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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 follows. A ~2 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 X = 87.2°N, ¢ = 217.1°E (Ags = 4°). A
4.6 +1.8° (20) 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 of Acton 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 + 4° for eastern Afar, consistent with the model of Manighetti et al.
[2001a]. It appears that in the last ~3 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: Cenozoic; KEYWORDS: Afar tectonics, block rotation, rift
propagation and overlap, reference pole, polarity timescale, inclination anomaly
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1. Introduction

[2] The Afar depression is one of the best field laboratories
where the early stages of continental breakup and the onset of
seafloor spreading can be studied in the field. After the initial
discovery that the Aden rift propagated onland into Afar [e.g.,
Courtillot, 1980, 1982; Courtillot et al., 1980, 1987], and the
finding that rather large block rotations due to rift propaga-
tion could be directly measured using paleomagnetic techni-
ques [Courtillot et al., 1984], continued fieldwork within the
Republic of Djibouti between 1989 and 1993 led to the
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Figure 1. Tectonic framework of rift propagation around the Afar depression [Manighetti 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 shade) [Audin, 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 Afar [Manighetti 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 rifting
in the gulfs of Aden and Tadjoura [Manighetti et al., 1997]
and into Afar [Manighetti et al., 1998], ending with a model
for the history of strain transfer between overlapping prop-
agating rifts [Manighetti et al., 2001al].

[3] Eruption of the Ethiopian traps about 30 Ma ago [e.g.,
Baker et al., 1972; Hofmann et al., 1997; Rochette et al.,
1998] facilitated breakup of Arabia and Africa [Courtillot et
al., 1999] and, after an initial phase of incipient breakup
along the East African rift and the Red Sea, the Gulf of
Aden rift propagated from the Indian ocean toward the area
weakened by the hot spot; it arrived on the Shukra-el-Sheik
discontinuity about 20 Ma ago, where it stalled for some 13
Ma (Figure 1, inset) [Manighetti et al., 1997; Audin, 1999].
In the mean time (~30-20 Ma), the Red Sea rift had
propagated toward the hot spot area. There, the lithosphere
was so softened that both rifts were unable to break it in a
clean-cut fashion; the Afar depression started to stretch
through both localized (disconnected rift segments) and
diffuse faulting, associated with magmatism. Two “micro-
plates,” the Danakil and Ali Sabieh blocks, were isolated
and the depression started opening (Figure 1). Since about 1
Ma, the Aden rift has localized along the western edge of
the Danakil block, where it has been propagating northward
in a series of discontinuous jumps. In the process, a large
size, growing overlap was formed (Figure 1) [e.g., Man-
ighetti, 1993; Audin, 1999; Manighetti et al., 1998, 2001a].

[4] Transient deformation in the growing overlap zone
occurred through distributed extensional faulting and rota-
tion of a small number of “miniblocks,” following a
bookshelf faulting mechanism (Figure 1) [Tapponnier et

al., 1990; Manighetti et al., 2001a, 2001b]. The strain
history can be accounted for in terms of rotations about
vertical axes of small rigid blocks, but since it is transient
these blocks can be defined only for a certain time span, on
the order of a few hundred thousand years [Manighetti et
al., 2001a]. Two recent phases of deformation, propagation,
and overlap have been identified: during the first phase,
fault-bounded blocks rotated and stretched. During this
time, westward and northward propagation continued,
establishing the Mak’arrasou transform zone and triggering
rifting in the Manda-Inakir rift (Figure 2). As a result, the
bookshelf mechanism propagated west.

[s] Rift formation and propagation were accompanied by
volcanism. The oldest formation, the Adolei basalts, is found
in the Ali-Sabieh region, at the current southern margin of
the depression and is dated at ~27 Ma [Barberi et al., 1975;
Black et al., 1975]. This volcanic activity may have lasted
some ~8 Myr [Deniel et al., 1994], and was followed from
~16 to ~9 Ma by emplacement of the Mabla rhyolites [ Varet
et al., 1975; Chessex et al., 1975]. A new basaltic phase
erupted ~8 to ~4 Ma ago, known as the Dahla basalts [ Varet
and Gasse, 1978]. All of the above formations outcrop only
over limited surfaces near the edges of the depression.

[6] The most important formation is the 1—1.5 km thick
basaltic stratoid series which floors more than 2/3 of the
depression [Varet et al., 1975]. Conventional K-Ar dating
assigned it ages from 0.4 to 4.4 Ma [Barberi et al., 1972,
1975; Civetta et al., 1975; Chessex et al., 1975; Black et al.,
1975]. Further K-Ar and *°Ar->°Ar ages, restricted to the
southeastern part of the depression in the Republic of
Djibouti, were in a window from 1.3 to 2.2 Ma [Courtillot
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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 phases of
basaltic volcanism were episodic in nature, with alternating
~1 Ma long phases of volcanism and tectonic deformation.

[7] The model of Manighetti et al. [2001a] was largely
based on data restricted to the Republic of Djibouti, and on
geophysical data from the oceanic part of the gulf of Aden.
Yet, it makes predictions for the remaining largest part of
the Afar depression, which occurs mostly within Ethiopia.
Testing of this model is possible through combination of
field and remote tectonic analyses, paleomagnetic and geo-
chronological sampling. With such testing in mind, a
collaboration program was established between INSU-
CNRS and the department of geology and geophysics of
the University of Addis-Ababa and fieldwork started in
1995. Sampling was focused on the stratoid series. Data
obtained on older formations are included in the study of L.
Audin et al. (Paleomagnetic constraints and timing of
deformation associated with the onland propagation of the
Aden ridge into SE Afar during the last 8 Myr, submitted
manuscript, 2002, hereinafter referred to as Audin et al.,
submitted manuscript, 2002), and additional new data and a
critical review of all geochronological results are given by
Labhitte et al. [2001].

[8] Our aim was to sample as densely as possible the
blocks identified in the remote sensing tectonic analyses, in
order to constrain their ages and rotations. Another goal was
to sample the less deformed, “stable” part of African crust,
since all rotations measured previously in the Republic of
Djibouti could only be referred to a “synthetic”” African
reference but not to actual African data. The fieldwork on
which the present paper focuses was undertaken in 1995
and 1996, and the analytical work is described in detail by

Kidane [1999]. Independent work had been undertaken in
the field by Gary Acton and colleagues in 1992 and was
published by Acton et al. [2000]. The two data sets are
complementary and will be combined in this paper. Addi-
tional analyses are given by Audin [1999] [see also Audin et
al., submitted manuscript, 2002] with an emphasis on
tectonic data, and by Lahitte [2000] [see also Lahitte et
al., 2001] with an emphasis on geochronological data.

[v] We first recall some geological information, then
describe our geochronological results, next the paleomag-
netic results, and discuss all these jointly in the frame of the
Manighetti et al. [2001a] and Acton et al. [1991, 2000]
models. At the same time we provide a new ~2 Ma
reference paleomagnetic pole for “stable” Africa.

2. Geological Constraints and Tectonic
Microblocks

[10] Figure 2 displays a simplified topographic and tec-
tonic map of the central part of the Afar depression. Based
on previous inspection of satellite and air photographs and
fieldwork, a number of active rift segments and major faults
were identified. Analyses of fault size, geometry and dis-
placement, scarp morphology, offset markers, and evidence
of recent seismic activity reveal a hierarchy of tectonic
features [Manighetti, 1993] and define a limited number of
microblocks.

[11] In the eastern part of the area, largely within the
Republic of Djibouti, one encounters a series of roughly
NW-SE-striking normal faults, most of them with a signifi-
cant component of left-lateral slip. These faults bound a
series (5—9 according to Manighetti 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 data [Lahitte 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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Same as Figure 3b, with location of paleomagnetic sites: open circles are from the study of

Acton et al. [2000]; squares are from our group [Courtillot et al., 1984; Manighetti, 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 major,
first-order blocks: Gamarri-Dakka, Data-Yager-Hanle, and
Der’Ela-Gaggade. The identification of the northwestern
termination of these blocks has been the subject of work by
Manighetti [1993]. The blocks terminate in a tapered fash-
ion through a series of en échelon fault segments with
evidence of strike slip motion. All eventually terminate
along the Gamarri-Alol tear zone (GATZ) [see also Man-
ighetti et al., 2001a]. To the SE, the mean strike of the faults
rotates to a more EW azimuth, and the faults are apparently
rooted in the hardly deformed Ali Sabieh block.

[12] North of the Asal-Ghoubbet active rift system, one
encounters the Mak’arrasou transfer zone, along which
strain is transferred further north to the next, younger,

propagating Manda-Inakir rift. A small block (north Balho)
can be defined between the NW extension of the Ghoub-
bet-Asal southern bordering fault, the Gamarri-Alol tear
zone, the Mak’arrasou transfer zone and the Manda-Inakir
rift.

[13] Related blocks can be described to the west of GATZ.
Again going from south to north, one first encounters the
“stable” edge of the Ethiopian (African) plate, the active
Manda-Hararo rift which forms the southern extension of
the Red Sea propagating rift system, the Unda-Gamarri
block, the small Dobi sliver, the larger Isso-Deda’i/Siyarrou
block bounded to the north by the conspicuous, S-shaped
Immino graben, followed to the north by the north Immino
block until the western termination of the Manda-Inakir rift.
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Sample K% Percentage of *’Ar* YOAr*, at/g (x10') Age, Ma Uncertainty (1o Level) Magnetic Polarity
70J 0.339 0.429 2.6732 0.75 0.26 LO01
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 L06C1
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 TA12
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 TA1l
0.818 3.64 7.7704 0.91 0.04 Reversed
0.94 0.04
72] 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
720 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
72T 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 TA06
0.743 4.680 11.1240 1.43 0.05 Reversed
1.46 0.05
72V 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 TAO08
0.873 6.940 14.5400 1.59 0.04 Reversed
1.60 0.04
721 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
M 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 TAO03
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 TA1S
0.973 4.850 20.2080 1.99 0.07 Reversed
2.00 0.07
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Table 1. (continued)
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Sample K% Percentage of “°Ar* YOAr* at/g (x10') Age, Ma Uncertainty (1o 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 TA04
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

3Sample, identification; K%, total percentage of potassium in sample; percentage of *°Ar*, percentage of radiogenic argon 40 in sample; “°Ar*, at./g,
number of atoms of radiogenic argon 40 per gram of sample (in 10" at/g); Age, Ma, ages determined from two replicate argon measurements for each
sample (the means of these replicate determinations are given in bold); uncertainty is at the 1o level; corresponding magnetic polarity at same site

(paleomagnetic site code is given) is also indicated.

[14] Earlier sampling in the Republic of Djibouti pro-
vided extensive paleomagnetic and geochronological data
sets on the Gamarri-Dakka, Data-Yager-Hanle, and
Der’Ela-Gaggade blocks, except for their northwestern
terminations [Galibert et al., 1980; Courtillot et al., 1984;
Manighetti, 1993; Manighetti et al., 2001a]. Detailed work
on a section of the Gamarri fault and escarpment on the
Ethiopian side (GA and GB sites in Figure 3c) has been

reported elsewhere [Kidane et al., 1999]. Work by Acton et
al. [2000] has concentrated along (and up to 3 km away
from) the only Highway and resulted in 48 paleomagnetic
stratoid sites (labeled ET in Figure 3c; 350 analyzed cores,
without geochronological data; sites discussed but rejected
by the authors are not mentioned here). These sites are
located mainly on the Manda-Hararo rift, and the Unda
Gamarri, 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] and Lahitte [2000] and Collected Along or Close to the Main Addis Ababa-Asab Road

Sample Name Locality Lat, Lon, deg  Formation (Previous) Age + 1o Uncertainty, Ma Formation (This Study) Block
70J% NW of Serdo 12.017, 41.205 Stratoid series 0.59 £ 0.16 Gulf basalt Serdo-Semera
72B* North of Aysaita  11.782, 41.343 Upper stratoid 0.65 + 0.10 Gulf basalt Manda-Hararro
75CF® Near Gewane 10.000, 40.600 Stratoid series 0.73 £ 0.06 Gulf basalt Ethiopian Plate
70K* NW of Serdo 12.033, 41.225 Stratoid series 0.79 £ 0.06 Gulf basalt Serdo-Semera
70L* NW of Serdo 12.019, 41.178 Stratoid series 0.84 £ 0.22 Gulf basalt Serdo-Semera
721 NE of Elidar 12.096, 41.982 Upper stratoid 0.85 £ 0.02 Gulf basalt Siyatrou
72K*? Immino graben 12.153, 42.056 Upper stratoid 0.94 + 0.04 Gulf basalt Siyarrou
7217 Immino graben 12.152, 42.056 Upper stratoid 0.94 £ 0.09 Gulf basalt Siyatrou
70N*® NW of Serdo 12.022, 41.133 Stratoid series 0.97 £ 0.15 Gulf basalt Serdo-Semera
72W* South of Datbahri  11.525, 41.261 Upper stratoid 1.03 + 0.05 Gulf basalt Ethiopian Plate
7202 North of Serdo 12.087, 41.250 Stratoid series 1.09 + 0.06 Gulf basalt Unda-Gamarri
72T NW of Serdo 12.223, 41.179 Stratoid series 1.09 + 0.07 Gulf basalt Serdo-Semera
72Q° North of Dichooto  12.041, 41.449 Stratoid series 1.11 £ 0.09 Gulf basalt Unda-Gamarri
72p* NW Dichooto 12.042, 41.436 Stratoid series 1.36 £ 0.11 Upper stratoid Unda-Gamarri
72C* Around Serdo 11.956, 41.533 Stratoid series 1.46 + 0.05 Upper stratoid Unda-Gamarri
72V* South of Datbahri  11.413, 41.356 Stratoid series 1.57 £ 0.05 Upper stratoid Ethiopian Plate
2H* East of Dichooto ~ 11.917, 41.587 Stratoid series 1.60 + 0.04 Upper stratoid Unda-Gamarri
721* East of Dichooto  11.893, 41.650 Stratoid series 1.74 £ 0.10 Upper stratoid Unda-Gamarri
75A11° South of Isso 11.917, 41.783 Stratoid series 1.76 + 0.04 Upper stratoid Isso-Deda’ai
72M? Around Elidar 11.969, 41.838 Stratoid series 1.77 £ 0.06 Upper stratoid Siyarrou
72N? Dobi Escarp. 11.895, 41.759 Stratoid series 1.80 + 0.06 Upper stratoid Dobi
75D Dobi graben 11.760, 41.823 Stratoid series 1.89 + 0.06 Upper stratoid Dobi
75A12° South of Isso 11.917, 41.783 Stratoid series 1.93 +0.07 Upper stratoid Isso-Deda’ai
72D1% SW of Serdo 11.624, 40.939 Stratoid series 1.94 + 0.07 Upper stratoid Ethiopian Plate
720° NW Dichooto 11.981, 41.434 Stratoid series 2.00 £ 0.07 Upper stratoid Unda-Gamarri
75B1° Dobi graben 11.803, 41.759 Stratoid series 2.01 £0.09 Upper stratoid Dobi
GB23° Gamarri Sect. 11.600, 41.700 Stratoid series 2.02 £ 0.04 Upper stratoid Gamarri-Dakka
GA22° Gamarri Sect. 11.600, 41.700 Stratoid series 2.03 +0.08 Upper stratoid Gamarri-Dakka
72R? West of Dichooto  11.925, 41.469 Stratoid series 2.05 +0.08 Upper stratoid Unda-Gamarri
72D2* SW of Serdo 11.624, 40.939 Stratoid series 2.08 + 0.08 Upper stratoid Ethiopian Plate
GB30° Gamarri Sect. 11.600, 41.700 Stratoid series 2.08 £ 0.06 Upper stratoid Gamarri-Dakka
GA10° Gamarri Sect. 11.600, 41.700 Stratoid series 2.09 £ 0.06 Upper stratoid Gamarri-Dakka
GA02° Gamarri Sect. 11.600, 41.700 Stratoid series 2.14 + 0.06 Upper stratoid Gamarri-Dakka
72E* North of Mille 11.496, 40.799 Dahla basalt 2.71 £ 0.09 Lower stratoid Ethiopian Plate
75CC° North of Gewane  10.300, 40.800 Stratoid series 322 +0.19 Lower stratoid Ethiopian Plate
75CB1° Near Adaytu 11.125, 40.775 Stratoid series 3.27 £ 0.06 Lower stratoid Ethiopian Plate

“This paper.

®Lahitte [2000].
‘Kidane et al. [1999].



KIDANE ET AL.: NEW PALEOMAGNETIC AND GEOCHRONOLOGIC RESULTS

Frequency

(3]

T T T [ v T T ] 17

0 0.5 1 1.5 2 25 3 35
Age in Ma

Figure 4. Histogram of 36 age determinations given in
this paper (see Table 2).

We collected 133 sites (865 cores collected, 728 analyzed
for paleomagnetism, 24 samples for geochronology; Fig-
ures 3a—3c), providing paleomagnetic and geochronolog-
ical data on a wider surface than previously available,
sampling all blocks referred to previously west of the
Gamarri-Alol tear zone, and the (possibly) stable parts of
the African plate, on both sides of the northernmost
termination of the East African rift (which we will call
Mile-Gewane and Ali-Sabich, respectively; see Figure 2)
[see Audin, 1999].

3. Geochronology

[15] We collected a series of 24 new samples on outcrops
previously assigned to the stratoid series (Figure 3b). This
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 Ma) [Kidane et al., 1999]. Additional
samples covering a broader temporal range have been
analyzed by Lahitte et al. [2001, 2003].

[16] All this new dating was performed using the Cassi-
gnol-Gillot K-Ar technique [Cassignol and Gillot, 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 by Gillot and
Cornette [1986]. The GL-O standard [Odin, 1982] and the
conventional international decay constants [Steiger and
Jiger, 1977] were used throughout.

[17] The results of our 24 measurements are given in
Table 1. All have been duplicated on separate aliquots. In
the following discussion, 12 results obtained earlier in the
Gamarri section [Kidane et al., 1999] and by Lahitte [2000]
are also included (Table 2). Ages range from ~0.6 to ~3.3
Ma. The data histogram (Figure 4) suggests three unequal
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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
1500m. Lava flows are continuous and sometimes separated
by scoria. Fifteen of our samples yield ages clustered
between 1.36 £ 0.11 and 2.08 + 0.08 Ma (Table 2). Samples
from the Unda-Gamarri, Dobi graben, Isso-Deda’i, and
Gamarri blocks are all between 1.1 and 2.1 Ma, i.e., the
upper stratoid formation. Similar ages are found south of
Siyarrou block. All blocks share essentially the same age
ranges. The five samples dated at the Gamarri section
(Table 2) [Kidane et al., 1999], further age results by Lahitte
[2000], and the previous results by Courtillot et al. [1984]
on the stratoid formation are mostly in the age range of the
upper stratoid formation.

[20] The so-called Gulf basalts outcrop mainly along
large rhyolitic massifs close to Immino graben, at the
northeastern margin of the Manda-Hararo rift system, and

100

Mean = 4.27A/m (-2.86/+8.61)
Ntot = 571

80

05 1 15 2 25 3
log (NRM)

-1 <05 0

Figure 5. Histogram of 571 measured Natural Remanent
Magnetizations (NRM) (number versus decimal logarithm
of NRM in A/m) for stratoid samples from this work and the
study of Acton et al. [2000]. Mean (lognormal) variance and
total number of samples are given in the upper right-hand
corner.
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Figure 6. Normalized intensity curves for repres

thermal treatment. Field in mT and temperature in °

in the area close to the Azelo volcano east of Gewane
village (Figure 3a). Wherever found, they represent the
uppermost chronostratigraphic unit. Exposure is largely
surficial and along fault scarps. The ages for this formation
range between 0.59 £ 0.16 and 1.11 + 0.09 Ma. Our samples

entative samples demagnetized by (a) AF and (b)
C.

were collected from areas previously mapped as part of the
“stratoid series” [Varet et al., 1975]. Because of their
distinct age, mode of exposure and emplacement, we refer
to this as a separate formation, and correlate it with the
coeval Gulf basalts mapped elsewhere. Table 2 summarizes
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Table 3. Mean Paleomagnetic Directions®

KIDANE ET AL.: NEW PALEOMAGNETIC AND GEOCHRONOLOGIC RESULTS

Mile-Gewane Block

Site N D, I K, (Q95)s Age, Ma Formation
TAO05 5 6.4 16.0 27.6 14.8 2.7 +£0.09 Lower strat.
TA25 9 168.4 54 118.9 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 37.5 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 44 Lower strat.
TA38 6 169.5 —15.6 318.5 3.8 Lower strat.
TA39 5 183.8 —-259 126.5 6.8 Lower strat.
TA40 6 186.2 —24.0 55.4 9.2 32 +0.19 Lower strat.
TAO03 5 175.6 —-239 68.0 9.3 1.9 £0.07 Upper strat.
TAO04 7 179.2 —-17.9 351.4 33 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 2.5 Upper strat.
(ET39)* 6 167.4 —-32.5 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 33 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 Fault®

Site N D, I, D, I (c95)s Age, Ma Formation
(A18) 7 252.6 -3.6 252.6 -3.6 6.2 Lower strat.
Al9 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.
A41 6 177.8 —234 177.8 —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.
AS50 4 180.8 —18.4 180.8 —18.4 10.0 Lower strat.
AS1 6 164.9 -9.8 164.9 —-9.8 11.0 Lower strat.
(A52) 8 196.7 46.7 196.7 46.7 53 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 43 1.8 £0.02 Upper strat.
AS5 9 187.0 —41.6 187.0 —41.6 5.5 1.4 £0.03 Upper strat.
A53 6 202.9 —35.0 218.3 —-30.4 53 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 samples, too large aws, transitional directions,
and combination of several flows into a single cooling unit; see text). ET sites are from G. Acton (personal communication, 1998) and Acton et al. [2000];
N, number of samples; D, I, declination and inclination in degrees (subscript g for geographic or in situ coordinates, subscript s for tilt-corrected or
stratigraphic coordinates). K and aws are Fischer’s [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. Otherwise, the Acton et al. [2000] values are used.

“See Figure 3a and Audin [1999].

geochronological results from the present and several earlier
studies in the general area of Figures 3b and 3c.

4. Paleomagnetism
4.1. Sampling, Measurement of Remanence, and
Treatment

[21] Altogether, 133 sites were sampled for paleomagnet-
ism in the depression. Figure 3¢ shows where most paleo-
magnetic sites were collected. Additional sites collected on
the Mile-Gewane block to the south of the area of Figure 3c,
and near the Ali Sabieh block in southeastern Afar [Audin,

1999], are shown in Figure 3a. A “‘site” was generally a
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
cores. Standard 2.2 cm long samples were cut from the 2.5
cm diameter cores in the laboratory. All measured samples
are reported in the tables, though when the total number of
samples was less than 4 data were not used further.

[22] Cores were oriented in the field most of the time with
both a solar and a magnetic compass. Acton et al. [2000]
report a mean deviation of 1.0 + 0.4° for 368 joint determi-
nations. We added those to our 865 joint determinations: for
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(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 Sabich

blocks, respectively (see Table 3 and text).

these 1233 data, the overall mean difference between azi-
muths is 1.4°, with a standard deviation of 17.7° and a
standard error of 0.5°. When 47 samples with differences
larger than 15° are removed, the average becomes 0.7°, the
standard deviation 4.0° and the standard error 0.1°. This is in
excellent agreement with previous determinations of Cour-
tillot et al. [1984] and Kidane et al. [1999] and shows that
there is no significant systematic magnetic bias.

[23] Magnetizations were measured on either a JRS
spinner magnetometer or a horizontal 2G cryogenic mag-
netometer, in the shielded room at IPG in Paris. The natural
remanent magnetizations (NRM) from 571 stratoid samples
(i.e., ours plus those of Acton et al. [2000]) are shown in
histogram form in Figure 5. The lognormal mean is 4.3
Am~! (2.9/8.6); the distribution displays two modes, a

major one at 3.6 Am ', and a secondary one at 15.8
Am ™. Such a bimodal distribution has been found for Afar
basalts since the study of Courtillot et al. [1984] and is
interpreted following the study of Prévot and Grommé
[1975], as indicating that those (minor) basalts with higher
magnetizations probably erupted under water, whereas
(dominant) basalts with ~5 times weaker magnetizations
were emplaced subaerially. The high tail of the distribution
likely corresponds to basalts struck by lightning.

[24] Samples were demagnetized either by alternating
fields in a Schonstedt instrument or thermally in labora-
tory-built quasi field-free furnaces, or both. Typical
demagnetization curves by the two methods are shown
in Figure 6. In the case of AF demagnetization, the median
destructive field (mdf) is generally between 20 and 35 mT.
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Table 4. Mean Paleomagnetic Directions for Recent (Less Than
0.3 Ma) Sites in the Manda-Hararo Rift*

Site N D, I, D, I K, (Ct05)s
LO10 8 9.5 204 95 20.7 1457 4.6
(LOI1A) 4 143 233 143 233 125 27
(LO1IB) 4 53 30.1 53 301 935 10.1
LO11 8 106 265 106 265 221 12.1
ET36 8 13 11.9 13 119 905 5.9
ET67 7 4.8 24.0 6.3 206  249.1 3.8
ET68 6 3577 131 3585 102  434.8 3.2
ET69 7 0.8 16.6 0.8 166 4735 2.8

Fisherian mean: Dy = 4.4°, I, = 17.8° (cws = 6.4°, N = 6, K = 110.7)
Bivariate mean: Dy = 4.4°, I = 17.8° (cosx = 1.3°, sy = 6.9°, K = 1897,
K, = 68)

“Sites between parentheses are not used in calculation of the mean (see
legend of Table 3). Site: site code name; N: number of samples used in
statistics; Dg,l; (Dg,ls): site mean directions in geographic or in situ and
stratigraphic or tilt-corrected coordinates, respectively (only when a
significant tilt was measured in the field); K, (cws)s, QosX, sy, Ky, Kyt
Fischer [1953] and LeGoff [1990] statistical parameters.

Higher values may correspond to the presence of two
components with opposite polarities (ta 2501a in Figure
6a), and smaller ones to samples with very high intensities,
most likely struck by lighting (TA1003B and TA0302B in
Figure 6a). In the case of thermal demagnetization, most
samples have unblocking temperatures between 450°C and
580°C, some with a single or two narrow ranges, and
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some with a broader spectrum. Some samples have much
lower unblocking temperatures (A4803A and A4907A in
Figure 6b): they generally correspond to very weakly
magnetized samples, which did not reveal a primary
magnetization and carried a jagged secondary overprint
(see below and A4905A in Figure 7). For the majority of
samples, these diagrams are characteristic of low Ti
magnetites, consistent with previous studies of the same
formation in other parts of Afar [Courtillot et al., 1984;
Kidane et al., 1999; Acton et al., 2000; Manighetti et al.,
2001a].

[25] Demagnetization behavior is displayed in vector
form in Figure 7. Most samples fall in either one of five
distinct categories. Many samples carry a univectorial
magnetization, which decays to the origin and is identical
under both treatments, sometimes with a very weak over-
print that is removed by 200°C or 20 mT (A; Figure 7,
sample A4301). In some cases, two distinct components
are clearly found, with good separation in AF treatment,
but significant overlap in thermal demagnetization (B;
Figure 7, sample A5707). Other samples, also with two
components, have largely or completely overlapping spectra
both upon thermal and AF demagnetization (C; Figure 7,
sample A4307). A (small) fourth category, already men-
tioned above, consists of weakly magnetized samples with
a jagged (most likely recent) overprint erased by 300-—
350°C and erratic behavior above (D; Figure 7, sample

EAL°40
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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 for ~0.3 Ma Sites in the
Serdo-Semera Microblock (see Table 4)

Site N D I D, I, Ko (qws)
(LO1) 32094 -9.0 2092 139 1337 107
LO2 4 2061 -09 2060 —15 1104 88
(LO3A) 5 1987 -99 1984 —158 1405 6.7
(LO3B) 4 2043 —107 2042 —167 3424 50
(LO3C) 32097 -92 2097 —152 663 179
LO3 12 2036 —100 2035 —160 1135 4.1
(LO4A) 6 2044 —9.1 2046 99 2101 48
(LO4B) 6 2035 -97 2032 —I11.1 1943 52
LO4 12 2041 -94 2040 —104 2254 3.0
(LO5A) 2 166 08 166 08 7948 89
(LOSB) 4 66 6.3 6.4 9.0 88.0 9.9
LOS 6 99 45 9.8 6.3 71.9 8.0
(LOGA) 4 2027 -84 2026 -99 1872 6.7
(LO6B) 4 2033 —157 2032 —164 1822 7.2
(LO6C) 5 2036 -75 2035 —105 2184 52
(LO6D) 301970 —61 1970  —6.1 2302 8.1
(LOGE) 21963 3.6 1963 3.6 11564 7.4
LOGA-D 16 2020 —9.5 2020 —11.0 1442 3.1
LO7 553 176 53 176 975 8.0
(LOSA) 4 1980 124 1980 116 13788 25
(LOSB) 4 2019 -72 2018 —84 1087 103
LOS 8 2000 43 2000 3.5 483 8.2
LO9A 5 34 261 3.0 278 388 3.9
(LO9B) 3 145 108 144 137 8927 41
(TAO1) s 2237 3001 2237 301 90.3 8.3
(TA02) 6 3148 434 3148 434 3003 39
(TA24) 6 2283 410 2283 410 2972 39
TA21 4 1818 —129 1818 —129 1520 87
TA22 4 1731  -40 1731 —40 1911 67
ET035 13 3518 134 3518 134 549 1.8

Mean 1 (LO5, LO7, LO9A, TA21, TA22, ET035): D, = 0.8°, I, = 13.7°
(cos = 9.1°, N = 6, K = 54.8)

Mean 2 (LO2, LO3, LO4, LO6A—D, LO8): D, = 203.1°, I, = —7.1°
(s = 7.8°, N = 5, K = 98.2)

A4905). Finally, strongly magnetized samples (over sev-
eral 10° Am™') correspond to lightning (E; Figure 7,
sample TA1004B). Most samples fall in the A, B, or C
category. In the A and B cases, components were
extracted using principal component analysis [Kirschvink,
1980]. In the case of overlapping spectra, the Halls [1976,
1978] remagnetization circles method was used. The two
kinds of data were integrated following the study of
McFadden and McElhinny [1988]. Low blocking field or
temperature components generally average close to the
present field direction in Afar and are recent overprints.
There is little ambiguity in extracting the more resistant
Characteristic Remanent Magnetization (ChRM). As in
previous work on Afar basalts, we found that the AF
technique was particularly efficient in allowing us to
extract the ChRM (Figure 7, A and B categories) and this
was used for 90% of the samples.

4.2. Site Mean Paleomagnetic Directions
4.2.1. “Stable” Africa: The Mile-Gewane and Ali
Sabieh Blocks

[26] Twenty new sites from the Mile-Gewane “block”
(labeled TA) are reported in Table 3. Measured ages range
from 0.7 to 3.3 Ma. To these we added six sites (labeled ET)
studied by Acton et al. [2000] and communicated in detail by
Gary Acton (personal communication, 1998). We reinter-
preted these data using the same methods and interpretation
software as used for the rest of our study (J. P. Cogné,
personal communication, 2000). Our reinterpretation gener-
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ally led to results similar to those published by Acton et al.
[2000], though some differences were found [Kidane, 1999].
For instance, most Zijderveld diagrams for samples of site
ET37 have widely overlapping unblocking field and temper-
ature spectra, so that 5 out of 7 samples yielded only great
circles. As a result, there is a large uncertainty on the average
from that site. Three other sites (ET39—41) yield distribu-
tions which are far from Fisherian. The data points form an
elongate distribution, with “anisotropies” (Kx/Ky ratios, see
Le Goff’s [1990] bivariate analysis) ranging from 15 to 150.
The four sites, listed in parentheses in Table 3, are therefore
excluded from further consideration. Altogether, there are 22
site results available for the Mile-Gewane block.

[27] The separate averages calculated for the upper and
lower stratoid series are statistically indistinguishable and
can be averaged together yielding a mean direction D =
358.3° 1 = 17.3° (cgs = 7.1°, N = 16) in stratigraphic
coordinates. The remaining six sites of recent basalts come
from two separate locations close to the village of
Gewane. The distribution of averages is somewhat elon-
gate. The overall mean direction is D = 11.3°, I = 24.4°
(g5 = 7.9°, N = 6).

[28] Fifty-seven sites were collected in the Aysha-Ali
Sabieh region (Figure 3a). Sites from the Dahla basalts
(~4.5—-7 Ma) and Mabla rhyolites (up to 20 Ma) are
reported elsewhere [Kidane, 1999; Audin, 1999] (Audin et
al., submitted manuscript, 2002). Eighteen sites of stratoid
and recent basalts are reported in Table 3. Most sites
provided readily interpretable results, though 6 were even-
tually eliminated (shown in parentheses). Sites A18, A52,
AO01, and A22 are remote from the rest of the distribution
and may correspond to large local rotations (A18 and A22)
or to transitional directions (A52 and AO1). Site A56 was
eliminated because of its large uncertainty (aos = 22°; all
site mean directions with s larger than 15° were elimi-
nated from calculations of means throughout the paper). Site
A42 was also discarded, because the overprint direction
could not be eliminated. A tectonic correction was applied
in three cases (A43, A54, and A53), but was negligible in
two cases. In the case of flow A54, the basalt lies on tilted
Jurassic limestones with a 40°SW dip, but application of the
tectonic corrections yields an uninterpretable direction,
whereas the in situ direction is compatible with other sites:
it is likely that flow A54 was emplaced over the already
tilted limestones. Its in situ direction is therefore used in
calculating the mean. Only two sites are finally available for
the upper stratoid formation, and a separate mean could not
be determined. Because these two directions were compat-
ible with the population of lower stratoid directions, the 10
available results were averaged, yielding a mean of D =
2.0°, 1= 15.1° (a5 = 10.6°).

[20] Figure 8b shows that the separate overall means from
the Mile-Gewane and Ali-Sabieh blocks are indistinguish-
able and can be combined. The site mean distribution of the
26 sites (5 with normal polarity and 21 with reversed polar-
ity) is shown in Figure 8a, and the resulting overall mean for
“stable” Africa at the time of the stratoid series is D =
359.7°, 1= 16.4° (cigs = 5.7°). This direction is statistically
identical to that predicted for stable Africa at 2 Ma by the
synthetic apparent polar wander path of Besse and Courtillot
[1991, 2002] (hereafter referred to as BC02). VGP scatter
[e.g., Cox, 1969]is 11.6° (9.8° < 0 < 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 the McFadden 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 = 6.7°, I = 27.0°
(o5 = 5.4°, N = 7). The slight declination difference (AD =
6.1 £5.6°), and inclination anomaly (Al = 6.0 + 5.9°) with
respect to expected values at 0.5 Ma should not be over-
interpreted, due to the small number of sites.

4.2.2. The Manda-Hararo Rift

[31] We next describe paleomagnetic results from indi-
vidual blocks in the order they are encountered along the
road going from the Ethiopian rift northward. For the sake
of completeness, we briefly report three sites that were
sampled on the young (<0.3 Ma) axis of the Manda-Hararo
rift (Table 4). Two superimposed flows from the same site
actually yield statistically identical directions (due to the
large aigs of LO11A), which can therefore be combined as a
possibly single cooling unit. Our two independent results
(LO10 and 11) can then be combined with four sites from
the study of Acton et al. [2000]. The mean lies at D = 4.4°,
I =17.8° (cigs = 6.4°, N = 6), which includes the present
field direction (D = 0°, I = 22°). However, the distribution
is quite elongated and a bivariate analysis yields an

Table 6. Mean Paleomagnetic Directions for ~1.8 Ma Sites in the
Unda-Gamarri Microblock (see Table 4)

Site N D, I, D, I K.  Oose
(TA06) 5 1701 138 1701 138 985 77
(TA07) 5 1751 117 1751 117 1156 7.1
TA06-07 10 172.6 128 1726 128 1049 47
TAO8 5 180.1 —189 180.1 —I189 5148 3.4
TA09 5 1782  —207 1795 212 1355 68
TALS 6 1957 —228 1957 —228 5323 29
TAL6 5 1867 326 1867 —32.6 427 122
TA17 5 1736 —0.6 1738 —0.6 548 104
TAIS 5 1893 317 1892 -318 1357 68
TA19 6 1668 —219 1668 —219 1132 7.1
TA20 5 1910 —246 1910 —24.6 3897 42
ETO06 6 1833 —230 1883 —155 847 73
ETO8 6 1804 —382 1902 308 6133 27
ET09-12 22 160.1 —I1.7 1631 -99 566 42
ET13 5 1738 —133 1768 -85 627 97
ET14-15 17 3433 452 3582 416 277 69
ET16 6 3517 68 3530 2.8 2845 40
ETIS8 8 1793 82 1793 —82 4259 27
ET19-20 15 1807 —20.5 1807 —20.5 2206 2.6

Mean: D, = 0.0°, I, = 17.9° (s = 7.1°, N = 17, K, = 25.9)
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(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 explanation
for this feature. Our results are not incompatible with the
idea that the Manda-Hararo rift has not been subjected to
significant recent rotations.
4.2.3. The Serdo-Semera Block

[32] This block comprises a slightly older part of the
Manda-Hararo rift, made of “Gulf” basalts dated between
0.6 and 1.1 Ma. We have sampled 24 flows and one site
comes from Acton et al. [2000] (ET35). Figure 9 shows
site locations in their tectonic context and Table 5 lists the
characteristic directions for each flow. In a number of
cases, overlying flows from a similar location gave indis-

tinguishable directions and could be merged as single
cooling units (L03, L04, L0O5, and L06). In cases where
less than three specimens could be determined, the average
was not retained. In three cases, directions were clearly
transitional in nature (or strong overprints had not been
removed) with intensities 10 times less than average
(TAO1, TAO2, TA24; Figures 3c and 9). This is unfortu-
nate, since these flows were located at the southern-faulted
edge and in the central part of the block, and significantly
extended coverage.

[33] The mean directions from the 11 usable sites are
spread 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,
one with no significant rotation (D = 0.8°, I = 13.7°; cs =
9.1°, N = 6), the other with a significant one (D = 203.1°,
I=—-7.1°% qos = 7.8°, N = 5). Yet, the significance of these
two groups is quite different. The nonrotated group has
both polarities, and forms the external, widest part of the
site cluster (Figure 9). On the other hand, the rotated group
lies in a small region at the center and has only reversed
polarities: ages between 0.8 and 1.0 Ma are consistent with
eruption in the Matuyama Chron. The rotation of the central
part of this former rift is therefore of local significance only,
and the rest of the data are representative of the ~1 Ma
nonrotated block.
4.2.4. The Unda-Gamarri Block

[34] We sampled 10 sites in order to complement the 15
already sampled by Acton et al. [2000]. All belong to the
upper stratoid formation (between 1.4 and 2 Ma), except for
two (TA17 and TA18) which are younger (1.1 Ma). Mean
directions for our data and for those of Acton et al. are
statistically identical and can be combined (Table 6). Two
sites from the Acton et al. [2000] study have 95% uncer-
tainties larger than 15° and have been discarded. If we
further combine superimposed flows which are likely part
of the same cooling unit (TA06—07, ET09—-12, ET14-15,
and ET19-20), we end up with a Fisherian distribution
(Figure 11) with 17 mean directions (2 normal and the rest
reversed). The overall average is D = 0.0°, I = 17.9° (cs =

7.1°), with a positive reversal test. The two sites with
slightly younger ages are indistinguishable from the rest.
The overall mean is in agreement with the direction
expected for stable Africa at 2 Ma (AD = —2.4 + 8.0°%
Al = —0.1 £ 7.7°). VGP scatter for the 17 sites is 11.4°,
also in agreement with expected values [McFadden et al.,
1991]. The Unda-Gamarri block has therefore not been
significantly deformed internally and has not suffered
significant rotation since emplacement of the stratoid
series.

4.2.5. The Dobi Block

[35] The southern part of the Dobi graben is largely
covered by recent sediments, including evaporites. It is
densely faulted with N110 + 15°E trending normal faults,
and lava flows are tilted 15 £ 5° toward N15°E. We have
collected 13 sites (TDOO1—13) in this area (Figure 12),
which is part of GATZ. Thirteen sites from the study of
Acton et al. [2000] are available slightly to the north, to
which we added one site even further north (TA14); all are
outside of GATZ. Four age determinations within this block
range from 1.8 to 2.2 Ma, confirming that the upper stratoid
formation covers most of the block.

[36] Paleomagnetic results are given in Table 7. Two sites
with strong inclinations have reasonable VGP latitudes in
stratigraphic coordinates and are therefore considered as full
polarity results, whereas TDO07 with a —59° VGP latitude
is considered as transitional and is not included in the mean.
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Table 7. Mean Paleomagnetic Directions for ~2 Ma Sites in the
Dobi Microblock (see Table 4)

Site N D, I D, I K Qoss
TDOO1 5 1716 —628 1790 —48.6 315 142
TDO02 6 3577 163 3584 19 1227 63
(TDO03) 5 3452 382 3495 249 230 163
TDO04 6 47 28.8 5.7 141 826 74
TDOO5 7 90 15.8 9.2 09 1425 5.1
TDO06 5 1665 —31.6 1697 —182 570 102
(TDO07) 6 1985 99 1988 249 692 8.1
(TDO08) 6 183 209  18.1 5.9 27.6 130
(TDO09) 6 100 113 100 36 928 7.0
TDO08—09 11 120 147 121  —03 537 63
TDO10 6 1.1 9.8 12 —47 1183 62
TDOL11 5 3351 639 3481 512 400 122
(TDO12) 7 34 28.5 45 138 1246 56
(TDO13) 5 3573 211 3584 68 365 128
TDO12-13 13 12 21.8 2.1 72 283 8.0
Mean A 9 3598 295 1.3 15.0 14.5
TAl4 6 04 75 3585 296 2193 45
ET043 5 190.6 —388 1980 —229 1169 7.1
ET044 4 1731 —158 1762 —49 2303 6.1
ET045-46 10 1848 —30.6 1909 —162 6864 18
ET047 6 1814 7.0 1776 193  288.0 4.0
ET048 6 1762 —119 1780 —03 433 103
ET049-51 16 1659 —223 1717 —132 3459 20
ET063 6 3578 392 3567 183 1756 5.1
ET064 8 3587 315 3578 106 5832 23
ET066 5 25 37.0 0.7 163 1609 6.1
ET067 7 48 24.0 6.3 206 2491 38
Mean B 11 3594 231 1.0 12.4 8.6

Mean (A + B): Dy = 359.6°, I, = 25.9° (ags = 7.7°, N = 20, K, = 19.1)
D, = 1.1° I = 13.5° (a5 = 7.4°, N = 20, K = 20.3)

Superimposed flows TDO08—-09, TDO12-13, and ET045—
46 are considered part of the same cooling units and are
therefore averaged. The separate means for our 9 distinct
cooling units to the south (within GATZ), and those of
Acton et al. [2000] plus our site TA14 to the north (outside
GATZ) are statistically identical and are therefore averaged
together. The result for 20 cooling units from 10 geograph-
ically distinct locations is Dg = 1.1°, Iy = 13.5° (cos = 7.4°)
in stratigraphic coordinates (Figure 13 and Table 7). We
note that because all flows have similar tilts, there is no
conclusive fold test. However, the tilt corrected mean
direction is consistent with the expected 2 Ma direction,
with AD = —1.3 £ 7.8°, Al = —4.5 £ 7.9°, and the Dobi
block appears to be nonrotated. VGP scatter (12.3° + 4.8/
—2.8) is in agreement with the value expected from secular
variation.
4.2.6. The Isso-Deda’i Block

[37] The coverage of this block by paleomagnetic sam-
ples is quite restricted, since all we have is two short
magnetostratigraphic sections only a half kilometer apart.
One section comprising 13 superimposed flows is from the
study of Acton et al. [2000], whereas we have sampled 6
flows, along the same large fault escarpment at a slightly
lower altitude. Two age determinations from the lowest and
topmost flow in our section (1.93 and 1.76 Ma) are con-
sistent with stratigraphic order and confirm that the upper
stratoid series was sampled. The four lower flows have
normal polarity and the topmost one is reversed (Figure
14a). Behavior of samples from flow 15 is more complex.
Two samples have directions that could clearly be deter-
mined, one (TDO15-01A) being very close to the direction
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of the overlying reversed flow (TDO14), the other (TDO15-
03A) close to that of the underlying flow (TDOI6, see
Figure 14b). All other samples show AF demagnetizations
following great circles and converging either to one or the
other direction (Figure 14c). Such behavior in flows coeval
with a reversal, or remagnetized shortly after one, is
discussed by Valet et al. [1998]. These directions were
excluded from calculations of site averages.

[38] Interestingly, Acton et al. [2000] have captured the
same reversal, with their highest flow (ET22) being fully
reversed, and the bottom one (ET34) normal. Directions
from these 13 flows (Figure 15) in fact streak along a great
circle linking the two full polarity directions, and hence the
distribution is not Fisherian. Site ET24 has a transitional
VGP latitude and was excluded from the mean. Some of
Acton et al.’s [2000] directions (ET23 and ET26) likely still
comprise unseparated overlapping components and are
affected by some amount of remagnetization.

[39] Despite this, the mean directions from the two sec-
tions are very similar and can be averaged, yielding a mean
for 13 cooling units at D = 9.4°, T = 15.7° (qws = 9.4°)
(Figure 16 and Table 8). Because in part of a rather large
uncertainty, differences with the 2 Ma reference direction
from stable Africa are not significant (AD = 6.9 £ 10.1° and
Al=—3.3+9.8°); VGP scatter is typical of secular variation
(9.4° < o = 11.9° < 16°). The normal to reversed polarity
reversal, which has been captured in both sections, is the
upper Olduvai termination.

4.2.7. The Siyarrou Block

[40] This block was sampled by Manighetti [1993] and
Manighetti et al. [2001a] in a helicopter trip along the
border between Ethiopia and the Republic of Djibouti
(Figure 17; I sites). This is now complemented to the west,
along the main road, by two sites from the study of Acton et
al. [2000] and three from our study. Three of our sites
(TA10-12) are dated around 0.9 Ma and therefore belong to
the recent (Gulf) basalts, whereas all the rest are likely part
of the upper stratoid series (TA13 at 1.77 Ma).

[41] Manighetti [1993] noted that several of her directions
were statistically identical (Table 9, I sites) and that the
same up-faulted and down-faulted flow had probably been
sampled several times along the helicopter section. We
retained 7 directions as corresponding to distinct cooling
units, and averaged 125, 27—-29 and 32 as a single one. Only
3 samples could be used in flow TA13, whose direction was
therefore not included in the mean. Altogether, we obtain 8
independent directions for the upper stratoid series, with a
mean (Figure 18a) at D = 5.7°, I = 6.8° (o5 = 12.8°). The
uncertainty is unfortunately large and precludes determina-
tion of a significant rotation (AD = 3.2 + 13.2°). There may
be an inclination anomaly (Al = —12.2 + 13.1°), but this is
not significant at the 95% confidence level. VGP scatter, at
10.7°, is in the expected range.

[42] The four “recent” basalts yield a mean (Figure 18b)
at D =357.5°,1=12.2° (cio5 = 12.9°) which is similar to the
expected direction at 0.9 Ma.

4.2.8. The Zone North of Immino Graben

[43] There is no apparent structure in the area north of
the Immino graben, going all the way up north to the
currently active Manda-Inakir rift. This is therefore treated
as a single “block.” We have not sampled new sites in this
zone, but we already have 20 sites from earlier studies in
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(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; Manighetti, 1993]
which can be combined with 9 sites in Ethiopian Afar
from the study of Acton et al. [2000]. There are only
recent (“Gulf”) basalts outcropping. A number of flows,
which had similar directions, were coupled into independ-
ent cooling units (ET54-58; 102-1, 102-2; 104-1, 104-2).
All 17 remaining directions are in agreement (Table 10
and Figure 19) and a single Fisherian average is obtained
with D = 356.4°, T = 22.6° (a5 =4.3°). This is the

direction expected at ~1 Ma and there is therefore no
significant rotation since emplacement.

5. Ages Versus Magnetic Polarity

[44] The magnetic polarity of all our dated sites is given
next to the age values in Table 1 and these are represented
in Figure 20 (see also Table 11) as a function of time,
along with the Geomagnetic Polarity Timescale (GPTS) of
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Polarity Flow Site Absolute age
R TDO14 1.76+0.04Ma
R(n) A TDOIS
N(r) B
a N TDOI16
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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 Kent [1995]. Thirty-two out of 36 age deter-
minations have uncertainties less than 150 kyr (at the 1 —
o level) and are in agreement with the polarity predicted
from the GPTS. Out of the four remaining data, two have
a polarity which agrees with the GPTS, given their larger
uncertainty: 70N is normal and is compatible with being in
the Jaramillo subchron and 70L (with a 1 — o uncertainty
of 26%) is likely in the uppermost reversed part of the
Matuyama chron. The strong atmospheric argon contami-
nation in 70J (Table 1) leads to an uncertainty of 27%.
Despite this large value, this reverse sample barely misses
the Brunhes-Matuyama transition (but does include it at
the 20 level). With its strong intensity (6.9 A/m), 70J is
unlikely to be transitional and could be well within the
uppermost reversed part of Matuyama. Sample 72B (paleo-
magnetic sample TAO1) is transitional, yet its 1 — o
uncertainty range is entirely within the Brunhes chron.

Though TAO1 seems to be transitional tending on the
reversed side, the overlying flow TA02 (not dated) sampled
1 km further north is also transitional but rather tending on
the normal side. Both have a magnetization 10 times less
than average for Afar basalts with full polarity. 72B could
also correspond to one of the events within the Brunhes
which have been identified between 550 and 750 ka [Cham-
pion et al., 1998; Guyodo and Valet, 1996; Quidelleur and
Courtillot, 1996]. The Réunion event was sampled in detail
in the Gamarri section [Kidane et al., 1999] and the upper
termination of Olduvai (Olduvai/Matuyama transition) was
sampled both by us and by Acton et al. [2000]. Samples with
age uncertainties less than, say, 50 kyr (there are 8 in Table 2)
could be used as constraints in a future reassessment of the
GPTS. Of particular interest are samples which could allow
better constraints on the ages of the upper Olduvai/
Matuyama (72N, 72M, and 75AJ1), lower Olduvai/
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Figure 15. Characteristic directions from 13 superimposed flows, measured by Acton 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, and
GB30), and Mammoth (75CB1) subchrons.

6. A Positive Fold (Tilt) Test

[45] The mean paleomagnetic directions obtained for the
stratoid series in the various tectonic blocks are summarized
in Table 12. The declination and inclination differences
with respect to the direction predicted for stable Africa at
~?2 Ma are indicated. In order to check for the significance
of these directions, we have attempted various «fold tests»,
which are listed in Table 13 [McElhinny, 1964; McFadden,
1990]. We have first calculated separate overall means for
stratoid samples collected in Afar regardless of block or
tectonic rotation. The overall means are statistically similar
for reversed and normal samples and prior to and after
tectonic correction. The values for the 231 combined
normal and reversed sites (we use the same selection
criteria on number of samples and confidence intervals
for data gathered from previously published papers) are
D, =6.5°, I, = 15.3° (cws = 2.3°) and Dy = 6.7°, I = 13.5°
(o5 = 2.3°), respectively, before and after the correction,
i.e., they are identical. The fact that many sites are actually
flat lying and therefore entail no change upon «correction»,
and the fact that blocks with diverse tectonic rotations are

mixed would of course weaken any «fold test». The
maximum dip of lava flows seldom exceeds 15°. We have
attempted various selections (Table 13), and recalculated
the means when only those sites with significant dip are
included, or when only sites from nonrotated blocks are
included. We have also recalculated these various means
when all flows are considered separately or when assumed
cooling units are used. The maximum changes entailed are
on the order of 2° for I, and 0.8° for I.

[46] The rock magnetic characteristics of the stratoid
lavas, their young age, the brittle nature of the tectonics
which affect them, the weak level of recent hydrothermal
activity, dry climate and low alteration all argue in favor of a
primary magnetization. Yet, in all of the attempts listed in
Table 13, the 95% confidence intervals are almost
unchanged upon tilt correction and there are no indications
for a positive (or negative) fold test. It is of course dis-
appointing that such a large collection of sites/flows from a
single, locally tectonized, geological formation covering a
wide geographical surface does not allow a fold test. We note
that the Dobi block is unique among other nonrotated blocks
within the Afar depression in that it is pervaded with
significantly tilted (up to 20°) stretches of lava flows, all
trending in the same WNW direction. We therefore com-
pared the mean direction of flows from this block to the
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(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 from the Acton et al. [2000] section (see

Table 8).

mean direction from all other nonrotated blocks (lower part
of Table 13); all declinations are indeed close to 0. The
inclination for blocks other than Dobi is hardly changed
upon tilt correction, but for the Dobi block mean inclination
goes from 22.5° to 10.1° (for flows, Table 13; from 25.9° to
13.5° for cooling units, Table 7) upon tilt correction. Appli-
cation of the McFadden and McElhinny [1990] test to these
directions yields a negative result prior to tilt correction (test
parameter value y = 10.7° versus a critical value vy, = 7.3°)
and a positive one afterward (y =4.3°, y.=7.0°). At the 95%
confidence level, the directions are therefore compatible
only in stratigraphic coordinates. This is the first time we
have been able to demonstrate such a positive test, giving
added strength to the conclusion that the characteristic
magnetization in Afar stratoid lavas is indeed a primary
one. We can therefore confidently analyze the implications,
both geomagnetic and tectonic, of these directions, starting
with inclinations.

7. Inclination Anomalies and Quadrupolar Fields

[47] The mean inclinations for each block, together with
the differences between observed inclinations and those
predicted by a geocentric axial dipole (GAD, from BC02)
are listed in Table 12. We observe that 8 out of 10 values

are negative, but 8 are less than the 95% confidence
interval and hence may not be statistically significant.
The shallowing is almost significant in the Siyarrou block,
and is certainly significant in the Gamarri section [Kidane

Table 8. Mean Paleomagnetic Directions for Two Nearby ~2 Ma
Sections in the Isso-Deda’i Microblock (see Table 4)

Site N Ds IS K Qlgs
TDO14 6 179.8 —21.0 40.4 11.1
TDO16 6 10.5 12.7 64.2 8.4
TDO17 6 7.8 28.4 74.6 7.8
(TDO18) 6 21.1 254 75.8 7.7
(TDO19) 4 23.7 23.5 318.5 52
TDO18-19 10 222 24.6 114.5 4.5
ET022 6 191.3 3.0 194.5 4.8
ET023 4 181.9 242 164.0 7.2
(ET024)* 5 171.6 39.6 131.6 6.7
ET025 5 18.3 11.1 40.2 122
ET026-27 11 223 39.7 128.9 4.0
ET028 6 12.4 27.9 2104 4.6
ET029 5 359.6 1.7 92.0 8.0
ET030 5 0.4 20.5 135.8 6.6
ET031-33 18 13.7 22.1 72.9 4.1
ET034 4.7 17.8 353.8 3.6

I

Mean: D, = 9.4°, I, = 15.7°(aws = 9.4°, N = 13, K = 20.5)
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Figure 17. Detailed location of sites in Siyarrou block (see Figures 2 and 3¢) with a rough indication of

topography.

et al., 1999]. On the other hand, the anomaly is actually a
significant steepening in the Der’Ela/Gaggade block.

[48] The fact that Afar lavas tend to have shallow incli-
nation has been outlined in most previous studies [ Courtillot
et al., 1984; Gruszow, 1992; Manighetti, 1993; Kidane et al.,
1999; Audin, 1999; Acton et al., 2000]. When all 86 sites
from nonrotated blocks are included (Table 13), the inclina-

tion anomaly (with respect to the 2 Ma GAD from BC02) is
—4.9 £4.2°, and therefore appears to be significant. In order
to enlarge the database to all sites, avoiding declination
related effects, we have calculated an overall mean inclina-
tion anomaly based on «inclination only» data. Separate
normal and reversed means are virtually identical and can
therefore be combined. The overall mean for 229 flows

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

Site N D, I, Dy IN K Qs Age (Ma)
TA10 6 346.8 19.0 346.8 19.0 66.8 9.2 0.94 £ 0.09 (recent bas.)
TA1l 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.)
ET002 7 191.6 —10.6 191.6 —10.6 272.9 3.7 Recent basalts
Mean (Recent basalts): Dg = 357.5°, I = 12.2°(qws = 12.9°, N = 4, K, = 51.5)
124 8 186.4 -21.2 184.9 —26.1 314.0 32 Upper stratoid
126 8 183.5 1.4 183.5 1.4 280.0 34 Upper stratoid
130 8 179.2 13.7 179.2 13.7 174.0 43 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 23 21.3 2.3 21.3 141.1 3.1 Upper stratoid
(TA13) 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 33 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

Overall mean (Upper stratoid): Dy = 5.7°, I; = 6.8° (awss = 12.8°, N = 8, K = 19.8)
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Figure 18. (a) Stereographic projections of characteristic magnetization directions from sites of stratoid
series basalts in the Siyarrou block (see Figures 2 and 3¢) 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 Recent
Basalts North of the Immino Graben (see Table 4)

Site N D, I, D, I, K, Qs
ET52 8 3.9 261 3.9 261 1731 42
ET54-58 27 112 239 112 239 2370 18
ET59 6 3.2 19.8 3.2 198 7645 24
ET60 6 3587 245 3587 245 5213 29
M13 6 53 27.8 32 281 3649 3.9
Ml4 7 3591 166 3591 166 3577 3.3
MI15 8 6.3 31,0 4.9 344 7221 21
MI16 7 3596 256 3586 290 1029 6.6
M19 7 3557 189 3557 189 1960 4.4
M34 5 3539 186 3573 8.6 509  11.6
(M35-1) 4 325 213 319 261 364 164
(M35-2) 3 4.0 14.2 3.0 178 3441 6.7
(M35-3) 3 3428 336 3397 356 9999 24
M36 8 3561 233 3559 183 2674 34
(102-1) 4 3438 292 3438 292 1542 86
(102-2) 33402 292 3402 292 9999 1.2
102-1-2 7 3419 292 3419 292 3267 34
103-1 4 3453 198 3453 198 2132 73
103-2 4 3440 257 3440 257 6842 3.7
(104-1) 33525 159 3525 159 942 212
(104-2) 3 3547 137 3547 137 5333 838
104-1-2 6 3539 148 3539 148 2182 5.1
116 6 3515 259 3515 259 1369 64
c19 5 3510 175 3510 175 2260 5.0

Mean: D, = 356.4°, I, = 22.6%(cws = 4.3°, N = 17, K, = 70.5)

(Figure 21) is —4.6 + 1.8° (at the 95% confidence level),
which is now strongly significant, and the median is —3.7°.
The standard deviation is 14.3°, i.e., a typical record of
secular variation. As seen in Figure 21, the inclination
anomaly distribution is slightly skewed, with more observa-
tions in the +5°/—5° range, and less in the —10°/—30° range,
except for a secondary maximum at —25°. Some of these
values may come from oversampling in the helicopter
traverse of the Siyarrou and north Immino blocks by Man-
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ighetti [1993]. When these six values are removed, the mean
becomes —4.0 + 1.8°, and the median —3.1°.

[49] The above discussion leads us to believe that sam-
pling difficulties, tectonic problems, laboratory problems,
remagnetization, secular variation, or age distribution can-
not be responsible for these shallow inclinations. The
shallow inclinations are in the sense observed by Wilson
[1971] and compatible with his interpretation of a standing
axial quadrupolar component in the long-term mean geo-
magnetic field. Recent analyses [Quidelleur et al., 1994;
Johnson and Constable, 1995, 1997; Carlut and Courtillot,
1998] all lead to mean quadrupolar terms g,° on the order of
3—6% of the main axial dipole g;°. The inclination anomaly
observed in the Afar stratoid series would lead, if taken
alone and at face value, to a quadrupolar term of 6 + 2% at
the 95% confidence level. The Fisherian average would lead
to a value of 6 + 5%. Following the analysis by Carlut et al.
[2000] of sensitivity of global field model coefficients to a
single datum, we find that inclusion of our inclination value
hardly changes the value of g,° in a mean field model for
the last 5 Ma (a few per mil, clearly not significant). Larger
changes, on the order of 20% and 40% occur in degree 3
and 4 terms, respectively. These changes do not stand out
significantly above the noise level [Carlut 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,
which date from the 1970s, indeed indicated negative
inclination anomalies [Johnson and Constable, 1995; Car-
lut, 1998; Carlut and Courtillot, 1998], despite small
numbers of lava flows and often moderate experimental
quality. Such was the case for Guinea (—8°), Ghana (—7°),
Lybia (—13°), and Lebanon (—5°). This led in previous
degree 4 mean field models to a regional inclination
anomaly of about —3° [Carlut, 1998, p. 334]. Accounting
for the slightly larger Afar inclination anomaly which we

D¢=356.4°, 1;=22.6°
Oos=4.3°, N=17

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 lo uncertainties compared to the
geomagnetic polarity timescale of Cande and Kent [1995]. 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 global
quadrupole.

8. Declination Anomalies, Rotations, and Rift
Propagation

[s0] The declination differences listed in Table 12 can be
interpreted in terms of block rotations about vertical axes.
We note that the mean direction obtained from the 26 sites
scattered over the Ethiopian (Mile-Gewane) and Somalian
(Ali Sabieh) parts of the studied area to the south of the
main escarpment that limits the Afar depression is virtually

identical to the expected one. This mean overall direction is
representative of the “stable” part of the African plate. The
corresponding VGP for the period 1-3 Ma is located at X\ =
87.2°N, ¢ = 217.1°E (Ags = 4.0°). This direction can be
used as a new reference in place of the BC02 synthetic
prediction (A = 86.7°N, ¢ = 174.9°E; Ags = 2.9°) to
calculate the rotations between individual blocks and stable
Africa. These are given in the last column of Table 12. The
new data from Ethiopian Afar given in this paper, combined
with those of Acton et al. [2000], can be added to already
available ones from Djiboutian Afar [mainly Courtillot et
al., 1984; Manighetti, 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 Kent [1995]

Paleomagnetic Site Geochronologic Site Age, Ma Polarity (and Subchron) Age of Polarity
(Code Name) (Code Name) (This Paper) (This Paper)® 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
TAO03 72D1 1.94 + 0.07 R-Matuyama 0.780-2.58
TA04 72D2 2.08 £ 0.08 R-Matuyama 0.780-2.58
TA12 72L 0.85 £ 0.02 R-Matuyama 0.780-2.58
TA08 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
TA06 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 72V 1.57 £ 0.05 R-Matuyama 0.780-2.58
TA24 72W 1.03 £ 0.05 R-Matuyama 0.780-2.58
TDOO1 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

TAO05 72E 2.71 £ 0.09 N-Gauss 2.58-3.58

TA25 75CBl 3.27 £ 0.06 R-Mammoth 3.22-3.33

TA40 75CC 3.22 £ 0.05 R-Mammoth 3.22-3.33

TA11 72K 0.94 £ 0.04 R-Matuyama 0.780-2.58
TA09 721 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 blocks
located in Djiboutian Afar are listed in Table 12. Replace-
ment of the BCO2 reference direction by that obtained in
this paper barely changes the rotation angles (by 2.7°) and
increases the 95% uncertainties by 1 to 2°. However, it does
not change whether rotation estimates are significantly
different from zero or not. These rotations are displayed
for each block in Figure 2. As already known, the three
(first-order) eastern blocks of Der’Ela-Gaggade, Data-
Yager-Hanle, and Gamarri-Dakka have suffered significant

clockwise rotations between 12 and 18°, with 95% uncer-
tainties between 7 and 9°. These rotations are not signifi-
cantly different from each other.

[51] In contrast, the three western first-order blocks,
which form the NW extension of the eastern ones, i.e.,
Siyarrou/Isso-Deda’i, Dobi, and Unda-Gamarri, have not
suffered significant rotations: (angles between 0 and 9°;
95% uncertainties between 7 and 14°). This is consistent
with the tectonic interpretation of the NE trending Gamarri-
Alol 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 Dy(°) (6D) I,(°) (8) Rotation 1 (AD)  Shallowing (AI)  Rotation 2 (AD)
Results from this paper (Ethiopian or Central Afar)”
Mile-Gewane Ali Sabich 26 359.7°(5.9°) 16.4° (5.7°) —2.7+6.6° —0.7 £ 6.3° 0+5.9°
Unda-Gamarri 17 0.0°(7.5° 17.9° (7.2°) —2.4 £ 8.0° —0.1 £7.7° 0.3 £9.5°
Dobi 20 1.1° (7.6°) 13.5° (7.4°) —-13+7.8° —45+7.9° 1.4 +9.6°
Isso-Deda’i 13 9.4° (9.7°) 15.7° (9.4°) 6.9 +10.1° —-33+9.8° 9.7 +11.3°
Siyarrou 8 5.7°(12.9°)  6.8° (12.8%) 3.2 +13.2° —12.2 £13.1° 6.0 £ 14.2°
Gamarri Section 27 8.1° (4.0%) 10.1° (4.1°) 5.7+4.9° -7.9+5.0° 84 +7.1°
Results from earlier studies (Djiboutian or East Afar)®
Gamarri-Dakka 12 12.4°(7.8°) 16.2° (8.1°) 10.0 + 8.3° —1.8 +8.6° 12.7 £9.8°
Data Yager-Hanle 23 15.8°(5.1°) 16.7° (5.3°) 13.4 £5.9° —1.3£6.0° 16.1 = 7.8°
Der’Ela-Gaggade 13 17.8°(6.2°)  28.1°(7.19 15.4 +6.8° 10.1 + 7.6° 18.1 £ 8.6°
Region North of Balho 11 0.5°(10.8°) 19.8° (11.5%) —2.0+11.2° 0.8 +11.8° 0.8 +12.3°

For the different blocks discussed in the text, see Figure 2a. Rotation 1 (AD) and Shallowing (Al) are calculated as the differences between the mean
observed declination and inclination and those predicted at ~2 Ma by Besse and Courtillot [2002], i.e., D = 2.4° (6D = 2.9°), I = 18.0°(81 = 2.8°) at
11°30'N, 41°30'E; rotation 2 is referred to the Mile-Gewane/Ali Sabieh average taken as a new reference for stable Africa (see text).

®Same for earlier results from eastern Afar [Manighetti, 1993; Courtillot et al., 1984]. See also Table 1.
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Table 13. Mean Paleomagnetic Directions of Sites/Flows of the
Stratoid Series for Different Groupings (N is for Normal Sites, R
for Flipped Reversed Sites)*

N Dg Ig (OL‘)S)g Kg Ds Is (0495)5 Ks Ks/Kg
All Sites
N 74 95 166 41 174 94 145 41 172 099
R 157 50 146 27 184 54 130 27 184 1.00
N-+R 231 65 153 23 179 67 135 23 179 1.00
All Sites With Significant Dip
N 37 83 191 54 202 82 160 54 202 1.00
R 74 38 154 39 186 47 121 39 189 1.02
N+R 111 53 166 32 189 59 134 3.1 192 1.02
All Sites From Nonrotated Blocks
N 25 12 207 57 270 22 136 55 290 1.07
R 61 3588 152 40 215 00 128 40 231 1.07
N+R 86 3595 168 33 226 0.6 131 31 247 1.09
All Sites From Nonrotated Blocks Except Dobi
N 12 3585 186 105 181 0.6 175 9.6 214 1.18
R 51 3595 137 44 213 0.1 134 43 222 1.04
N+R 63 3593 146 40 207 02 142 39 222 1.07
All Sites From Dobi Block Only

N 13 36 225 6.0 487 3.6 101 6.1 475 0098
R 10 3553 223 94 277 3593 102 94 27.7 1.00
N+R 23 00 225 52 354 1.8 101 50 37.1 1.05

“n is number of sites/flows, D, I, cws, and K are declination, inclination,
95% confidence interval, and Fisher’s precision parameter, with subscript g
for geographic/in situ and s for stratigraphic/tectonically corrected values.

striking fault-bounded blocks suffer right-stepping and
break along numerous, small, more easterly striking normal
faults [Manighetti et al., 2001a].

[52] The stratoid formation, which floods the floor of the
Afar, forms a vast morphologic reference surface whose
topography has recorded all tectonic deformations which
affected it in the last 2—3 million years. Our new data are
in agreement with the “two phase” model of rift prop-
agation, overlap and bookshelf faulting recalled in the
introduction. After a period (~20—-5 Ma) when motion in
the Gulf of Aden was transferred to southern Afar through
the Shukra-el-Sheik transform fault and its onland exten-
sion as the Bia Anot fault (Figures 1 and 3a), the Gulf of
Aden rift propagated westward between 5 and 2 Ma to the
entrance of the present-day gulf of Tadjoura. There, it
established a new transform system to the south, extending
onland as the Hol Hol fault system (Figures 1 and 3a) and
branching in horse tail fashion to the west and then WNW.
In the same period, the Red Sea rift had extended to the
south, creating (an ancestor of) the Manda-Hararo rift. This
intersected the preexisting and only weakly active northern
termination of the East African rift, and that part of Africa
to the south of the large escarpment was left relatively
unaffected.

[53] Such was the situation about 4—3 Ma ago, when the
stratoid series began to be emplaced through a broad set of
NW-SE trending fissures and covered most of the previous
(Dahla) volcanic products, which now outcrop only at the
edges of the Afar depression. Whereas the Manda-Hararo
rift remained active in the same general configuration, the
gulf of Aden once again propagated westward between 2
and 1 Ma, creating the Asal-Ghoubbet rift about 0.9 Ma
ago. There was therefore an overlap between the Asal-
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Ghoubbet and Manda-Hararo rifts, bounded to the west by
what is approximately now the Gamarri-Alol zone and to
the east by the Hol Hol fault zone. This initial overlap
zone functioned between about 0.9 and 0.2 Ma, with its
fault-bounded elongate blocks rotating following a book-
shelf mechanism [Tapponnier et al., 1990; Manighetti et
al., 2001a]. About 200,000 years ago, the Gulf of Aden rift
once again propagated as a right step to the NW, generat-
ing the Mak’arrasou transfer zone, and the Manda-Inakir
rift. This more than doubled the size of the overlap
between the two main rift branches and initiated faulting
and bookshelf rotation of the north Immino, Siyarrou, Isso-
Dobi, and Unda-Gamarri blocks. The propagation and
plate kinematics allow rotation amplitudes to be predicted
[Manighetti, 1993; Manighetti et al., 2001a], leading to
estimates of 13 £ 1.5° for all blocks belonging to the first,
older overlap SE of Gamarri-Alol, and only 2 + 0.2° for
the blocks in the younger overlap to the NW of it. These
are all in agreement with observations (Table 12 and
Figure 2).

[54] The southernmost part of the Dobi graben, within the
Gamarri-Alol transfer zone, could have been expected to
have rotated by an amount similar to the Data-Yager block,
i.e., by some 10°. Yet, the declination anomaly is almost
zero (Table 12), contrary to neighboring blocks. Based on
seismic and structural evidence, Jacques [1995] proposed
that 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
small and elongated basaltic strips, oriented N110°E + 10°,
are involved in an overall sinistral shear, which must have
led to anticlockwise rotation. The small region could there-
fore have suffered a succession of a ~10° clockwise
rotation linked to the large, older Asal-Ghoubbet/Manda-
Hararo-Abhe overlap, canceled by a ~10° but counter-
clockwise rotation due to sinistral shear linked with the
right-stepping basins. This would imply that the SE Dobi
faults originally trended N120°E, which is actually perpen-
dicular to the regional extensional direction. The analysis of
Jacques [1995] is therefore in agreement with the paleo-
magnetic direction we observe.

[ss] The Siyarrou and Isso sites indicate clockwise rota-
tions (6 + 14° and 10 + 13°, respectively) which are not
significantly different from zero but are intermediate
between the larger rotations to the SE and the smaller,
negligible ones to the north and west. The SE terminations
of these blocks might have been entrained or have belonged
to the NW termination of the first generation rotating
overlap.

[s6] Overall, the propagation model predicts sizable rota-
tions only in areas where a significant overlap occurred and
was maintained long enough. The first-order blocks and two
subsequent geometries of the overlap zone between the Gulf
of Aden and Red Sea rift terminations are consistent with
the paleomagnetic results, and so is at second-order level,
the geometry and structural significance of the Gamarri-
Alol tear zone.

[57] Our data extend the coverage of Ethiopian Afar
published by Acton et al. [2000]: their data, together with
our new age determinations, are included in the above
analysis. Based on their own, and our earlier data, Acton et
al. [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 of Besse and Courtillot [2002] synthetic APWP for Africa. The best-fit
Gaussian distribution is shown as white bars, and the corresponding mean ji, uncertainty on the mean e,
and standard deviation o (all in degrees) and total number of sites are given.

discuss. Acton et al. [2000] refer rotations to the expected
geocentric axial dipole direction in Afar. This results in ~3
to 4° clockwise rotations for the blocks of central Afar
(i.e., NW of the Gamarri-Alol tear zone) and ~7 to 11° for
blocks in eastern Afar (i.e., Djiboutian Afar). Acton et al.
calculate an overall average for all of central Afar (3.6 +
4.4°) which is not significantly different from zero. The
value we obtain for all our “nonrotated” sites is 2.0 +
4.5°, and leads to the same conclusion. Acton et al.
propose two alternate scenarios. The first, preferred one,
has a lot in common with ours, based on the idea that
block rotations are linked and evolve together with rift
propagation [see Courtillot et al., 1984]. However, there
are some important, though possibly second-order differ-
ences, based on actual field and tectonic observations. For
instance they have the rotations beginning at 1.8 Ma, when
Manighetti et al. [2001a] show that it should be 0.9 Ma
when overlap began; their model implies rifting in the
Bada Wein flats which is not observed; they introduce two
large NE-SW trending faults to account for variations in
rotations, when these two faults are not found in the field;

finally, they invoke large opening in the central Afar fault
systems, which they call rifts, where we find a maximum
of some 15% horizontal strain. Acton et al.’s [2000]
second scenario assumes that the Asal-Manda-Inakir active
zone is already the established plate boundary between
Arabia and Africa, which would imply that the Manda-
Hararo zone should be inactive. Actually, both the south-
ern termination of the Red Sea propagator (Arabia versus
Nubia) and the western termination of the Aden propa-
gator (Arabia versus Somalia) are active. This scenario
would also imply that propagation velocity of the Aden rift
has increased from east (Asal and east of it) to west
(central Afar and Manda-Inakir), whereas this velocity
has been found rather constant at 10-20 cm/yr at all
scales [Manighetti et al., 2001a]. Altogether, the main
differences between Acton et al.’s [2000] model and ours,
which belong to the same family of plate kinematic
models, are due to the duration over which the blocks
are assumed to retain rigidity and a clear identity (a few
Ma versus a few hundred ka), and in our case to the
inclusion of numerous field data.



KIDANE ET AL.: NEW PALEOMAGNETIC AND GEOCHRONOLOGIC RESULTS

9. Conclusion

[s8] The model of rift propagation and overlap in the Afar
depression is based on observations concentrated in the
Republic of Djibouti and at sea, and makes prediction in
the larger, previously little explored, Ethiopian part of
central Afar. In this paper, we have reported a series of 24
new K-Ar age determinations and 98 new paleomagnetic site
(flow) mean directions, covering the northernmost part of
stable Africa, to the south of the Afar depression and on both
sides of the termination of the East African rift, and five
blocks within central Afar, previously identified by struc-
tural analysis. These new data, combined with previous
ones, allow to test models of rift propagation and deforma-
tion in the area.

[s9] The ages of sampled lava flows range from 3.3 to 0.6
Ma, with data being concentrated around ~2 Ma. Three
different subunits are recognized within what was previ-
ously mapped as the single stratoid series: we refer to them
as lower stratoid, upper stratoid and recent (or “Gulf™)
basalts. We mainly focus our discussion on data from the
upper stratoid formation at ~2 Ma. Extensive amounts of
new K-Ar data covering a wider area and a larger age range
are published by Lahitte et al. [2001]. Based on this larger
data set, the age distribution (between 3 and 0.5 Ma) is
found to be more continuous than previously suggested,
with evidence that the earliest stratoid activity propagated
from south to north at approximately 10 cm/yr within the
depression. This is consistent with the data and interpreta-
tions of Audin et al. (submitted manuscript, 2002), who
show that propagation of the Gulf of Aden into Afar implied
a first phase of deformation along the Shukra-el-Sheik (at
sea) and Bia Anot (on land) transform faults, connecting to
the ancestor of the Manda-Hararo rift system (Figure 1).

[60] We now have a database of 231 paleomagnetic mean
flow directions for the stratoid series alone. Magnetization
is bimodal and mostly carried by titanium-poor magnetites,
and a ChRM is rather easily extracted from most samples;
AF treatment is generally the most efficient to determine
this ChRM. Among several tilt tests performed on subsets
of this large database, one provided a clearly positive result,
when directions from all nonrotated, dominantly flat-lying
flows were compared to those in the tectonically active and
tilted Dobi block. This and other lines of evidence point to
the primary nature of magnetization. Analysis of the mag-
netic polarity of dated samples yields 36 new results, most
of which are in agreement with the GPTS of Cande and
Kent [1995]. Eight samples have age uncertainties less than
50 kyr and can be used as constraints in future reassess-
ments of transition times, particularly the upper Olduvai/
Matuyama and lower Olduvai/Matuyama reversals, and the
Reunion and Mammoth subchrons.

[61] Comparison of observed directions with those pre-
dicted by Besse and Courtillot [2002] for stable Africa
confirms that Afar inclinations are generally on the low
side. An analysis of inclinations from 231 flows of the ~2
Ma stratoid series yields a significant shallowing of —4.6 +
1.8°, consistent with generally accepted values for a global
axial quadrupole (g,°/g,° = 6 + 2%). Inclusion of this new
datum in the 0—5 Ma database and subsequent inversion
does not change mean field coefficients in a significant
manner.
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[62] Results from the Mile-Gewane and Ali Sabieh blocks
yield a new reference pole for stable Africa at 2.0 (£1) Ma.
The pole lies at X = 87.2°N, ¢ = 217.1°E (N = 26 sites, Ags
= 4.0°). Rotations of blocks located to the east and north of
the Gamarri Alol tear zone are (rounded to the nearest
degree and computed with respect to the local, Mile-
Gewane/Ali Sabieh, estimate of a stable African reference
direction) 0 +£9°, 1 £10°, 10 £ 11°, 6 = 14°, and 1 + 12°,
respectively, for the Unda-Gamarri, Dobi, Isso-Deda’i,
Siyarrou, and north Balho microblocks. This compares with
13+10° 16 £8° 18 £ 9° and 8 + 7°, respectively, for the
Gamarri-Dakka, Data-Yager-Hanle, and Der’Ela-Gaggade
blocks and the Gamarri cliff section. Taken altogether, the
declination difference for the nonrotated blocks is 2° (+4°),
whereas it is 13° (24°) in the rotated ones. These values are
in excellent agreement with those predicted by the rift
propagation/overlap model of Manighetti et al. [2001a],
which are 2° (£0.2°) and 13° (£1.5°), respectively.

[63] The bookshelf faulting model is consistent with the
bulk of new data reported in this paper. The spatial amplitude
of overlap and duration when a given overlap configuration
holds are the parameters which control the total rotation of
any single block, given the boundary conditions of plate
velocity. Therefore, the same physical process seems to have
been at play in central Afar for the last 4 Myr.
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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 data [Lahitte et al., 2003]; stars: K-Ar determinations
[Barberi et al., 1975]; GATZ: Gamarri Alol tear zone.
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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 group [Courtillot et al., 1984; Manighetti, 1993; Manighetti et

al., 2001a; this paper]: yellow squares are sites with a joint age determination and red squares are without
one.
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