cooling unit. Our two independent resulego9-12 22 160.1 11.7 1631 99 56.6 4.2
(LO10 and 11) can then be combined with four sites froR713 5 1738 133 1768 85 627 97
the study ofActon et al[2000]. The mean liesatD = 4.4 ET“_lS g ??541373 g%z 3355385 318'6 251'; 46'09
| =17.8 ( o5 = 6.4, N = 6), which includes the presenigryg 8 1793 82 1793 82 4259 2.7

field direction (D = O, | = 22 ). However, the distribution ET19-20 15 180.7 205 180.7 205 2206 26
is quite elongated and a bivariate analysis yields #an: R =0.0,15=17.9 (es=7.1, N =17, K =25.9)
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Figure 11. (a) Stereographic projections of characteristic magnetization directions (all flipped to normal
polarity) from sites of stratoid series basalts in the Unda-Gamarri block (see Figures 2 and 3c) and mean
magnetization direction (star with 95% confidence interval). Mean direction values are given in inset with
statistical parameters (17 sites). (b) Individual site mean directions with original polarities (see Table 6).

“anisotropy” ratio in excess of 5. We have no explanatiotinguishable directions and could be merged as single
for this feature. Our results are not incompatible with tl®oling units (L03, L04, LO5, and L06). In cases where
idea that the Manda-Hararo rift has not been subjectedédss than three specimens could be determined, the average
significant recent rotations. was not retained. In three cases, directions were clearly
4.2.3. The Serdo-Semera Block transitional in nature (or strong overprints had not been
[32] This block comprises a slightly older part of theemoved) with intensities 10 times less than average
Manda-Hararo rift, made of “Gulf” basalts dated betweefTA01, TA02, TA24; Figures 3c and 9). This is unfortu-
0.6 and 1.1 Ma. We have sampled 24 flows and one sitate, since these flows were located at the southern-faulted
comes fromActon et al.[2000] (ET35). Figure 9 shows edge and in the central part of the block, and significantly
site locations in their tectonic context and Table 5 lists tle&tended coverage.
characteristic directions for each flow. In a number of[33] The mean directions from the 11 usable sites are
cases, overlying flows from a similar location gave indispread over a wide range of declinations (Figure 10). On
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Figure 12. Detailed location of sites in Dobi block (see Figures 2 and 3c) with a rough indication of
topography.

closer inspection, two distinct data groups are identified,1 ), with a positive reversal test. The two sites with
one with no significant rotation (D = 0.8l = 13.7; go5= slightly younger ages are indistinguishable from the rest.
9.1, N = 6), the other with a significant one (D = 203.1 The overall mean is in agreement with the direction
= 7.1; g¢5=7.8,N=5). Yet, the significance of theseexpected for stable Africa at 2 Ma D = 2.4 + 8.0;
two groups is quite different. The nonrotated group had = 0.1 + 7.7). VGP scatter for the 17 sites is 11.4
both polarities, and forms the external, widest part of tlaéso in agreement with expected valukkfFadden et a.
site cluster (Figure 9). On the other hand, the rotated gral§91]. The Unda-Gamarri block has therefore not been
lies in a small region at the center and has only reversgdnificantly deformed internally and has not suffered
polarities: ages between 0.8 and 1.0 Ma are consistent vaitpnificant rotation since emplacement of the stratoid
eruption in the Matuyama Chron. The rotation of the centisdries.
part of this former rift is therefore of local significance only.2.5. The Dobi Block
and the rest of the data are representative of theMa  [35] The southern part of the Dobi graben is largely
nonrotated block. covered by recent sediments, including evaporites. It is
4.2.4. The Unda-Gamarri Block densely faulted with N110 = 15 trending normal faults,
[34 We sampled 10 sites in order to complement the Bad lava flows are tilted 15 £+ Goward N15E. We have
already sampled bjcton et al.[2000]. All belong to the collected 13 sites (TDO01-13) in this area (Figure 12),
upper stratoid formation (between 1.4 and 2 Ma), except fehich is part of GATZ. Thirteen sites from the study of
two (TA17 and TA18) which are younger (1.1 Ma). Meaicton et al.[2000] are available slightly to the north, to
directions for our data and for those of Acton et al. amhich we added one site even further north (TA14); all are
statistically identical and can be combined (Table 6). Tvoutside of GATZ. Four age determinations within this block
sites from theActon et al.[2000] study have 95% uncer-range from 1.8 to 2.2 Ma, confirming that the upper stratoid
tainties larger than 15and have been discarded. If wdormation covers most of the block.
further combine superimposed flows which are likely part[ss] Paleomagnetic results are given in Table 7. Two sites
of the same cooling unit (TA06—07, ET09-12, ET14—1%yith strong inclinations have reasonable VGP latitudes in
and ET19-20), we end up with a Fisherian distributiostratigraphic coordinates and are therefore considered as full
(Figure 11) with 17 mean directions (2 normal and the rgstlarity results, whereas TDOO7 with &9 VGP latitude
reversed). The overall average is D = 010= 17.9 ( ¢g5= is considered as transitional and is not included in the mean.
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Table 7. Mean Paleomagnetic Directions fo? Ma Sites in the of the overlying reversed flow (TDO14), the other (TDO15-

Dobi Microblock (see Table 4) 03A) close to that of the underlying flow (TDO16, see
Site N D, Iy D, I K oce Figure_ 14b). All cher samples shoyv AF demagnetizations
—— 5 1716 628 1790 486 315 142 foIIowmg great qrcles and converging el'the_r to one or the
TDO02 6 3577 163 3584 19 1227 6.3 Other direction (Figure 14c). Such behavior in flows coeval
(TDO03) 5 3452 382 3495 249 23.0 16.3with a reversal, or remagnetized shortly after one, is
TDOO04 6 47 28.8 5.7 141 826 7.4 discussed byvalet et al.[1998]. These directions were
TDO05 790 158 92 09 1425 5.1 excluded from calculations of site averages.
(TTDDOOO(%) 2 182:2 3&'5 1?357.8 12;12.9 5763.2 51 38 Interestingly,Acton et.al.[2000] have capturgad the
(TDO08) 6 183 209 181 59 276 13.0Same reversal, with their highest flow (ET22) being fully
(TDO09) 6 100 113 100 36 928 7.0 reversed, and the bottom one (ET34) normal. Directions
TDO08-09 11 120 147 121 03 537 63 from these 13 flows (Figure 15) in fact streak along a great
%gﬂ g a1 3339 3143 X 113'03 o 6-122 circle linking the two full polarity directions, and hence the
(TDO12) 7 34 285 45 138 1246 5 distribution is not Fisherian. Site ET24 has a transitional
(TDO13) 5 3573 211 3584 6.8 365 12.8VGP latitude and was excluded from the mean. Some of
TDO12-13 13 1.2 21.8 2.1 7.2 28.3 8.0 Acton et als [2000] directions (ET23 and ET26) likely still
Q":f:A é’ 3053-3 595-,5 351{;35 ;95-(? 2103 14.5 comprise unseparated overlapping components and are
ET043 5 1006 388 1080 229 1169 74 Aaffected by some amount of remagnetization.
ET044 4 1731 158 1762 49 2303 6.1 [39] Despite this, the mean directions from the two sec-
ETO45-46 10 1848 30.6 1909 162 686.4 1.8 tions are very similar and can be averaged, yielding a mean
ET047 6 1814 70 1776 193 2880 4.0for 13 cooling units at D = 9.4 1 = 15.7 ( o5 = 9.4)
T8 o o tod 119 80 D3 433 103 (Figure 16 and Table 8). Because in part of a rather large
ET063 6 3578 39.2 3567 183 1756  5.1uncertainty, differences with the 2 Ma reference direction
ET064 8 3587 315 3578 10.6 5832 23from stable Africa are not significant D = 6.9 + 10.1 and
gggg g 421'2 ;71-8 g-g ;g-g ;gg-? g-é I= 3.3+9.8); VGP scatter is typical of secular variation
Viean B 11 3m04 231 1o 124 (9.4 < =119 <16). The normal to reversed polarity

Mean (A + B): O = 359.6, Iy = 25.9 ( o5 = 7.7, N = 20, K, = 19.1) ° reversal, which has been captured in both sections, is the
Do=1.1,ls= 135 ( o5= 7.4, N = 20, K = 20.3) upper Olduvai termination.
4.2.7. The Siyarrou Block

[40] This block was sampled bWanighetti[1993] and
Manighetti et al.[2001a] in a helicopter trip along the
Superimposed flows TDO08-09, TDO12-13, and ET04%erder between Ethiopia and the Republic of Djibouti
46 are considered part of the same cooling units and @reggure 17; | sites). This is now complemented to the west,
therefore averaged. The separate means for our 9 distalohg the main road, by two sites from the studycton et
cooling units to the south (within GATZ), and those o#l. [2000] and three from our study. Three of our sites
Acton et al[2000] plus our site TA14 to the north (outsidd TA10—12) are dated around 0.9 Ma and therefore belong to
GATZ) are statistically identical and are therefore averagis recent (Gulf) basalts, whereas all the rest are likely part
together. The result for 20 cooling units from 10 geograpbf the upper stratoid series (TA13 at 1.77 Ma).
ically distinct locations is D= 1.1, 1s=13.5 ( 95=7.4) [41] Manighetti[1993] noted that several of her directions
in stratigraphic coordinates (Figure 13 and Table 7). Weere statistically identical (Table 9, | sites) and that the
note that because all flows have similar tilts, there is same up-faulted and down-faulted flow had probably been
conclusive fold test. However, the tilt corrected meaampled several times along the helicopter section. We
direction is consistent with the expected 2 Ma directiorgtained 7 directions as corresponding to distinct cooling
with D= 1.3+7.8, |= 45%7.9, and the Dobi units, and averaged 125, 27—-29 and 32 as a single one. Only
block appears to be nonrotated. VGP scatter (12.8.8/ 3 samples could be used in flow TA13, whose direction was

2.8) is in agreement with the value expected from secutherefore not included in the mean. Altogether, we obtain 8
variation. independent directions for the upper stratoid series, with a
4.2.6. The Isso-Deda’i Block mean (Figure 18a) at D = 5,1 =6.8 ( ¢5=12.8). The

[371 The coverage of this block by paleomagnetic samncertainty is unfortunately large and precludes determina-
ples is quite restricted, since all we have is two shditn of a significant rotation (D = 3.2 + 13.2). There may
magnetostratigraphic sections only a half kilometer apdré an inclination anomaly ( = 12.2 + 13.1), but this is
One section comprising 13 superimposed flows is from thet significant at the 95% confidence level. VGP scatter, at
study of Acton et al.[2000], whereas we have sampled 60.7, is in the expected range.
flows, along the same large fault escarpment at a slightljs2] The four “recent” basalts yield a mean (Figure 18b)
lower altitude. Two age determinations from the lowest aatiD = 357.5, 1 =12.2 ( g5=12.9) which is similar to the
topmost flow in our section (1.93 and 1.76 Ma) are coexpected direction at 0.9 Ma.
sistent with stratigraphic order and confirm that the upp&2.8. The Zone North of Immino Graben
stratoid series was sampled. The four lower flows havéds3] There is no apparent structure in the area north of
normal polarity and the topmost one is reversed (Figutee Immino graben, going all the way up north to the
14a). Behavior of samples from flow 15 is more complegurrently active Manda-Inakir rift. This is therefore treated
Two samples have directions that could clearly be detas a single “block.” We have not sampled new sites in this
mined, one (TDO15-01A) being very close to the directiarone, but we already have 20 sites from earlier studies in
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Figure 13. (a) Stereographic projections of characteristic magnetization directions (all flipped to normal
polarity) from sites of stratoid series basalts in the Dobi block (see Figures 2 and 3c) and mean
magnetization direction (large star with 95% confidence interval). Mean direction values are given in
inset with statistical parameters (20 sites). (b) Individual site mean directions with original polarities (see
Table 7). Small stars are southern Dobi sites, and circles are northern ones; the two groups are discussed

in the text.

Djiboutian Afar [Courtillot et al, 1984;Manighettj 1993] direction expected at 1 Ma and there is therefore no
which can be combined with 9 sites in Ethiopian Afasignificant rotation since emplacement.

from the study ofActon et al.[2000]. There are only

recent (“Gulf”) basalts outcropping. A number of flows . .

which had similar directions, were coupled into indepengi Ages Versus Magnetic Polarity

ent cooling units (ET54-58; 102-1, 102-2; 104-1, 104-2). [44 The magnetic polarity of all our dated sites is given
All 17 remaining directions are in agreement (Table Iikxt to the age values in Table 1 and these are represented
and Figure 19) and a single Fisherian average is obtaimed-igure 20 (see also Table 11) as a function of time,
with D = 356.4, | = 22.6 ( 95 =4.3). This is the along with the Geomagnetic Polarity Timescale (GPTS) of
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Figure 14. Paleomagnetic results from a series of 6 successive flows on the southern edge of the
Isso-Deda'i block (see Figures 2 and 3c). (a) Magnetostratigraphic sequence with flow codes, magnetic
polarity, and two absolute age determinations. Flow TDO15 has a complex behavior, which could be
interpreted in terms of two partly remagnetized flows. (b) Stereographic projections of mean
characteristic magnetization directions for flows TDO16 (normal) and TDO14 (reversed) and directions
for individual samples TDO15-01 and TDO15-03 from intermediate flow TDO15 close to TDO14 and
TDO16, respectively. (c) Demagnetization paths, roughly along great circles, of samples TDO15-02
and TDO15-06, converging toward the direction of TDO16 and TDO15-03 (subflow TDO15-B?) and
similarly TDO15-04 and TDO15-05 converging toward TDO14 and TDO15-01 (subflow TDO15-A?).

Cande and Kenf1995]. Thirty-two out of 36 age deter-Though TAOl seems to be transitional tending on the
minations have uncertainties less than 150 kyr (at the lreversed side, the overlying flow TAO2 (not dated) sampled
level) and are in agreement with the polarity predictddkm further north is also transitional but rather tending on
from the GPTS. Out of the four remaining data, two hatke normal side. Both have a magnetization 10 times less
a polarity which agrees with the GPTS, given their largéran average for Afar basalts with full polarity. 72B could
uncertainty: 70N is normal and is compatible with being miso correspond to one of the events within the Brunhes
the Jaramillo subchron and 70L (with a 1 uncertainty which have been identified between 550 and 750k&am-
of 26%) is likely in the uppermost reversed part of thgion et al, 1998;Guyodo and Valet1996;Quidelleur and
Matuyama chron. The strong atmospheric argon contai@purtillot, 1996]. The Renion event was sampled in detail
nation in 70J (Table 1) leads to an uncertainty of 27% the Gamarri sectiorKjdane et al, 1999] and the upper
Despite this large value, this reverse sample barely misssination of Olduvai (Olduvai/Matuyama transition) was
the Brunhes-Matuyama transition (but does include it sampled both by us and cton et al[2000]. Samples with
the 2 level). With its strong intensity (6.9 A/m), 70J isage uncertainties less than, say, 50 kyr (there are 8 in Table 2)
unlikely to be transitional and could be well within theould be used as constraints in a future reassessment of the
uppermost reversed part of Matuyama. Sample 72B (pal&RTS. Of particular interest are samples which could allow
magnetic sample TAO1) is transitional, yet its 1 better constraints on the ages of the upper Olduvai/
uncertainty range is entirely within the Brunhes chroMatuyama (72N, 72M, and 75AJ1), lower Olduvai/
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Figure 15. Characteristic directions from 13 superimposed flows, measurkdtby et al[2000] from
a section on the southern edge of the Isso-Deda’i block, streak along a great circle, similar to behavior
observed in Figures 14b and 14c.

Matuyama (75D and 720), Reunion (GA02, GA10, anchixed would of course weaken any «fold test». The
GB30), and Mammoth (75CB1) subchrons. maximum dip of lava flows seldom exceeds.18/e have
attempted various selections (Table 13), and recalculated
e . the means when only those sites with significant dip are
6. A Positive Fold (Tilt) Test included, or when only sites from nonrotated blocks are

[45] The mean paleomagnetic directions obtained for tirecluded. We have also recalculated these various means
stratoid series in the various tectonic blocks are summarizdten all flows are considered separately or when assumed
in Table 12. The declination and inclination differenceoling units are used. The maximum changes entailed are
with respect to the direction predicted for stable Africa ah the order of 2for |4 and 0.8 for I

2 Ma are indicated. In order to check for the significancg46] The rock magnetic characteristics of the stratoid
of these directions, we have attempted various «fold testswas, their young age, the brittle nature of the tectonics
which are listed in Table 13V[cElhinny 1964;McFadden which affect them, the weak level of recent hydrothermal
1990]. We have first calculated separate overall means dativity, dry climate and low alteration all argue in favor of a
stratoid samples collected in Afar regardless of block primary magnetization. Yet, in all of the attempts listed in
tectonic rotation. The overall means are statistically similtable 13, the 95% confidence intervals are almost
for reversed and normal samples and prior to and afterchanged upon tilt correction and there are no indications
tectonic correction. The values for the 231 combinddr a positive (or negative) fold test. It is of course dis-
normal and reversed sites (we use the same selectippointing that such a large collection of sites/flows from a
criteria on number of samples and confidence intervalsgle, locally tectonized, geological formation covering a
for data gathered from previously published papers) avele geographical surface does not allow a fold test. We note
Dg=6.5,13=153 ( gs=2.3)and b =6.7, 1s=13.5 thatthe Dobi block is uniqgue among other nonrotated blocks
( o5 = 2.3), respectively, before and after the correctiomithin the Afar depression in that it is pervaded with
i.e., they are identical. The fact that many sites are actuaignificantly tilted (up to 20 stretches of lava flows, all
flat lying and therefore entail no change upon «correctiortsgending in the same WNW direction. We therefore com-
and the fact that blocks with diverse tectonic rotations gwared the mean direction of flows from this block to the
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Figure 16. (a) Stereographic projections of characteristic magnetization directions (all flipped to normal
polarity) from sites of stratoid series basalts in the two sections of the Isso-Deda’i block (see Figures 2
and 3c) and mean magnetization direction (large star with 95% confidence interval). Mean direction
values are given in inset with statistical parameters (13 sites). (b) Individual site mean directions with
original polarities. Small stars are from our section and circles frodtom et al[2000] section (see

Table 8).

mean direction from all other nonrotated blocks (lower pate negative, but 8 are less than the 95% confidence
of Table 13); all declinations are indeed close to 0. Tlterval and hence may not be statistically significant.
inclination for blocks other than Dobi is hardly changetdhe shallowing is almost significant in the Siyarrou block,
upon tilt correction, but for the Dobi block mean inclinatioand is certainly significant in the Gamarri secti&idpne
goes from 22.5to0 10.1 (for flows, Table 13; from 25.%0

13.5 for cooling units, Table 7) upon tilt correction. Appli-

cation of theMcFadden and McElhinnjd990] test to these

directions yields a negative result prior to tilt correction (teglye g8 Mean Paleomagnetic Directions for Two Nearls/ Ma

parameter _valug = 10.7 versus a critical valug. = 7.3) Sections in the Isso-Deda’i Microblock (see Table 4)
and a positive one afterwamgl€ 4.3 ,9.=7.0). At the 95%

confidence level, the directions are therefore compatibleSite N Q. ls K o5
only in stratigraphic coordinates. This is the first time w2014 6 179.8 21.0 40.4 11.1
have been able to demonstrate such a positive test, giv g 170é5 ;g'z ?ﬁ"g ?'g
added strength to the conclusion that the characterigtigossg) 6 211 25 4 758 77
magnetization in Afar stratoid lavas is indeed a primarypo19) 4 23.7 235 3185 5.2
one. We can therefore confidently analyze the implicatiori®018-19 10 222 24.6 114.5 4.5
both geomagnetic and tectonic, of these directions, startﬁ@ég 2 }gi-g 23402 igj-g ‘;-g
with inclinations. (ETO24)* 5 1716 39.6 1316 6.7
ET025 5 18.3 1.1 40.2 12.2
L . . ET026-27 1 22.3 39.7 128.9 4.0
7. Inclination Anomalies and Quadrupolar Fields g1g2s 6 124 279 2104 4.6
[471 The mean inclinations for each block, together wi ngg g 38%'6 2%'75 19325;08 g'g
the differences between observed inclinations and thesgs;_33 18 13.7 251 729 a1
predicted by a geocentric axial dipole (GAD, from BCOZT034 6 4.7 17.8 353.8 3.6

are listed in Table 12. We observe that 8 out of 10 valudsan: i =9.4, 1s=15.7( ¢s=9.4, N =13, K =20.5)
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Figure 17. Detailed location of sites in Siyarrou block (see Figures 2 and 3c) with a rough indication of
topography.

et al, 1999]. On the other hand, the anomaly is actuallytn anomaly (with respect to the 2 Ma GAD from BC02) is
significant steepening in the Der’Ela/Gaggade block. 4.9 + 4.2, and therefore appears to be significant. In order
[48] The fact that Afar lavas tend to have shallow inclito enlarge the database to all sites, avoiding declination
nation has been outlined in most previous studiesiftillot related effects, we have calculated an overall mean inclina-
et al, 1984;Gruszow1992;Manighettj 1993;Kidane et al, tion anomaly based on «inclination only» data. Separate
1999; Audin 1999; Acton et al. 2000]. When all 86 sites normal and reversed means are virtually identical and can
from nonrotated blocks are included (Table 13), the inclingnerefore be combined. The overall mean for 229 flows

Table 9. Mean Paleomagnetic Directions for Sites in the Siyarrou Microblock (see Table 4)

Site N Dy lg Ds Is Ks 955 Age (Ma)
TA10 6 346.8 19.0 346.8 19.0 66.8 9.2 0.94 + 0.09 (recent bas.)
TAll 4 172.9 9.6 172.9 9.6 124.8 8.3 0.94 + 0.04 (recent bas.)
TA12 5 178.2 24.2 178.5 9.1 66.0 9.8 0.85 = 0.02 (recent bas.)
ETO002 7 191.6 10.6 191.6 10.6 272.9 3.7 Recent basalts
Mean (Recent basalts)sB 357.5, 1= 12.2( ¢5=12.9, N = 4, K; = 51.5)
124 8 186.4 21.2 184.9 26.1 314.0 3.2 Upper stratoid
126 8 183.5 1.4 183.5 1.4 280.0 3.4 Upper stratoid
130 8 179.2 13.7 179.2 13.7 174.0 4.3 Upper stratoid
131 7 187.4 10.9 187.4 10.9 250.0 3.9 Upper stratoid
133 4 201.9 28.4 201.9 28.4 236.4 7.0 Upper stratoid
134 6 3.0 10.7 3.0 10.7 38.9 11.7 Upper stratoid
ET003-5 16 2.3 21.3 2.3 21.3 141.1 3.1 Upper stratoid
(TAL13) 3 186.4 24.5 183.6 36.1 239.8 8.0 Upper stratoid (1.77 + 0.06)
(125) 6 185.4 7.0 185.4 7.0 183.0 5.1 Upper stratoid
(127) 7 185.5 8.4 185.5 8.4 567.0 2.7 Upper stratoid
(128) 7 186.0 5.0 186.0 5.0 408.0 3.1 Upper stratoid
(129) 7 185.0 5.0 185.0 5.0 344.0 3.3 Upper stratoid
(132) 7 183.8 7.5 183.8 7.5 280.0 3.7 Upper stratoid
125,27-29,32 5 185.1 6.6 185.1 6.6 2181.1 1.6 Upper stratoid
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Figure 18. (@) Stereographic projections of characteristic magnetization directions from sites of stratoid
series basalts in the Siyarrou block (see Figures 2 and 3c) and mean magnetization direction (stars with
95% confidence intervals). (b) Same for recent basalts. Mean direction values are given in insets with
statistical parameters (4 and 8 sites, respectively) (see Table 9).
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Table 10. Mean Paleomagnetic Directions for Sites in Recefghetti[1993]. When these six values are removed, the mean
Basalts North of the Immino Graben (see Table 4) becomes 4.0 + 1.8, and the median 3.1.

Site N o, Iy D, I K. . [49] T_hg apove discussion leads us to believe that sam-
pling difficulties, tectonic problems, laboratory problems,

ET52 8 3.9 26.1 3.9 261 1731 4.2 tizati | it distributi
ET54-58 27 112 230 112 239 2370 1g'émagnetization, secular variation, or age distribution can-
ET59 6 3.2 19.8 3.2 198 7645 24 hot be responsible for these shallow inclinations. The
ET60 6 3587 245 3587 245 521.3  29shallow inclinations are in the sense observedAblgon

mi 673 32-931 212-% 3%51 21%16 %%‘;97 3393 [1971] and compatible with his interpretation of a standing
M15 8 63 310 49 344 7901 21 axial quadrupolar component in the long-term mean geo-
M16 7 3596 256 3586 29.0 1029 6.6 Magnetic field. Recent analyseQuidelleur et al. 15_994;

M19 7 3557 189 3557 189 1960 4.4 Johnson and Constahl&995, 1997 Carlut and Courtillot

M34 5 3539 186 3573 86 509  11.61998] all lead to mean quadrupolar termsan the order of
(M35-1) 4 325 213 319 261 364 1643 g4 of the main axial dipole,g The inclination anomaly
(M35-2) 3 4.0 14.2 3.0 17.8 3441 7 b din the Af id X d lead. if tak
(M35-3) 3 3428 336 3397 356 0999 o40bserved in the Afar stratoid series would lead, if taken
M36 8 3561 233 3559 183 267.4 3.4 alone and at face value, to a quadrupolar term of 6 + 2% at
(102-1) 4 3438 292 3438 292 1542  8.6the 95% confidence level. The Fisherian average would lead
|((|)022-12)2 ? gjfl’-g gg-g gﬁ-g gg-g ggg-;’ 120 a value of 6 + 5%. Following the analysis ®grlut et al.

103-1 4 3453 108 3453 198 2132 73 [2_000] of sensitivity of glol_aal ﬂe_ld model qoefflme_nts to a
103-2 4 3440 257 3440 257 6842  3.7Single datum, we find that inclusion of our inclination value
(104-1) 3 3525 159 3525 159 942  212hardly changes the value of gn a mean field model for
(104-2) 3 347 187 3547 137 5333  88the last 5 Ma (a few per mil, clearly not significant). Larger
a1z o 89 48 339 248 2182 Slchanges, on the order of 20% and 40% occur in degree 3
c19 5 3510 175 3510 175 2260 5.0@nd 4 terms, respectively. These changes do not stand out

Mean: D = 356.4, ls= 22.6 (_gs= 4.3, N = 17, K, = 70.5) significantly above the noise lev&rlut et al, 2000]. This
result is not surprising since data from Europe, North
Africa, and western Africa already constrained the model
strongly on a regional scale. Moreover, most regional data,
(Figure 21) is 4.6 = 1.8 (at the 95% confidence level),which date from the 1970s, indeed indicated negative
which is now strongly significant, and the median 3.7 . inclination anomaliesJphnson and Constahlé995;Car-
The standard deviation is 14,3.e., a typical record of |lut, 1998; Carlut and Courtillof 1998], despite small
secular variation. As seen in Figure 21, the inclinatiaotumbers of lava flows and often moderate experimental
anomaly distribution is slightly skewed, with more observaguality. Such was the case for Guine&(), Ghana (7 ),
tionsinthe +5/ 5 range, andlessinthel0/ 30 range, Lybia ( 13), and Lebanon (5). This led in previous
except for a secondary maximum a25 . Some of these degree 4 mean field models to a regional inclination
values may come from oversampling in the helicoptanomaly of about 3 [Carlut, 1998, p. 334]. Accounting
traverse of the Siyarrou and north Immino blocksMan- for the slightly larger Afar inclination anomaly which we

Figure 19. Stereographic projections of characteristic magnetization directions from all sites of stratoid
series basalts available from previous publications north of Immino graben (see Figures 2 and 3c) and
mean magnetization direction (star with 95% confidence intervals). Mean direction value is given in inset
with statistical parameters (17 sites) (see text and Table 10 for references to previous publications).
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Figure 20. Summary of all ages obtained in this paper with dncertainties compared to the
geomagnetic polarity timescale 6ande and Kenf1995]. Chrons and subchrons are indicated and
likewise sample magnetic polarity (open circle = reversed, full circle = normal, thick circle =
intermediate). Five samples with larger uncertainties are shown as dashed segments (see text).

obtain here (4/ 5) does not require a larger globaidentical to the expected one. This mean overall direction is

quadrupole. representative of the “stable” part of the African plate. The
corresponding VGP for the period 1-3 Ma is located at

8. Declination Anomalies, Rotations, and Rift ~ &/2N. = 217'“? (Aos =.4'0|)' Th'sf d|hrect|on can bﬁ .

Propagation used_ as a new reference in place of the BCO2 synthetic
prediction ( = 86.7N, = 174.9E; Ags = 2.9) to

[s0] The declination differences listed in Table 12 can lmalculate the rotations between individual blocks and stable
interpreted in terms of block rotations about vertical axesfrica. These are given in the last column of Table 12. The
We note that the mean direction obtained from the 26 sitemw data from Ethiopian Afar given in this paper, combined
scattered over the Ethiopian (Mile-Gewane) and Somaliaith those ofActon et al.[2000], can be added to already
(Ali Sabieh) parts of the studied area to the south of thgailable ones from Djiboutian Afar [mainfgourtillot et
main escarpment that limits the Afar depression is virtualy,, 1984;Manighettj 1993;Audin 1999;Manighetti et al.
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Table 11. Correlation of Ages and Magnetic Polarities Obtained in This Paper With the Geomagnetic Polarity Timescale (GPTS) From
Cande and Kenf1995]

Paleomagnetic Site Geochronologic Site Age, Ma Polarity (and Subchron) Age of Polarity
(Code Name) (Code Name) (This Paper) (This Papef) Chron in GPTS, Ma
TAO1 72B 0.65 + 0.10 T-within Brunhes? 0.00-0.78?

TA31 75CF 0.73 + 0.06 N-Brunhes 0.00-0.78
TA10 72 0.94 = 0.09 N-Jaramillo 0.99-1.07
TA14 72N 1.80 + 0.06 N-Olduvai 1.77-1.95
TA13 72M 1.77 + 0.06 R-Matuyama 0.780-2.58
TAO3 72D1 1.94 + 0.07 R-Matuyama 0.780-2.58
TAO4 72D2 2.08 + 0.08 R-Matuyama 0.780-2.58
TA12 72L 0.85 + 0.02 R-Matuyama 0.780-2.58
TAO8 72H 1.60 £ 0.04 R-Matuyama 0.780-2.58
TA21 72T 1.09 + 0.07 R-Matuyama 0.780-2.58
TA15 720 2.00 = 0.07 R-Matuyama 0.780-2.58
TA17 72P 1.36 £ 0.11 R-Matuyama 0.780-2.58
TA20 72R 2.05 + 0.08 R-Matuyama 0.780-2.58
TAO6 72C 1.46 £ 0.05 R-Matuyama 0.780-2.58
TA18 72Q 1.11 + 0.09 R-Matuyama 0.780-2.58
TA22 72U 1.09 + 0.06 R-Matuyama 0.780-2.58
TA23 2V 1.57 £ 0.05 R-Matuyama 0.780-2.58
TA24 2W 1.03 £ 0.05 R-Matuyama 0.780-2.58
TDOO01 75B1 2.01 + 0.09 R-Matuyama pre-Olduvai 0.780-2.58
TDOO07 75D 1.89 = 0.06 R-Matuyama pre-Olduvai 0.780-2.58
TDO14 75AJ1 1.76 £ 0.04 R-Matuyama post-Olduvai 0.780-2.58
TDO19 75AJ2 1.93 + 0.07 N-Olduvai 1.77-1.95
TAO5 72E 2.71 + 0.09 N-Gauss 2.58-3.58
TA25 75CB1 3.27 + 0.06 R-Mammoth 3.22-3.33
TA40 75CC 3.22 £ 0.05 R-Mammoth 3.22-3.33
TA1l 72K 0.94 + 0.04 R-Matuyama 0.780-2.58
TA09 72| 1.74 + 0.10 R-Matuyama 0.780-2.58
LOO01 70 0.59 + 0.16 R-Matuyama pre-Brunhes? 0.780-2.58?
LO02 70K 0.79 + 0.06 R-Matuyama 0.780-2.58
LO06C1 70L 0.84 £ 0.22 R-Matuyama 0.780-2.58
LO08 70N 0.97 + 0.15 N-Jaramillo 0.99-1.07

N, normal polarity; R, reversed; and T, transitional.

2001a]. The mean directions and rotations for block#ckwise rotations between 12 and 1®&ith 95% uncer-
located in Djiboutian Afar are listed in Table 12. Replacéainties between 7 and .9These rotations are not signifi-
ment of the BCO2 reference direction by that obtained @antly different from each other.

this paper barely changes the rotation angles (by 2nd  [s1] In contrast, the three western first-order blocks,
increases the 95% uncertainties by 1 torwever, it does which form the NW extension of the eastern ones, i.e.,
not change whether rotation estimates are significan8ijyarrou/Isso-Deda’i, Dobi, and Unda-Gamarri, have not
different from zero or not. These rotations are displaysdffered significant rotations: (angles between 0 and 9
for each block in Figure 2. As already known, the thre25% uncertainties between 7 and 14This is consistent
(first-order) eastern blocks of Der’Ela-Gaggade, Dataith the tectonic interpretation of the NE trending Gamarri-
Yager-Hanle, and Gamarri-Dakka have suffered significakibl tear zone, which marks the locus where the NW-

Table 12. Mean Paleomagnetic Directions Obtained in the Present Study for the Stratoid Formation in Central Afar

Block N DJ) (D) ) () Rotation 1 ( D)  Shallowing ( I) Rotation 2 ( D)
Results from this paper (Ethiopian or Central Afar)
Mile-Gewane Ali Sabieh 26 359.715.9) 16.4 (5.7) 27+6.6 0.7+6.3 059
Unda-Gamarri 17 0.0(7.5) 17.9 (7.2) 24+80 01+77 0.3+95
Dobi 20 1.1 (7.6) 13.5 (7.4) 13+738 45+79 1.4+£96
Isso-Deda’i 13 9.4(9.7) 15.7 (9.4) 6.9 £ 10.1 3.3+098 9.7+ 113
Siyarrou 8 5.7(129) 6.8 (12.8) 3.2+ 132 122 +13.1 6.0 £ 14.2
Gamarri Section 27 8.14.0) 10.1 (4.1) 57+49 79+5.0 84+7.1
Results from earlier studies (Djiboutian or East Afar)
Gamarri-Dakka 12 12.47.8) 16.2 (8.1) 10.0 + 8.3 1.8+8.6 12.7+9.8
Data Yager-Hanle 23  15.85.1) 16.7 (5.3) 13.4+59 1.3+6.0 16.1+ 7.8
Der’Ela-Gaggade 13 17.86.2) 28.1 (7.1) 154+ 6.8 101+ 7.6 18.1 + 8.6
Region North of Balho 11 0.510.8) 19.8 (11.5) 20+ 11.2 0.8+11.8 0.8+ 12.3

#For the different blocks discussed in the text, see Figure 2a. RotatioR)lad Shallowing ( 1) are calculated as the differences between the mean
observed declination and inclination and those predicted?atla by Besse and Courtillof2002], i.e., D =24 (D =2.9),1=18.0(1=2.8) at
11 30N, 41 30E; rotation 2 is referred to the Mile-Gewane/Ali Sabieh average taken as a new reference for stable Africa (see text).

bSame for earlier results from eastern Afdefiighettj 1993;Courtillot et al, 1984]. See also Table 1.
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Table 13. Mean Paleomagnetic Directions of Sites/Flows of th@houbbet and Manda-Hararo rifts, bounded to the west by
Stratoid Series for Different Groupings (N is for Normal Sies, what is approximately now the Gamarri-Alol zone and to
for Flipped Reversed Sités) the east by the Hol Hol fault zone. This initial overlap
N Dy lg (oo Kg Ds Is (ods Ko KgKg 2ONE functioned between about 0.9 and 0.2 Ma, with its
Al Sites fault-bounded elongate blocks rotating following a book-
N 74 95 166 41 174 94 145 41 172 o0.99Shelf mechanismTapponnier et a). 1990; Manighetti et _
R 157 50 146 2.7 184 54 130 2.7 184 1.004al,2001a]. About 200,000 years ago, the Gulf of Aden rift
N+R 231 65 153 23 179 6.7 135 23 17.9 1.000nce again propagated as a right step to the NW, generat-
All Sites With Sianificant Di ing the Mak’arrasou transfer zone, and the Manda-Inakir
N 37 83 191 54 20_3 8.9 180 54 202 100'ft- This more than doubled the size of the overlap
74 38 154 39 186 47 121 39 189 1.02between the two main rift branches and initiated faulting
N+R 111 53 16,6 3.2 189 59 134 3.1 19.2 1.02and bookshelf rotation of the north Immino, Siyarrou, Isso-
All Sites From Nonrotated Block Dobi, and Unda-Gamarri blocks. The propagation and
N 25 1.2 20.7|ess.r7om 27(?8ro 6212 103(.:63 55 200 1.07 plate_klnematms QIIOW rotation amplitudes to be .pred|cted
R 61 3588 152 40 215 00 128 40 231 1o7[Manighetti 1993; Manighetti et al. 2001a], leading to
N+R 86 3595 16.8 3.3 226 06 131 3.1 247 1.09estimates of 13 + 1.5or all blocks belonging to the first,
older overlap SE of Gamarri-Alol, and only 2 + Ofar
All Sites From Nonrotated Blocks Except Dobi the blocks in the younger overlap to the NW of it. These

N 12 3585 186 105 181 06 175 96 214 1.18 : ; -
R 51 3505 137 44 213 01 134 43 222 are all in agreement with observations (Table 12 and
N

+R 63 350.3 146 4.0 207 02 142 39 222 1o7Figure 2).
[54] The southernmost part of the Dobi graben, within the
\ 5 a6 lzllzgiteselzoromllggbi B?losck ?BI{ 61 478 098Gamarri-AIoI transfer zone, could have been expected to
R 10 3553 293 94 277 3593 102 o4 277 i.oo.have rotated by an amount S|m_|lar to the Data-Yager block,
N+R 23 00 225 52 354 1.8 101 50 371 1.05-€. by some 10 Yet, the declination anomaly is almost
®n is number of sites/flows, D, I,g5, and K are declination, inclination Z€ro (Table 12)' contrary to neighboring blocks. Based on
1 1 1,95 ll y . . .
95% confidence interval, and Fisher's precision parameter, with subscrii@SMic and structural evidencicques{1995] proposed
for geographic/in situ and s for stratigraphic/tectonically corrected valuéBat this small area may have suffered a second, smaller-
scale phase of bookshelf faulting, linked directly to right-
stepping between the Hanle and Dobi grabens. Indeed, the
striking fault-bounded blocks suffer right-stepping ansmall and elongated basaltic strips, oriented NEH 10,
break along numerous, small, more easterly striking nornaaé involved in an overall sinistral shear, which must have
faults Manighetti et al. 2001a]. led to anticlockwise rotation. The small region could there-
[52] The stratoid formation, which floods the floor of thdore have suffered a succession of 40 clockwise
Afar, forms a vast morphologic reference surface whossation linked to the large, older Asal-Ghoubbet/Manda-
topography has recorded all tectonic deformations whiklararo-Abhe overlap, canceled by a0 but counter-
affected it in the last 2—3 million years. Our new data acdockwise rotation due to sinistral shear linked with the
in agreement with the “two phase” model of rift propsight-stepping basins. This would imply that the SE Dobi
agation, overlap and bookshelf faulting recalled in tHeults originally trended N12&, which is actually perpen-
introduction. After a period (20—5 Ma) when motion in dicular to the regional extensional direction. The analysis of
the Gulf of Aden was transferred to southern Afar througlacques[1995] is therefore in agreement with the paleo-
the Shukra-el-Sheik transform fault and its onland extemagnetic direction we observe.
sion as the Bia Anot fault (Figures 1 and 3a), the Gulf of[sg] The Siyarrou and Isso sites indicate clockwise rota-
Aden rift propagated westward between 5 and 2 Ma to thens (6 + 14 and 10 £ 13, respectively) which are not
entrance of the present-day gulf of Tadjoura. There,significantly different from zero but are intermediate
established a new transform system to the south, extendietwveen the larger rotations to the SE and the smaller,
onland as the Hol Hol fault system (Figures 1 and 3a) andgligible ones to the north and west. The SE terminations
branching in horse tail fashion to the west and then WNW these blocks might have been entrained or have belonged
In the same period, the Red Sea rift had extended to tbethe NW termination of the first generation rotating
south, creating (an ancestor of) the Manda-Hararo rift. Tlogerlap.
intersected the preexisting and only weakly active northerfes] Overall, the propagation model predicts sizable rota-
termination of the East African rift, and that part of Africdions only in areas where a significant overlap occurred and
to the south of the large escarpment was left relativelias maintained long enough. The first-order blocks and two
unaffected. subsequent geometries of the overlap zone between the Gulf
[53] Such was the situation about 4—3 Ma ago, when tloé Aden and Red Sea rift terminations are consistent with
stratoid series began to be emplaced through a broad sdéhefpaleomagnetic results, and so is at second-order level,
NW-SE trending fissures and covered most of the previaih® geometry and structural significance of the Gamarri-
(Dahla) volcanic products, which now outcrop only at th&lol tear zone.
edges of the Afar depression. Whereas the Manda-Harafe7] Our data extend the coverage of Ethiopian Afar
rift remained active in the same general configuration, thablished byActon et al.[2000]: their data, together with
gulf of Aden once again propagated westward betweero@ new age determinations, are included in the above
and 1 Ma, creating the Asal-Ghoubbet rift about 0.9 Manalysis. Based on their own, and our earlier datéon et
ago. There was therefore an overlap between the Asal-[2000] produced a tectonic analysis which we now
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Figure 21. Distributions of inclination anomalies (gray bars) for all flows/sites of stratoid basalts
measured or compiled in this study (except 2 transitional directions). Inclination anomaly is difference
between measured inclination of site characteristic direction and expected value at same location and
relevant age from the study &esse and Courtillof2002] synthetic APWP for Africa. The best-fit
Gaussian distribution is shown as white bars, and the corresponding mewertainty on the mean

and standard deviation (all in degrees) and total number of sites are given.

discussActon et al.[2000] refer rotations to the expectedinally, they invoke large opening in the central Afar fault
geocentric axial dipole direction in Afar. This results iB  systems, which they call rifts, where we find a maximum
to 4 clockwise rotations for the blocks of central Afanf some 15% horizontal straimActon et afs [2000]
(i.e., NW of the Gamarri-Alol tear zone) and’ to 11 for second scenario assumes that the Asal-Manda-Inakir active
blocks in eastern Afar (i.e., Djiboutian Afar). Acton et akone is already the established plate boundary between
calculate an overall average for all of central Afar (3.6 Arabia and Africa, which would imply that the Manda-
4.4) which is not significantly different from zero. TheHararo zone should be inactive. Actually, both the south-
value we obtain for all our “nonrotated” sites is 2.0 fern termination of the Red Sea propagator (Arabia versus
4.5, and leads to the same conclusion. Acton et @ubia) and the western termination of the Aden propa-
propose two alternate scenarios. The first, preferred ogator (Arabia versus Somalia) are active. This scenario
has a lot in common with ours, based on the idea thabuld also imply that propagation velocity of the Aden rift
block rotations are linked and evolve together with riftas increased from east (Asal and east of it) to west
propagation [se€ourtillot et al, 1984]. However, there (central Afar and Manda-Inakir), whereas this velocity
are some important, though possibly second-order diffegs been found rather constant at 10-20 cm/yr at all
ences, based on actual field and tectonic observations. $aales Manighetti et al. 2001a]. Altogether, the main
instance they have the rotations beginning at 1.8 Ma, whifferences betweeActon et afs [2000] model and ours,
Manighetti et al.[2001a] show that it should be 0.9 Mawhich belong to the same family of plate kinematic
when overlap began; their model implies rifting in thenodels, are due to the duration over which the blocks
Bada Wein flats which is not observed; they introduce tvaye assumed to retain rigidity and a clear identity (a few
large NE-SW trending faults to account for variations iMa versus a few hundred ka), and in our case to the
rotations, when these two faults are not found in the fielehclusion of numerous field data.
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9. Conclusion [62] Results from the Mile-Gewane and Ali Sabieh blocks

eld a new reference pole for stable Africa at 2.0 (x1) Ma.
e pole liesat =87.2N, =217.1E (N = 26 sites, As

-0). Rotations of blocks located to the east and north of

[58] The model of rift propagation and overlap in the Afa¥I
depression is based on observations concentrated in t

Republic of Djibouti and at sea, and makes predictionf'_e Gamarri Alol tear zone are (rounded to the nearest
the larger, previously little explored, Ethiopian part g gree and computed with respect to the local, Mile-

central Afar. In this paper, we have reported a series of %wane/Ali Sabieh, estimate of a stable African reference
new K-Ar age determinations and 98 new paleomagnetlcsd ection) 0+ 9, 1+ 10, 10+ 11, 6 + 14, and 1 + 12

(flow) mean directions, covering the northernmost part Alsnectively for the Unda-Gamarri. Dobi. lsso-Deda’i
stable Africa, to the south of the Afar depression and on b ygrrou arﬁj north Balho microblocks’ This 'compares WitP’W
sides of the termination of the East African rift, and f|v¢f3 +10 ,16 +8 18+9 and8 <+ 7 reépectively for the

blocks within central Afar, previously identified by Stru.C'Gamarri-Dakka, Data-Yager-Hanle, and Der'Ela-Gaggade
tural analysis. These new data, combined with previo

. . Bidcks and the Gamarri cliff section. Taken altogether, the
ones, alr:ow to test models of rift propagation and deform(f'i'éclination difference for the nonrotated blocks i$£24 )
tion in the area. :

s The ages of sampled lava flows range from 3.3 to 0 ereas itis 13(x4 ) in the .rotated ones. These values are
Ma, with data being concentrated aroun@ Ma. Three in excellent agreement with those predicted by the rift

different subunits are recognized within what was pre -rt?igﬁg;?g/g/g rzla)parzr:joijgl(fila}:_)n)lg?eestge(e:iivaleli)[IZOOla],

ously mapped as the single stra_toid series: we refe[ to tr,],e[Ts]a] The bookshelf faulting model is consistent with the

E;sg\tlgervi;r?rggi?ﬁ uf%?:irs ?L?tgzgcﬁggioge%%nhé?; fr(jrl#ft%ulk of new data reported in this paper. The spatial amplitude

uoper étratoid forr%ation at2 Ma. Extensive amounts of Foverlap and duration when a given overlap configuration
PP : holds are the parameters which control the total rotation of

new K-Ar data covering a wider area and a larger age ranaqﬁ/ single block, given the boundary conditions of plate

are published by ahitte et al.[2001]. Based on this larger ; ;
data set, the age distribution (between 3 and 0.5 Ma)\kglelgr? '2;‘ F;I]g)e/rier:]f()cr(eeﬁ:rgel 2?;??02%2'??3{3 Loﬁﬂe}?rs seems fo have

found to be more continuous than previously suggested,

with evidence that the earliest stratoid activity propagate(fl _
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