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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



KIDANE ET AL.: NEW PALEOMAGNETIC AND GEOCHRONOLOGIC RESULTS

Formation

- Recent rhyolite

I:I Upper stratoid
(covered by soil)

- Upper stratoid

I:I Recent sediments

- Recent basalt

- Gulf basalt
5\ Faults

*,ﬁ (R0, @o@?
0.062+0506]

ﬂm“m}a@oz

ol

0,03:20,02 ¥
0,0820,01

12°00°

1394+ 0207
2.08:04087

11°30°

*
40+ 0830)

3,0

Bo27/20,06

EPM

Lower stratoid
(covered by soil)

- Lower stratoid

- Mabla rhyolite

&4)1 71.

{1295£0. 10

-850 ﬁ]@ =
220205068

2407 %

o present work
¢ Barberi et al. (1974)
m Labhitte et al. (2001b)

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].
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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.



EPM 9-10 KIDANE ET AL.: NEW PALEOMAGNETIC AND GEOCHRONOLOGIC RESULTS
M/Mmax .
‘» e
| \. \ ‘\\
- \ Y \ ~.
11 Y T@1a2501a
|
| °
& @1a3001
T ‘ H"‘-‘:.‘:_—_:. t231 052
ta3603a
* @ ~TA1003B
0.0 i S— LA 1
0 100 AF (mT)
A4805A
] . | AdB04A
\A4803A |\ e '.
b 0.5 \, e
. = : . .. I|
: M .‘ \. \
° ~ oo |
. " A4907A Ve |
. ™ VL \®gasiora
: L N P
e ':o
L ) >
0.0 ' . . : g ¢ 9O
0 100 200 300 400 500 600 T (°C)

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 