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Normal Faulting during the August 1989 Earthquakes in Central

Afar: Sequential Triggering and Propagation of Rupture
along the DObi Graben

by E. Jacques,” T. Kidane, P. Tapponnier,’ I. Manighetti, Y. Gaudemer,
B. Meyer,” J. C. Ruegg, L. Audin, and R. Armijo

Abstract In August 1989, an earthquake sequence including ten events with 6.3 >
M > 5.5 in the first two days produced widespread ground deformation in the Dobi
graben of central Afar. Numerous surface breaks with complex geometry, including
fresh scarplets with vertical throws up to 30 cm high and open fissures up to 30 cm
wide, were observed. Coseismic slip incremented the deformation (normal faulting,
block tilting, and counterclockwise rotation of basaltic slices) accumulated in the last
2 m.y. in the transfer zone between the D6bi and Hanle grabens. By combining maps
of surface ruptures, relative event relocations with the local Djibouti network,
published focal mechanisms, and source sizes, we tentatively relate most of the main-
shocks of the sequence to slip on individual faults. The largest shocks at 11h16 on 20
August 1989 (Mg 6.2) and at 1h09 on 21 August 1989 (Mg 6.3) ruptured southern
segments of the southwestern bounding fault of the graben. A dozen other faults also
slipped along the edges of, and inside, the graben. On average, triggered seismic fault-
ing propagated about 35 km northwestward along the graben in about 20 hr. Slip on
the main faults was coupled with slip on secondary antithetic faults branching from
them at depth. Although the D&bi earthquakes ruptured part of the fault array between
the Asal rift (1978 sequence) and the Serdo region (1969 sequence), an approximately
50-km-long gap subsists along the Der’€la half-graben. We infer the patterns of sur-
face faulting in the DSbi sequence, which coinvolved bookshelf-faulting about both
horizontal and vertical axes, to typify the complexity of coseismic stress release in
central Afar and in other active zones of distributed extension (e.g., Iceland, Abruzzi,
Basin and Range).

Online Material: Additional photos and descriptions of surface effects of the Dobi
earthquake sequence.

Introduction

On 20 August 1989, a seismic sequence started within
central Afar with a strong earthquake (11h16 UTC, Mg 6.2),
followed in the next 50 hr by 17 events with 5.0 < M < 6.3.
This was the largest earthquake sequence in the Afar triangle
since the March—April 1969 Serdo sequence, which also
included several events with comparable magnitudes
(McKenzie et al., 1970; Gouin, 1979; Kebede et al., 1989),
and prior to the Manda Hararo/Dabahu rifting episode in
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northern Ethiopia (about 20 events with 5.0 > M > 5.4 in
12 days; Wright et al., 2006; Ayele et al., 2007; Rowland
et al., 2007; Ebinger et al., 2008; Grandin et al., 2009; Ayele
et al., 2009). Sequences of large earthquakes clustered in a
few days appear to typify the tectonic stress release in much
of Afar and may be common also in other regions of distrib-
uted extension. It is thus important to understand the pro-
cesses that lead to this peculiar mode of elastic-strain release.

On aregional scale, a bookshelf tectonic model accounts
for brittle deformation distributed on northwest-southest
striking normal faults between two overlapping, active vol-
canic rifts (Manda Inakir-Asal and Manda Hararo Goba’ad
rifts, abbreviated MI-A and MHG; Fig. 1; Tapponnier et al.,
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Figure 1.

(a) Tectonic model of Afar depression with propagating rifts (redrawn from Manighetti et al., 2001). Inset is location of

Figure 1 along Gulf of Aden—Red Sea rift. Boxes show frame of Figure 1b. (b) Tectonic setting of Dobi graben within Central Afar book-
shelf-faulting zone. Quaternary faults redrawn from Varet and Gasse (1978), Consiglio Nazionale delle Ricerche and Centre National de la
Recherche Scientifique (1975), and Manighetti (1993). Box shows frame of Figure 3a.

1990; note also the microplate model of Acton et al., 1991).
Strain transfer between the two rifts zones, which accommo-
date most of the divergent motion between the Arabian and
African plates, induces right-lateral shear, causing clockwise

rotations of the northwest-southeast trending crustal blocks
in between. The normal faults bounding these crustal blocks
are thus presently activated with a significant component of
left-lateral motion. This model is in keeping with both field
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observations (Manighetti, 1993 and Manighetti et al., 2001),
earthquake mechanisms solutions (McKenzie ef al., 1970;
Kebede et al., 1989; Lépine and Hirn, 1992), and measured
clockwise paleomagnetic block rotations (14° £ 7°; Courtil-
lot et al., 1984) within the overlap. An improved bookshelf
model (Sigmundsson, 1992), taking into account residual
extension between the two rift zones (10% to 20% of the
total according to Manighetti [1993] and Manighetti er al.
[2001]), is corroborated by predominant normal faulting dur-
ing the 1989 events (Braunmiller and Nabelek, 1990; Dzie-
wonski et al., 1990). Fault kinematics and paleomagnetic
studies (Manighetti, 1993; Manighetti et al., 1998; Manigh-
etti et al., 2001) imply that the overlap zone has grown in the
last 200 k.y. by propagation of the Aden ridge from the Asal
to the Manda Inakir rift, adding to the initial overlap a region
affected by smaller clockwise rotation (Manighetti, 1993;
Manighetti et al., 2001). The two parts of the overlap are
separated from each other by the Gamarri-Alol tear or seg-
mentation zone, the former northwestern edge of the initial
overlap and possible northernmost extension of the East
African rift (Fig. 1).

The Dobi earthquake sequence occurred mainly along
the Dobi graben and partly in the Gamarri-Alol segmentation
zone (Fig. 1; Jacques, 1995; Jacques ef al., 1999). In this
paper, we document the geometry and kinematics of surface
ruptures observed and/or measured in the field during several
field trips. The main goal was to understand how seismic
motions during the D&bi sequence triggered one another
and incremented the longer-term deformation (2 m.y. time-
scale). For this, we combined different data sets: an analysis
of surface ruptures, coupled with a specific 3D tectonic
study of the Ddbi graben, the epicentral relocations obtained
using the Djibouti seismological network (Jacques, 1995;
Jacques et al., 1999), and the focal mechanisms of the
my, > 5 events (Braunmiller and Nabelek, 1990; Dziewonski
et al., 1990).

NW

Flooded Kadda Dobj
Graben floor

Figure 2.

flank. View of tilted basaltic slices at southeastern end of D1b.

Overall Geometry of Regional Quaternary Faulting

The Kadda Dobi graben (Fig. 2; hereafter referred to as
the Dobi graben) is located in the central Afar depression,
northeast of the southern termination of the Manda Hararo
rift (Fig. 1). It is the right-stepping northwestern continuation
of the Hanle and counda D6bi half-grabens. Laterally, it is
connected to the Immino graben through the Gumma graben.
It forms a wedge-shaped trough that widens southeastward
into the Gamarri-Alol zone (Figs. 1 and 3a) and is partly
filled with lacustrine Holocene sediments, which are locally
faulted (Rognon and Gasse, 1972).

The combined analysis of topographic maps, aerial
photographs, and satellite images provides insight into the
3D structure of this graben (Fig. 3b,c). It is bounded by three
main normal faults: DI and D2 dipping northeast to the
southwest and D3 dipping southwest to the northeast. The
cumulative vertical throws of the main antithetic fault systems
decrease southeastward. Consequently, where DI and D3
reach the Gamarri-Alol zone, they become hardly distin-
guishable from the numerous, smaller normal faults that
characterize this zone. The southwest-dipping normal fault
D4 cuts the graben floor in its central part, merging with D3
near its southeastern end. As the northwestern stretch of D1
(D1b) enters the Gamarri-Alol zone, its ~N130°E-striking
trace veers 50° in a more northerly direction. The sections
of DI west and east of its pronounced kink are dubbed
Dla and D1b, respectively. While D1b consists of one fault
segment, Dla splits into several segments. A southwest-
dipping fault (D5) runs parallel to D1 to the southeast, bound-
ing to the north the counda D&bi half-graben termination
(Fig. 3). To the southeast, D3 gives place to other southwest-
dipping faults (K/b and K/a) and to a northeast-dipping fault
(K2), which together bound the Kambourta graben (Fig. 3).

Northwest of the DI kink, the number of faults
decreases, whereas their apparent vertical throws increase
(northwest of profile 5, Fig. 3a,b). The whole Dbbi graben
exhibits an asymmetric structure with greater throw on DI to

SE

Southeast-looking view of southeastern part of Dobi graben (April 1994) from road descending along southwestern graben
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Figure 3. (a) Seismotectonic map of Dobi graben region where August 1989 earthquake sequence occurred. Sites identified by letters a—e
are where surface ruptures were observed, dashed lines are topographic profiles (P1-P10) shown in Figure 3b. Small box e indicates Galafi—
Kadda Hawli region. Symbol “?” refers to ambiguous surface rupture. (b) N30°E-striking topographic profiles 1-10 across Ddbi graben. A:
no vertical exaggeration, B: with vertical exaggeration of 8. Profiles 1 to 6 were digitized from Abhe and Gamarri maps from the Institut
Géographique National (1953) (contour interval 25 m, scale 1/100,000). Profiles 7 to 10 were digitized from the maps of Urikomam-Terara
and Serdo-French Territory of Afar and Issas (Ethiopian Mapping Agency, 1979; contour interval 100 m, scale 1:250,000). Profiles 4 to 6
were complemented in their most northeastern part with EMA maps. Central part of profile 7 was derived from the Gamarri map. Though
profile subsets have variable accuracy, they show overall structure of Dobi (Kadda Dobi) and adjacent grabens, as the eounda Dobi half-
graben, Gumma graben, and Kambourta graben, identified by letters KD, €D, G, and K, respectively. (c) Schematic 3D bloc-diagram of Dobi

graben region deriving from Figure 3a,b.

(Continued)
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the southeast (reaching up to 750 m west of its kink) and
on the antithetic D3 fault to the northwest (~570 m). The
change in maximum throw distribution as a function of fault
dip occurs in the central part of the graben, between profiles
7 and 8 (Fig. 3b,c). The stepping geometry of the Dobi gra-
ben border suggests that they move with a slight component
of left-lateral strike-slip. See, for instance, the right-stepping
arrangement of en échelon faults D/ and D2 and the rhomb-
shaped, pull-apart-type connection between D3 and D4
(dipping southwest) and D3 and D2, through D4.

The counda Gamarri plateau is tilted northeastward by
0.2°-0.7°, southwest of the Dobi graben (topographic
profiles 5 to 8, Fig. 3b,c). The Isso block, by contrast, is tilted
southwestward by 0.5° (profiles 9 to 10). Such tilts are
antithetic to those expected from faulting along the graben.
The mean level of the Kalo (or Aussa) plain is ~230 m high-
er than that of the D6bi graben floor (profiles 4 to 8 and 10,
Fig. 3b,c). This is due to sediment deposition by the Awash
River, while the internally drained Dobi trough is starved
from such infilling. The floor of the even more isolated
Immino graben lies ~50 m lower than the Dobi graben. The
floor of the Gumma graben, on the other hand, is perched
~300 m higher than Immino and Débi (profiles 8 to 10),
which can only be caused by less tectonic subsidence.

Most of the seismic surface breaks found were located
in the Galafi—-Kadda Hawli region of the southeastern Dobi
graben (20 x 15 km?, small box in Fig. 3a). This area, on the

I: Plio-Quaternary
Sediment

% Lac Gamarri ( €Eouddoummi bad)

// Normal fault

Cumulated
fault scarp

Continued.

hanging wall of the southern termination of D1, west of its
kink, is affected by three kinds of Quaternary faults, which
control the brittle deformation.

Hierarchically, there are two main first-order faults, D/
and D5. Dla is a left-lateral array of four distinct, right-
stepping segments, 2-4.5 km long (Figs. 3 and 4). Their
surface dips average 70°, and their minimum cumulative
throws vary between 150 and 750 m. Where the surface trace
of D1 is interrupted, for a distance of about 1 km, ~3 km
south of the kink, there is continuity between the eounda
Gamarri plateau footwall and some of the hanging-wall tilted
blocks (between profiles 5 and 6, Fig. 4c). South of the kink,
the mean strike of Dla rotates counterclockwise from
N175°E to N125°E. D5 exhibits a linear trace, 45 km long,
whose strike veers slightly westward from NI130°E to
NI15°E. Its minimum vertical throw decreases from
~600 m, 20 km southeast of the Djibouti—Ethiopia border,
to only a few tens of meters where it faces Dla (profiles
1 to 4, Fig. 4a-b). The westernmost, ~N115°E striking,
10-km long section of D5 is therefore barely distinguishable
from the smaller, mostly south—southwest dipping faults of
the area, which are dubbed second-order faults.

These second-order faults, mostly antithetic to Dla,
govern the structure and morphology of the southwestern
border of the graben, west of Galafi. They strike N100°E
to N110°E, north of Galafi, and between N110°E and
N120°E to the south (Fig. 4b). They are 5-9 km long, with
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(a) Spot image mosaic of Galafi—-Kadda Hawli region. (b) Tectonic and geological interpretation of Figure 4a; locations of

topographic profiles are indicated; Djiboutian—Ethiopian border is a dotted line. (c) Tectonic and geological interpretation of profile sections

in Figure 4b. Stars indicate faults with observed seismic rupture.

south—southeast-facing escarpments and vertical throws ran-
ging between ~20 m and ~150 m. They cut piles of northeast-
dipping basaltic flows (stratoid series, locally 2 4+ 0.2 m.y.
old; Courtillot et al., 1984; Kidane et al., 2003) into regular
slices 0.5-1.5 km wide, most of them tilted northeastward by
15° & 5° (Fig. 4c). They join Dlain a fault termination pattern
dubbed rudder tail (Jacques, 1995), with D1b being the rudder

(Continued)

handle (Fig. 5a). This surface pattern reflects the 3D deepen-
ing of antithetic fault-plane intersections with DI, but is
similar to a 2D left-lateral horse-tail termination (e.g., Granier,
1985; Manighetti, 1993). It implies a left-lateral slip-
component on the NI25°E and NI165°E £ 5° striking
segments of DI/b and Dla. Westward, the second-order
faults veer clockwise by 20°-40° before meeting with D/a.
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This strike change is accompanied by the development of
N150°E =+ 20° striking, third-order faults (Figs. 4b and 5a).

These 0.3-1.5 km long third-order faults cut the tilted
basaltic slices bounded by the second-order faults and some-
times crosscut the latter. The third-order faults generally have
the smallest vertical throws. Some are just open fissures
(Fig. 4b). They strike between N170°E and N140°E near
Dla and between N135°E and N115°E farther east. Where
they connect with the second-order faults, they generally do
so through slight counterclockwise bends and with dextral
horsetail terminations. Locally, some third-order faults also
tend to form dextral en échelon arrays parallel to the second-
order faults (Figs. 4b and 5a). Such patterns are consistent
with a right-lateral component of movement along the
second-order faults. At the same time, the northerly striking
third-order faults tend to form sinistral en échelon arrays
along and near the trace of DIla. Overall, such small,
conjugate-lateral slip components imply that the minimum
horizontal principal stress o3 in the Galafi-Kadda Hawli area
is oriented about N30°E (Fig. 5a). The stress o3 possibly
strikes more easterly close to DI, and, given the strike
change of the third-order faults, more northerly farther east
or north (Fig. 5a).

In any case, the long-term deformation analysis requires
oblique normal, right-lateral slip on the N110°E-striking

Continued.

second-order faults. The absence of systematic crosscutting
relationships between the different fault sets imply that they
are all coevally active, even though the third-order, more
northerly striking faults with the smallest throws appear to
be the youngest. They probably accommodate diffuse, minor
deformation within the ~N110°E-trending basaltic slices and
help facilitate the displacement of these slices relative to their
neighbors.

The sections in Figure 4c depict the structural relation-
ship between the different fault sets. Although the vertical
throw of DI decreases from 750 m (profile 6) to 100 m
(profile 2), the elevation difference between the counda
Gamarri plateau (800900 m) and the Dobi graben floor
(100-150 m) remains nearly constant. On section 6, the steep
relief results mainly from throw on DI. In sections 2-5 by
contrast, there is a more gradual transition due to slip distri-
bution on the numerous second-order faults. The altitudes of
the tilted blocks decrease regularly northeastward, while
their widths tend to increase. There are several perched,
isolated sedimentary basins between the blocks (Fig. 4c).
The cross sections imply that the second-order faults join at
depth with the main D/ fault plane, whose dip must then
decrease with depth, a listric geometry, but without rollover
hanging-wall back tilt. Figure 4c in fact shows that where the
eounda Gamarri plateau divides into many smaller blocks,
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(a) Hierarchy of deformation mechanism in Galafi-Kadda Hawli region. (b) Stress changes induced by left-lateral strike-slip

faulting (from Xiaohan, 1983). Fault, bold line, is modeled as weak zone in elastic medium under northeast striking, regional maximum
horizontal stress (02) compatible with motion. Dotted lines are trajectories of 02, continuous lines of minimum horizontal stress (03). Small
box shows a zone whose location relative to modeled fault is similar to that of Galafi-Kadda Hawli region relative to D/. Note that in this box,
clockwise rotation of local o3 (small thick continuous lines) relative to regional, southeast striking ¢3. (c) Two kinematic models accounting
for deformation of Galafi—-Kadda Hawli region (small box), (upper part of ¢) due to bookshelf faulting related to counterclockwise rotation
resulting from kinematic transfer between right-stepping Hanle-counda D6bi and Kadda Dobi grabens, (lower part of ¢) due to left-stepping
diffuse transfer of left-lateral strike-slip-component from Gaggade-Der’éla fault zone (GDFZ) to Dobi fault D1.

DI terminates southward into a large flexure with block
rotations about horizontal axes nearly orthogonal to the
N30°E direction (vertical bookshelf faulting).

The D6bi Earthquakes and Related Seismic
Surface Breaks

Tectonic and Surface Effects of the Earthquakes

The 1989 Dobi earthquake sequence was strongly felt in
a large region straddling the Ethiopia—Djibouti border (see
descriptions in Appendix A).

During the sequence, the Dobi graben floor was flooded
(a thin layer of water is mentioned by people living in the
Dobi region). Other examples of widespread water outflow
after normal-fault earthquakes are well known (e.g., Hebgen
Lake, 1959; Borah Peak, 1983; Muir-Wood and King, 1993).

Hence, right after the events, it was probably difficult to see
evidence for surface rupture within the central floor of the
graben, which is also filled with unconsolidated lacustrine
sediments.

Where it crosses the Dobi graben, the Addis Ababa—
Assab national highway was interrupted by numerous rock
slides (reports from the Addis Ababa Observatory). In the
central part of the graben, the road to the Galafi, Djibouti,
checkpost was heavily damaged by the opening of fissures
(“?” in Fig. 3a), ~7 km south-southeast of its junction with
this highway and ~250 m south of a tilted, south-southeast
trending block.

On several field trips (two of them 4 and 5 yr after the
sequence), we were able to document and map geological sur-
face ruptures resulting unambiguously from the earthquakes
in five different areas identified by letters a to e in Figure 3a.
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In August 1989, during a helicopter trip northwest of the
Ethiopian border, a >2 km-long zone of N115°E-N130°E-
striking fissures 20-50 cm wide and 50-60 cm deep,
some with vertical throws ranging between 5 and 30 cm, was
observed in the middle of the Kambourta graben floor (d in
Figs. 3a and 6). They formed a left-lateral en échelon array
trending ~N130°E on average, nearly parallel to the graben
bounding faults.

In October 1989, two months after the sequence, the
only surface ruptures we could reach in the field were on
the Djiboutian side of the border, near Galafi (southeast part
of the Galafi—-Kadda Hawli region, Figs. 4 and 7a). These
ruptures included scarplets along the base of the D5 fault
scarp, N110°E-N130°E-striking, open fissures forming en
échelon arrays, and scarplets in sediments (Fig. 7b), as in
the eadbado half-graben (Fig. 4b), 4 km east of Galafi, often
at the base of meters-high cumulative fault scarps (Manigh-
etti, 1993; Jacques, 1995).

In February 1993, we discovered other well-preserved
ruptures in one of the numerous small half-grabens (Kadda
Hawli half-graben, Figs. 4b and 8) of this same area, 9 km

KAMBOURTA GRABEN FLOOR

Figure 6.  Northwest-looking view, from helicopter, of surface
breaks in middle of Kambourta graben floor (d in Fig. 3a).
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east of the D/ kink. The Galafi—-Kadda Hawli ruptures are
remarkable enough to justify a separate, detailed description
(see Appendix B). We also found open fissures on one foot-
wall top, parallel to the cumulative scarp of a second-order
fault near the Ethiopian border checkpost (~2 km north of
Galafi). During the same trip, we found evidence of poorly
preserved surface breaks on the western shoulder of the Dobi
graben not far from Diciotto, about 5 km northwestward
from the western end of D/ (a in Fig. 3a). These breaks
consisted of ~N 120°E trending fissures with blunt edges
across alluvium and light-colored exhumation traces caused
by stone displacements at the base of a small, south-facing,
~N135°E-trending fault scarp. Both could be followed dis-
continuously for ~1 km. We also observed several 1-2 m
wide mud volcanoes in the same area.

That same year, we were finally able to reach the part of
the road between Galafi and the Addis-Assab highway that
was fissured most strongly in 1989 (“?” in Fig. 3a). There,
we indeed observed fissures meters to tens-of-meters long in
an 80 m-long zone, striking ~N160°E, nearly parallel to the
road and to the local trend of third-order faults. The fissures
opening ranged between 5 and 10 cm. At the southeastern
end of the zone, they were localized between the embank-
ment and the asphalt and formed a left-lateral en échelon
array. The longest fissures, which stopped road traffic at
the time, reached widths of several tens of centimeters
shortly after the earthquakes and were filled with stones.
Because the road stands above the graben floor, it remains
unclear whether all the fissures were caused by seismic fault-
ing or by shaking and compaction of the embankment.
Nevertheless the stone-filled ones were likely too large to
reflect only lateral spreading of the road, and it must be
emphasized that not all the uplifted road tracts were fissured.

In 1993-1994, about 2 km northwest of the tip of the
wedge formed by D3 and G/, we found evidence of clear
reactivation of the D3 cumulative scarp (¢ in Fig. 3a). At
the base of the 4-7 m high D3 free face (Fig. 9), a light-
colored scarplet 2 km long, ~40 cm high (Fig. 10) marked
the top of the scree wedge. The smooth 1-2 m high, lowest
and steepest part of that free face, which dips 70°~75° south-
west, exposes crushed bedrock cut by small subvertical
fissures. It bears slickensides with a pitch averaging 80°
SE (Fig. 10b), consistent with a predominant component of
normal slip and a small component of left-lateral strike-slip.
The ~40 cm high, light-colored scarplet (due to the exhuma-
tion of underground calcareous crust that weathers to gray-
brown with time) is typical of recent seismic faulting, as is
well documented in Afar and elsewhere (e.g., Abdallah et al.,
1979; Tapponnier et al., 1990; Manighetti, 1993; and Man-
ighetti et al., 2001; Daeron et al., 2005; fault ribbons in the
Abruzzi; e.g., Piccardi et al., 1999).

In April 1994, several hundred meters southeast of the
highway on the Dobi graben floor and along the base of the
kink of the D4 cumulative scarp (b in Fig. 3a), open fissures
were still partly flooded. These N70°-75°E-trending fissures
were 5-10 m long and several tens-of-centimeters wide
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(D4 strikes ~N9O°E locally). The fissure closest to the road
was reported by the inhabitants to have been associated with
a hot spring shortly after the earthquakes. Finally, we
mapped surprisingly fresh surface breaks in the Makeanni
half-graben 2 km northwest of Kadda Hawli () see the
electronic supplement to this paper).

The number of distinct observation sites suggests
that many of the second-order faults ruptured during the
sequence. Some third-order faults were also activated, with
well-preserved surface breaks in the counda Hawli half-
graben, in the western part of the Makeanni half-graben
(Fig. 4b, (®) see the electronic supplement to this paper),
and in the sadbado depression.

Kinematics and Origin of the Surface Breaks
at Kadda Hawli

Based on the precise measurements and observations
reported in Appendix B, we discuss here in detail the
mechanics of faulting at Kadda Hawli because they illustrate
well the interaction between multiple coeval fissures in base-
ment and sediments. The fact that most surface breaks
formed at some distance from the cumulative scarps suggests
a systematic, unusual link between surface rupture and seis-
mic faulting at depth. The relationship between topography,
block tilting, faulting, and 1989 seismic slip may be assessed
from an ~1 km long N15°E-striking, topographic profile
(Fig. 11a) leveled across the Kadda Hawli half-graben,
perpendicular to F/ (Fig. 8) and passing through area 3
(Fig. 8, box 3), where the density of measurements is greatest
(Appendix B). The profile shows the flat-top surface of block

Figure 7.

1003

C tilted 16 % 1° northeastward, the horizontal flat floor of
the half-graben, a result of Holocene infilling by a wedge
of lake beds (shaded gray, Fig. 11a), the steep, 39° & 1° SW-
dipping free face of F1 and the tip of block A, which is tilted
northeastward by less than 7°.

The fissures in area 3 lie ~60 m south of F/ and ~350 m
north of block C (Fig. 8). The opening of such fissures must
result from seismic slip on F1. At depth, below the tilted,
lakebed/basalt interface, seismic slip occurred on the F/ fault
plane. We infer that the interface between the basaltic base-
ment and the weak Holocene lacustrine beds caused slip
refraction (Fig. 11b), so that fissures propagated near-
vertically to the surface from the intersection between F1
and the basement-sediment interface. This accounts for the
lack of a fresh rupture along the base of the FI cumulative
scarp north of area 3. A comparable slip partitioning mech-
anism operates in Tibet along normal faults with a component
of strike-slip (e.g., Armijo et al., 1986) and was recently
observed during the 2001 Kokoxili earthquake (Van der
Woerd et al.,, 2002; King et al., 2005; Klinger et al.,
2005). It may have occurred along the west side of the
Fucino basin on occasion of the 1915 Avezzano earthquake
(Voragine, the 1915 fault scarp created by the 1915 Avezzano
earthquake; e.g., Ward and Valensis, 1989; Michetti et al.,
1996; Galadini et al. 1999; Piccardi, 1999).

This interpretation is consistent with a maximum lacus-
trine limestone thickness of ~100 m and with a dip of 52° &
1°SW for F1. If the refracted fissure were not vertical, it
could not have dipped less than ~65°, because the dip of F/
cannot be less than its maximum scarp dip (39° % 1°,
Fig. 11a). On the other hand, the present dip of FI cannot

e aakaadl
seismic surface breaks

(a) Location and geometry of surface ruptures mapped near Galafi, Djibouti (extract of IGN aerial photo). (b) 1: North-looking

view of one eastern Galafi rupture stretch. 2: Map of eastern Galafi ruptures leveled with total-station (point spacing varied from 1 to 5 m). 3:
kinematic interpretation: normal fault segments form en échelon array with mean N135°E trend, implying a left-lateral component of motion
on N135°E-striking fault segments. (c) Geometry of western Galafi ruptures. 7a, b, and ¢ are redrawn from Manighetti (1993).(Continued)
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be much greater than 60°, because this would result in un-
stable overhanging (> 10°) of the lake beds. Rotating blocks
A and C back to remove the present tilt of block C (16° & 1°)
suggests that F/ may have dipped initially 65-70° SW.

Fissures in area 5 lie ~60 m in front of FI and ~170 m
from where block C dips under the lake beds (Fig. 8). We
infer that F1I slipped, with the slip refraction right above
the volcanic basement-sediment interface. If one adds to the
cracks in areas 3 and 5 and the light-colored scarplets along
the top of the colluvial wedge between areas 4 and 6, it seems
that F/ must have slipped over a total length of at least
1.6 km during the 1989 sequence, with or without slip-
refraction depending on basin depth.

The fissures in areas 1 and 8 are more difficult to
explain. In area 1, they lie less than 300 m from the onlap-
ping lake beds upon block C and ~180 or ~300 m away from
the base of FI and F2, respectively. When extrapolated

Continued.

downward, the flat tilted surface of block C suggests that
~100 m of sediment overlie the volcanic basement below
area 1. A slip mechanism such as depicted in Figure 11
would imply dip values of ~30°SW and 20°SW for F/
or F2, respectively (Fig. 12a), 5° to 20° less than those mea-
sured at the surface (mean dip of F1 : ~40° mean dip of F1
fault scarp: 35°-37° comparable to mean dip of F2 fault
scarp on different side views; see Fig. Bl and () Figs. S1
and S3 in the electronic supplement to this paper). Further-
more, seismic slip on F/ reached the surface in area 6,
whereas additional fissures (areas 7 and 8) broke the surface
between area 1 and F2. We conclude that neither '/ nor F2
generated the fissures in area 1.

Trying to explain the fissures in area 8 using the refrac-
tion mechanism of Figure 11b and a dip of ~40° for F2
would induce a fissure generation ~150 m away from F2,
while the fissures in area 8 lie less than 60 m from F2. Such
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Figure 8.  Principal faults and tilted blocks bounding Kadda Hawli half-graben. General map of surface ruptures (outlined in red) mea-
sured with total station in February 1993 after 1989 Dobi earthquake sequence (boxes indicate eight areas mapped in detail).

Figure 9. (a) North-looking view of fault-scarp of D3. (b) Closeup of light-colored free-faced scarplets along base of D3 cumulative
fault-scarp (c in Fig. 3a).



Figure 10. (a) and (b) Photos taken at top of D3 colluvial
wedge at base of free face. (b) View of free-faced scarp base bearing
slickensides (pitch of ~80°SE). Note lighter color on ~30 cm
high base of slickensided scarp corresponding to 1989 coseismic
exhumation.
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a small separation might be taken to imply that F2 dips 75°
SW, but such steepness is implausible given the amount of
tilt of the block. One way to reconcile the small separation
between the surface cracks and the F2 scarp with an ~45° dip
for F2 would be a thinner sediment layer beneath area 8. That
would be the case if another faulted block were hidden by the
lake beds between blocks B and C. If such a block had a
surface tilted by ~15° northeast (as for C) and was bounded
on either side by ~50° southwest-dipping faults, the place
where slip on F2 would refract into a surface fissure might
be below area 8 (Fig. 12b). The location of fault fe between
this block and C would be constrained (as in Fig. 11) by the
position of area 1 fissures. The upper tip of this blind block
would be ~20 m below the half-graben floor (Fig. 12b).
Finally, the complex fissures in area 7 (Figs. 8 and B1) might
result from faulting of that block by F3. Clockwise rotations
in the area would be due to dextral shear along F1.

The measurements in Kadda Hawli therefore imply,
besides FI and F2, a blind normal fault (fe) slipped during
the 1989 sequence. These measurements constrain the style
of faulting and the superficial stress state. Both F/ and F2,
with strikes ~N110°E and ~N125°E, slipped with a small
component of dextral motion. The blind fault fe, which gen-
erated the N120°E-trending fissures in area 1, also moved
with a component of dextral slip. fe probably merged with
F1 through areas 2 and 3, forming a dextral, rhomb-shaped
connection. The fissures in area 7 were probably caused by
clockwise rotation of blocks situated between fe and FI-F2.
These fissures may lie directly above the continuation of F3,
displaced westward by dextral shear on FI. Tenuous evi-
dence of left-lateral slip components exists in areas 3, 5,
and 8 along surface breaks striking >N140°E. Finally, the
fissures that strike between N120°E and N130°E show the
widest opening. The most likely direction of the maximum
extensional stress (03) thus appears to be locally between
N30° and N40°E, as near Galafi and in sounda Hawli, but
more easterly than in the western part of the Makeanni
depression (~N 15°E; () see the electronic supplement to
this paper, and Jacques, 1995). The wide scattering of open-
fissure strikes (N80°E to N180°E) suggests that, near the sur-
face at least, the magnitude of the intermediate stress o2 is
comparable to that of o3.

Because fissures in area 5 are in the best state of preser-
vation, it is possible to estimate the components of surface
seismic slip on them from the total stations measurements.
They form a right-lateral échelon along a N115°E direction.
The clearest individual fissures have a mean strike of N130°E
and are open by ~10 cm. Seismic slip on the N115°E-trending
fault plane at depth might thus have had right-lateral and ex-
tensional components of 3.5 cm and 9.6 cm, respectively. If
we assume that the fault plane dips between 45° and 55°, the
throw component would have been 10-15 cm, a value similar
to the height of the light-colored scarplets observed along F'/.

In summary, our study of the 1989 surface breaks in the
region between Galafi and Diciotto to the north shows that
more than ten distinct faults were activated by the 1989 Dobi
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Figure 12. (a) Problem posed by area 1 coseismic fissure loca-
tion relative to F1 and F2 cumulative scarps. (b) Preferred interpre-
tative sketch implying small basaltic block hidden beneath sediment
infill between blocks B and C (see discussion in text).

earthquakes (Fig. 4b,c). The N110° £ 10°E-trending faults
slipped with a small component of right-lateral motion
(10%-30% of the extension), and those striking > ~N135°E
with a small left-lateral component (Fig. 5a). The widest
fissures imply a minimum principal stress oriented N30°E
to N45°E in eounda Hawli, Kadda Hawli, and near Galafi.
Near Makeanni, 03 seems to be oriented ~N15°E ((E) see the
electronic supplement to this paper). The magnitude of the
intermediate stress (02) appears to be close to that of 3. The
left-lateral slip component and rudder tail termination of D1
seem to have induced a local clockwise rotation of o3 near
Galafi and Kadda Hawli, relative to its regional orientation,
as shown in Figure 5b.

The instantaneous faulting kinematics thus appear to be
compatible with the longer-term kinematics deduced from a
cumulative faulting analysis. Bookshelf faulting about the
vertical axes, which is the simplest mechanism to account
for strike-slip components of motion along the edges of small
parallel blocks, is required to account for the lateral compo-
nents of brittle faulting in the Galafi—-Kadda Hawli region
(Fig. 5). The area is located both at the southeast rudder
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termination of the normal-sinistral fault D/ and between
the right-stepping Hanle-counda Dobi and Kadda Dobi
grabens (upper part of Fig. 5c). At the scale of the region
in Figure 4b (20 x 15 km?), the N110°E % 10°-trending,
elongated basaltic slices are thus subject to overall left-lateral
shear, which causes them to rotate counterclockwise with
right-lateral slip between them. Such rotation and shear are
also compatible with left-stepping transfer of left-lateral slip
between DI and the Gaggade-Der’€la fault zone (lower part
of Fig. 5c¢).

Probably the most significant effect of this transfer
mechanism is to induce an area of counterclockwise rotation,
opposite to the rotation (clockwise) documented at the larger
scale (110 x 130 km?) throughout central and southern Afar
between the Asal-Manda Inakir and Manda Hararo—
Goba’ad overlapping rift zones (e.g., Tapponnier et al., 1990;
Sigmundsson, 1992; Manighetti, 1993; Manighetti e al.,
2001). New paleomagnetic results (Kidane er al., 2003),
which indicate that blocks surrounding the Galafi—-Kadda
Hawli area have not rotated significantly (counda Gamarri
block,—2.4° &+ 8.0°; Galafi-Kadda Hawli area, —1.3°%+
7.8°) or have rotated clockwise (Data-Yager block, 10.0°+
8.3°) are in keeping with this interpretation. In fact, this small
region may have suffered an amount of local counterclock-
wise rotation similar to that of the large-scale, regional clock-
wise rotation.

Seismotectonics

Although the surface breaks we mapped in the Ddbi
Galafi area are small, sparse, and mainly distributed across
sedimentary graben floors, there is little doubt that they result
from seismic faulting. Most of them are scarplets or fissures
zones running along or parallel to the base of cumulative
fault scarps. Specifically, the scarplets observed at sites b and
c (Fig. 3a) at Galafi (Fig. 7) and at areas 4, 6, and 8 in Kadda
Hawli attest to seismic 1989 slip on D3, D4, D5, F1, and F2,
respectively.

By combining the tectonic study of surface breaks with
the relative relocations of the Dobi earthquakes (Jacques
et al., 1999), the focal solutions of the principal shocks,
and their source sizes, one can tentatively relate the principal
earthquakes of the 1989 sequence to the faults that they
ruptured.

Epicentral Locations, Focal Mechanisms,
and Source Sizes

The event’s epicentral relocations, with assigned errors
ranging between £3 km and +10 km (Table 1; Jacques,
1995; Jacques er al., 1999), were determined using the
records of the Djibouti seismological network. Six events
(n°3, 4, 6,9, 10, and 11; Table 1) could not be located using
just the local network, and their epicenters were obtained
by adjusting relative relocations from global and local
seismological data (Sigmundsson, 1992; Jacques, 1995;
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Jacques et al., 1999). The corresponding errors are =15 km.
Table 1 shows the different estimated magnitudes Mg and my,
published by ISC, while My is calculated from local network
records (Jacques, 1995). M, (always larger) is derived from
seismic moments published by Braunmiller and Nabelek
(1990) and/or Dziewonski et al. (1990). For each event,
M usually ranges between my, and M. As M| seems more
homogenous, it is preferred here to m,, and Mg, and hereafter
M refers to M.

The source parameters of the principal shocks of the
Dobi sequence (Tables 2 and 3) were obtained from global
network data by Dziewonski er al. (1990; CMT solutions
computed by fixing focal depths at 15 km, except for that
of the 20 August 1989 11h16 event, which was calculated
to be 16 % 0.8) and by Braunmiller and Nabelek (1990, from
body-waveform inversion). The fault-plane solutions
(Fig. 13a) found by Dziewonski ef al. (1990) and Braunmil-
ler and Nabelek (1990) are in fair agreement, with nodal-
plane strikes differing by less than 15°-20° and dips by less
than 5°-10° (Table 2 and Fig. 13a). The earthquakes were
predominantly normal-faulting events (Sigmundsson, 1992),
with nodal-planes strikes between N90°E and N130°E
(CMT solutions) and between N100°E and N120°E (body-
waveform inversions), comparable to those of the main Dobi
graben normal faults. Horizontal projections of slip vectors
strike between N10°E and N30°E. Specifically, the event at
11h16 on 20 August (Mg 6.2), located in the Galafi—-Kadda
Hawli region, has a slip-vector striking ~N30°E on the north-
east dipping plane. The fault-plane solutions are compatible
with 03 oriented N10°E to N30°E in the northern part of the
graben and N30°E-N45°E in its eastern part. Oblique lateral
components are very small. The nodal-plane dips range from
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30° to 60° with maximum values of 45°-60°. Such dips are
smaller than those usually observed in the field (70°-80°),
suggesting that fault dips decrease from surface to depth.
Note, however, that in the Galafi-Kadda Hawli region,
second-order faults do have surface-dip values ranging be-
tween 40° and 60° due to block tilting. Both source parameter
determination methods yield the largest seismic moments for
the earthquakes that occurred at 11h16 on 20 August and at
1h09 the following day (numbers 1 and 13, Table 1). Dzie-
wonski’s et al. (1990) moments are slightly larger. The cu-
mulative seismic moment of these two events is ~2/3 of the
total computed moment release of the sequence.

The earthquake source sizes are derived from their seis-
mic moments (M) using scaling laws (Kanamori, 1977).
Four of the nine M, derived from the M, of Braunmiller
and Nabelek (1990) and Dziewonski et al. (1990) are greater
than M (>0.4), while M is always close to Mg (events at
11h16, 19h25 on 20 August and at 5ShO3 on 21 August) or
my (event at 5hO5 on 21 August). Thus, we divided the
corresponding M, by 2, assuming that they were likely
determined within a factor 2. The seismic moments not
determined by Braunmiller and Nabelek (1990) nor by Dzie-
wonski et al. (1990), were derived from M. For dislocation
sizes smaller than the effective seismogenic thickness Hes
(Hes = Hs/ sin o, where Hs ~ 13 km is the local seismo-
genic thickness and « the fault dip), we use a circular rupture
model, assuming a mean stress drop of ~30 bars. The circu-
lar ruptures are then approximated by square-shaped surfaces
having equivalent areas. When the width of the dislocation is
>Hes (e.g., for an M > 6.2 event on a ~55°-60° dipping
fault), we use a scaling law similar to that of Scholz (1990;
Jacques, 1995). For even greater ruptures, fault widths,

Table 1
Data for the Principal Earthquakes of the Dobi Sequence
Event Error Location Body Wave

Number  Date (dd)*  Time®  X* (km) Y¥ (km) (Horizontal Plane) =~ Magnitude @~ Mg M, M,
1 20 11h16 156.7 1302.1 3 5.8 62 6.1 65
2 11h17 149.3 1305.1 5 5.7 65 60 62
3 11h46 141.7 1313.9 15 6.0 58 6.0 6.1
4 11h56 154.9 1307.0 15 52 59 5.7 -
5 13h25 146.6 1307.3 5 52 59 5.6 -
6 13h26 142.3 1314.3 15 5.3 6.1 6.1 -
7 14h15 145.2 1307.3 10 4.5 - 5.1 -
8 15h55 150.3 1301.6 5 43 - 5.0 -
9 18h27 132.3 1303.9 15 5.1 - 53 -
10 18h39 143.7 1312.9 15 54 - 55 57
11 18h54 128.8 1314.9 15 5.3 - 53 -
12 19h25 139.4 1317.6 3 6.1 58 59 63
13 21 01h09 147.3 1316.4 3 6.2 63 63 64
14 01h33 150.2 1316.3 5 49 - 5.3 -
15 05h03 126.2 1320.8 5 5.7 57 57 63
16 05h05 134.6 1315.9 3 52 - 52 58
17 07h07 135.1 1318.3 10 5.1 46 52 52
18 22 03h01 108.2 1323.3 5 4.7 50 5.1 -

*August 1989
fUTC
fUTM 38 system



1010

E. Jacques, T. Kidane, P. Tapponnier, I. Manighetti, Y. Gaudemer, B. Meyer, J. C. Ruegg, L. Audin, and R. Armijo

Table 2

Fault-Plane Solution Parameters Obtained by Dziewonski et al. (1990)
and Braunmiller and Nabelek (1990)

Plane 1 Plane 2

Plane 1

M, M,
Day (dd) Time Strike NW Dip  Strike SE Dip  (10'® 0Nm) Stike  NW Dip  Rake  (10'® ONm)
20 11h16 301° 45° 121° 45° 6,2 302° 46° —76° 53

11h17 - - - - - 298° 31° —73° 2,3
11h46  288° 38° 130° 55° 1,6 - - - -
18h39  294° 45° 114° 45° 0,39 - - - -
19h25  285° 34° 108° 56° 1,6 295° 29° —83° 1,8
21 01h09  281° 45° 116° 46° 53 292° 42° —95° 4.4
05h03  290° 41° 92° 51° 1,6 288° 36° —87° 1.4
05h05  296° 45° 116° 45° 0,58 - - - -
07h07  296° 32° 102° 59° 0,11 - - - -

plausible bounds of fault length deduced from scaling, and
length of faults measured on maps are specified.

Earthquakes and Related Faults

It is not straightforward to relate the principal shocks of
the Dobi sequence to the faults they ruptured and to the
corresponding observed surface breaks. This is because
many faults slipped, and surface signs of seismic ruptures
were usually subtle. Besides, the northwestern part of the
graben was always too wet or flooded, which hampered
fieldwork. We first focused on the largest faults whose slip
likely caused the most important and best-located events
(Fig. 13b). The smaller and/or less accurately located shocks
were subsequently examined. A spatio-temporal scenario of
the evolution of the D&bi earthquake sequence was thus
obtained. Although non unique, this scenario accounts best
for the combined set of seismic and tectonic observations.
The principal shocks are separated in two groups in the
southeast and northwest parts of the graben.

Earthquakes in the Southeast Do6bi Graben. Within
43 km, the epicenter of the large shock at 11h16 on 20
August (number 1, M ~6.1 and M, ~6.5) falls about
10 km away from the surface traces of two of the largest
faults of the southeastern part of the Do6bi graben: Dla
and Kla (Figs. 3a and 13b). The nodal planes of this event
dip ~45° (Table 2). The northeast-dipping plane P1 strikes
~N120°E (Fig. 13a; Dziewonski et al., 1990; Braunmiller
and Nabelek, 1990), the southwest-dipping plane P2,
~N120°E (Dziewonski et al., 1990) or ~N100°E (Braunmil-
ler and Nabelek, 1990). This shock might thus have plausibly
ruptured either K/a or Dla. It should have nucleated at a
depth greater than 10 km given the steeper, 70° surface fault
dip. The base of the seismogenic crust being at a depth of
about 13 km (Jacques, 1995; Jacques et al., 1999), it is likely
that it nucleated at that depth (Fig. 14a).

The strike difference between P1 and the superficial
trace of Dla is between 5° and 15° (10° & 5°), while the
strike difference between P2 and Kla is larger (15° to 35°

or 25° £ 10°). This suggests slip on D/a rather on Kla.
One might argue that event 1 took place on Kla because
ruptures in the Kambourta graben are closer to its epicenter,
but they lie in the middle of its floor, which is not in keeping
with surface ruptures along K/a.

Associating event 1 with the deep rupture of DI
(Fig. 14a) makes it possible to account for several other
observations. Southwest of this event’s epicenter, surface
ruptures were observed in eight different areas, involving
seismic faulting on ten south-dipping faults antithetic to
DI (Fig. 4). This suggests seismic bookshelf faulting in
section (Fig. 14a). The northeast tilted, N110°E £ 10°-
trending, basaltic slices that likely abut against D/a at depth,
would have slipped relative to one another in response to
upward propagating rupture on this fault. This would have
occurred either coevally or with some delay, producing
numerous, complex surface dislocations. This might be the
reason why a spectacular rupture was not visible at the base
of DI’s scarp. Instead, seismic slip was distributed upward
on the southwest-dipping faults, vanishing to zero before
reaching the surface. The rupture complexity might be
related also to the difference (~10°) between the N120°E
strike of nodal plane P1 and the N130°E + 5° average trend
of DI’s superficial trace as well as its curvature. Dominant
dip slip on the N130°E-striking, ~10 km-long segment of
Dla would in fact entail predominant left-lateral slip on
its north-striking section.

Another advantage of relating event 1 to Dla is to
associate one of the two largest shocks of the Dobi sequence
to one of the two major faults (D/ and D3) bounding the

Table 3

Depths and Rupture Durations Determined by
Braunmiller and Nabelek (1990)

Date (dd/mm) Time Depth (km) Duration (s)
20/08 11h16 5 16
11h17 4 5
19h25 6 5
21/08 01h09 6 15
05h03 7 5
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Figure 13.

(a) Fault-plane solutions of Dobi sequence principal shocks. Body-wave modeling solutions of Braunmiller and Nabelek

(1990) are drawn in black; CMT solutions of Dziewonski ez al. (1990) are drawn in dark green. (b) Seismotectonic map of Dobi region with
locations of 1989 M > 5 earthquakes. Locations of topographic profiles P4, P7, P§, and P9 (drawn in Fig. 14) are shown.

southern and central parts of the graben, where most of the
sequence took place (between profiles 2 and 8, Figs. 3a and
13b). Recall that DI is the normal fault that has the
largest apparent vertical throw (400-450 m downthrow of
the Siyyarou relative to the eounda Gamarri block, profiles
4 to 6 in Fig. 3b). A substantial number of small aftershocks
and large shocks (event numbers 2, 5, and 8 on 20 August)
occurred between the trace of Dla and the epicenter of
event 1 (Fig. 13b). In Figure 14, the filled small circles re-

present these small aftershocks, the depths of which were
accurately determined in this area (Jacques, 1995; Jacques
et al., 1999).

In keeping with this interpretation, the seismic moment
(M) is about 2.9 x 10'® N'm, the average fault dip is ~55°
(Fig. 14a), the fault-width is about 15 km, and the estimated
length is between 11 km and 13.5 km. Because the length
of Dlia at the surface is 13 km (Fig. 3a), event 1 probably
ruptured all of Dia (Fig. 15).
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Relationship, in section, between principal shocks and faults activated during Dobi earthquake sequence (symbols as in

Fig. 13). (a) Southeastern part of Dobi graben (20 August: 11h16, 11h17, 11h46, and 11h56 events). (b) Central part of Dobi graben
(20 August: 19h25 and 21 August: 1h09 and 1h33 events). Northeastern part of Dobi graben, (c) 20 August: 18h54, 21 August: 5h03
events, and (d) 21 August: Sh05 and 7h07 events. Arrows and durations indicate suggested triggering of shocks separated by short time

delay. Stars indicate faults with observed seismic rupture.

The 11h17, 20 August event (number 2, M ~ 6.0 and
M, ~6.2) occurred ~50 s after and ~8 km northwest of
the first mainshock with a location error of &5 km (Jacques,
1995; Jacques et al., 1999). Its epicenter lies in the Galafi—
Kadda Hawli region (Fig. 13b). The steeper nodal plane of
the focal mechanism dips ~60° southwest and strikes
~N100°E (Braunmiller and Nabelek, 1990). The most plau-
sible inference is that this event nucleated at a depth of 8 km
on one of the ~N115°E-trending, 60° southwest-dipping
second-order fault abutting D/a at depth (Fig. 14a). The
seismic moment of this event is about 2.3 x 10'® Nm
(Braunmiller and Nabelek, 1990), the average fault dip is 65°
(Fig. 14a), and the corresponding fault-width is 13 km,
although from Figure 14a, it must be <9 km. The estimated
length of the ruptured area ranges between 12 km and 15 km.
In Figure 15, the rupture length taken is ~13 km.

Surface breaks related to event 2 located in the area of
the Dobi graben would have been liable to flooding at some
distance from the road linking the Ethiopian Assab-Addis
highway to Djibouti, perhaps not far from the northern
border of the graben (D3 and D4). This may be the reason
why we could not document such breaks while people living
there reported the opening of fissures.

The two events at 13h25 and 15h55 on 20 August (num-
bers 5 and 8, M ~ 5.6 and M ~ 5.0, respectively) occurred
2h09 min and 4h39 min after the 11h16 event. Within £+5 km,
they were relocated in the area between the epicenter of event 1
and Dla’s fault scarp (Fig. 13b), They probably ruptured

second-order faults bounding the N110°E &£ 10°-trending
basaltic slices, causing some of the bookshelf-faulting rup-
tures observed along these faults. The corresponding seismic
moments are 2.8 x 107 Nm and 3.5 x 10'® Nm, respec-
tively. The ruptured fault areas activated by these shocks
may be approximated by two squares of 6 and 3 km on a side,
respectively (Fig. 15).

The epicenter of the event at 14h15 on 20 August (num-
ber 7, M ~5.1) was relocated using the Djibouti network
within £10 km. It lies a few kilometers northeast of the kink
of DI. It may have ruptured one of the second-order, anti-
thetic faults abutting D/ at depth. The moment M, of this
event is 5.0 x 10'® Nm . In Figure 15, its source is repre-
sented by a square rupture patch 3.5 km on a side.

The location of the event at 11h56 on 20 August (num-
ber 4, M ~ 5.7, Fig. 13b), 40 min after the first shock, was
obtained by adjusting Sigmundsson’s relocation to local
ones. Although the uncertainty on this location is ~15 km
(Jacques, 1995; Jacques et al. 1999), this earthquake could
have taken place on K1b (Fig. 13b) and produced the surface
breaks observed in the Kambourta graben (d in Fig. 3b).
Because these breaks consist of open fissures lying southeast
of, but not far off this fault, they might result from a slip-
refraction process similar to that observed at Kadda Hawli.
The moment M, derived from M is 3.9 x 10'7 Nm. The
fault patch ruptured may be approximated by a square-
shaped area of ~7 km on a side (Fig. 15).
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Sketch-map of faults activated by Dobi sequence earthquakes (event numbers as in Table 1). Ruptured fault patches are

projected onto the surface. Patches bordered by dashed lines are poorly constrained. Green and blues patches dip southwest; pink and

red patches dip northeast.

Earthquakes in the Central and Northwest Dobi Gra-
ben. The event at 1h09 on 21 August (number 13, M ~ 6.3
and M, ~ 6.4) is the largest earthquake of the sequence. As
for event 1, the nodal planes dip ~45° (Dziewonski et al.,
1990; Braunmiller and Nabelek, 1990; Table 2). Braunmiller
and Nabelek’s (1990) determination yields a steeper dip
(~50°) for the southwest dipping plane (Fig. 13a). The strike
of the northeast dipping nodal plane P1 is ~N100°E (Dzie-
wonski et al., 1990) or N110°E (Braunmiller and Nabelek,
1990). The southwest-dipping nodal plane P2 strikes
~N115°E (Dziewonski et al., 1990) or ~N120°E (Braunmil-
ler and Nabelek, 1990). The epicenter of event 13 is located
only 2-3 km southwestward of D3 with an error of £3 km
(Fig. 13b). It is thus implausible that this large earthquake
ruptured D3 because, given its fault dip, it would then have
nucleated at only ~2 km depth (Fig. 14b). Rather, like
event 1, this shock should have nucleated ~13 km deep, near
the base of the seismogenic layer. Given the 45° dip of the
northeast-dipping nodal-plane, the epicenter location would
then be consistent with slip on the N125°E-striking, north-
east-dipping section D1b of DI (Fig. 14b). It is quite unlikely
that this shock might have ruptured G2 (or the N140°E-
striking, northwestern part of K/a) because there was no
evidence for recent seismic faulting along the Gumma
graben. Furthermore, the minimum strike difference between
both of these faults and P2 (20°-25°) is greater than between
D1b and P1 (15°).

We conclude that event 13 nucleated on the deepest part
of D1b. As rupture propagated upward, it might have caused
distributed slip on second-order antithetic faults abutting
DIb above D3, as was the case for event 1. The seismic
sources of events 1 and 13 might thus have been similarly
complex. In Figure 14b, the mean dip of Db is ~45° at
12 km depth, ~55° between 12-km and 6-km depths, and
~70° at the surface. M, is about 4.9 x 10'® N m (Dziewonski
et al., 1990; Braunmiller and Nabelek, 1990), and the fault
width is ~15 km. The estimated length of the ruptured area
ranges from 14 km to 17 km, while the length of DIb
measured at the surface in Figure 13 is about 15 km. There-
fore, event 13 probably ruptured all of D/b (Fig. 15).

The event at 19h25 on 20 August (number 12, M 5.8,
M, ~ 6.3) was located 5 km southeast of D3 (Fig. 13b), with
an epicentral location error of £3 km. The southwest-
dipping nodal plane is steeper (56° and 60°, Table 2, Fig. 13a)
than the northeast dipping one (34° and 29°, Table 2). Given
its location relative to D3, the simplest hypothesis is thus that
this shock nucleated near the base of D3 at a depth of 9 km
(Fig. 14b). D3 would have an average dip of about 65° (~60°
at 6 km depth and ~70° at the surface). The moment M,
chosen for estimating the ruptured fault length is about
8.5 x 10'7 Nm. The corresponding fault patch that slipped
during the earthquake may be approximated by a square-
shaped area of ~9 km on a side (Fig. 15).
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The event at 1h33 on 21 August (number 14, M ~5) is
located south of D3 and very close to its trace (Fig. 13b).
Given its location error (£5 km), this event can only be
associated with the rupture of the southeast shallowest part
of D3 (Fig. 15). The event seismic moment is 3.5 x 10'© Nm.
The slip patch on D3 may be approximated by a 3-km
square area.

The epicenter of the 5Sh03 eventon 21 August (number 15,
M ~5.7and M, ~ 6.3)is located about 3 km southwest of the
trace of northeast-dipping D2 and 8-9 km southwest of D3
(Fig. 13b) with a location error of &5 km. In the northern part
of the graben (between P7 and P10, Fig. 3), the main cumu-
lative fault scarp is that of D3 (see P8 and P9 in Fig. 14c,d),
and D2 probably abuts D3 at depth because the eounda Gama-
rri block is downthrown ~150 m with respect to the Isso
block. Given the ~NO95°E strike of its southwest-dipping
nodal plane P2 (Dziewonski et al., 1990; Braunmiller and
Nabelek, 1990), event 15 thus likely ruptured the northwest
part of the latter fault. It might have nucleated at a depth of 10—
12 km on D3 (as did events 1 and 13 on D/a and D1b, respec-
tively; Fig. 14c). This is in keeping with the epicentral location
error, and the dip (~50°) of the nodal plane P2 (Fig. 13a).
The M, chosen to estimate the ruptured length is
~7.5 x 107 Nm. The surface that slipped may be approxi-
mated by a square-shaped area of ~8.5 km on a side (Fig. 15).

Together, events 12, 14, and 15 thus seem to have
ruptured most of the southeast segment of D3, east of its
north-directed kink (east of P10, Fig. 13b). One of these
events, most likely 12, must have produced the surface
rupture observed at site ¢ (Figs. 13b, 9, and 10).

The epicentral location of the smaller, and probably
shallower, event at 5h05 on 21 August (number 16,
M ~5.2 and M, ~5.8) lies in the overlap zone between
D2 and DIb (Fig. 13). With an uncertainty of £3 km, it
is located about 3 km east of the northwest termination of
D1Ib. It may thus be associated with rupture of the termina-
tion of this fault. If so, it would have nucleated at a depth of
7 km (Fig. 14d), and the corresponding source would be an
~6 km long square-shaped patch (M~ 7.5 x 10'7 Nm;
Fig. 15). It might not have caused any surface break.

The epicentral location error for the earthquake at 7h07
on 21 August (number 17, M, ~5.2 and M, ~5.3) ranges
between 5 km and 10 km. Its position relative to D4
(Fig. 13b) and its steepest, N102°E-striking, 59° southwest-
dipping nodal plane P2 (Dziewonski et al., 1990) suggest
that it ruptured the northwestern part of this fault (Fig. 14d).
The substantial location error makes it possible that it oc-
curred on one of the small south—southwest dipping faults
situated just northwest of the overlapping zone between
D1b and D2. But the former inference seems more plausible
given the surface breaks observed at site b (Fig. 15). M,
being about 1.1 x 10'7 Nm (Dziewonski et al., 1990), the
surface ruptured by this earthquake may be approximated
by a square-shaped area of ~4.5 km on a side (Fig. 15).

The epicentral locations of the earthquakes at 11h46
(number 3, M ~6.0 and M, ~6.1), 13h26 (number 6,
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M ~6.1), and 18h39 (number 10, M ~5.5, M, ~5.7) on
20 August were obtained by repositioning Sigmundsson’s
relocations, which were not very accurate (associated errors
~15 km) using the epicenters computed from the local
network. That all three epicentral positions coincide, in
the middle of the Dobi graben beneath the east—west trending
basaltic bridge that connects the opposite graben walls
(Fig. 13b) might be taken to imply a computation artifact.
The seismic moments M, of events 3 and 6 are equal to
1.6 x 10'® N'm, that of event 10, to 3.8 x 107 Nm (Dzie-
wonski et al., 1990). The sources of these three events may
be approximated by two square-shaped areas 11 km long,
and one 6.6 km on a side, respectively (Fig. 15). We suspect
that they ruptured southwest-dipping faults between D1-D2
and D3-D4 (or even parts of D3 or D4), causing a downthrow
of the graben floor, and surface ruptures in or along its
boundaries, which were unfortunately flooded most of the
time. The fault-plane solutions are compatible with such
hypotheses.

Event 3, only 20 min after event 1, may have ruptured a
southwest-dipping fault abutting D/a at depth (Fig. 15), as
did other shocks in the first hour of the sequence.

Event 6, by contrast, remains one of the major problems
of this study. Although it is one of the sequence’s principal
earthquakes, its location is inaccurate, and its source param-
eters, including the strike and dip of the fault that slipped, are
unknown. Because D2 is the only large fault bounding the
Dobi graben to which no other earthquake of the sequence
has been associated, however, and because the epicenter of
event 6 epicenter lies less than 5 km southeast of D2, it might
have ruptured this fault (Fig. 14c—d). If this were the case, as
D2 abuts D3 at depth, the ruptured fault width and length
might range between 6 and 8 km, and 11.5 and 14.5 km,
respectively (M, ~ 1.6 x 10'® N'm). In the field, we unfortu-
nately failed to see whether the D2 fault scarp bore surface
rupture traces or not.

The event at 18h54 on 20 August (number 11, M ~5.3)
might have caused the poorly preserved surface ruptures at
the base of the fault west of D2 near Diciotto (a in Figs. 3a
and 13b) if it nucleated at a depth shallower than 5 km
(Fig. 14c). M, (derived from M) being about 10'7 Nm,
the surface patch ruptured by this earthquake would be a
square-shaped area of ~4.5 km on a side (Fig. 15).

The position of the epicenter of the event at 18h27 (num-
ber 9, M ~5.3) on 20 August was obtained by adjusting Sig-
mundsson’s relocations to those computed from the local
network. It remains poorly located (Fig. 13a) and falls out-
side the Dobi graben ~10 km southwestward. Without a
fault-plane solution, it is impossible to relate this shock to
a fault.

Summary and Discussion

During the 1989 Dobi earthquake sequence, seismic
faulting occurred on at least 15 normal faults cutting the
~13 km thick seismogenic crustal layer along the Dobi
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graben. Instead of a single M, 6.8 event rupturing one of the
major faults in a few tens of seconds, a dozen my, > 5.5 and
Mg £6.3 events broke different faults with opposite dip
along the edges of, or inside, the graben. That the Afar Serdo
sequence of March—April 1969 also involved two main
M > 6 shocks and seven M > 5 events (McKenzie et al.,
1970; Gouin, 1979; Kebede et al., 1989) suggests that such
a peculiar pattern of elastic strain release is the rule rather
than the exception in Afar.

Our study yields a plausible, if not unique scenario of
triggered, sequential ruptures on the principal and secondary
faults of the D6bi graben. The two Mg 6.2 and Mg 6.3 main-
shocks, ~14 hr apart, seem to have ruptured successively
two contiguous sections of the southwest border fault DI
of the graben. We infer that seismic slip on the two principal
bounding faults probably ricocheted from one to the other.
The southern, northeast-dipping section D/a ruptured first.
During this rupture, many shallower, second-order southeast-
dipping faults branching off DI distributed slip upward,
through a vertical bookshelf-faulting mechanism. Later,
other secondary faults ruptured, transferring elastic stress
and strain from the southern segment of D/ to D3, which
dips southwest on the northern side of the graben. This trig-
gered in turn the second mainshock, back on the south side,
rupturing the northwestern section D/b. Through a domino
effect, this faulting mechanism resulted in the rather regular
northwestward migration of the principal shocks along the
Dobi graben from Dla to D3 in 18 hr (Jacques et al.,
1999; Noir et al., 1997).

Most of the ruptures involved coupled antithetic fault sys-
tems, consisting of a deeper main fault and a second-order,
shallower fault abutting the former. In such systems, the
rupture of one of the two faults is likely to trigger seismic slip
on the other straight above or below (Fig. 14). Two mech-
anisms may account for such interactions. Seismic slip may
first occur at depth on the main fault below the intersection
zone between the two faults. Deep hanging-wall downthrow
then promotes faulting on the second-order fault above by
increasing Coulomb stress (mainly by decreasing normal
stress) on the latter (Fig. 16a—c). Such a mechanism appears
to account for the spatio-temporal relationships between the
earthquakes at 11h16, 11h17, and 11h46 on 20 August
(Fig. 14a) and between the earthquakes at 5h03 and 5h05
on 21 August (Fig. 14c—d). Alternatively, seismic slip may
occur first on the second-order, more superficial fault, with
shallow footwall uplift decreasing normal stress and trigger-
ing rupture on the main fault below the junction (Fig. 16d).
This probably explains the succession of the earthquakes at
19h25 on 20 August and 1h09 the following day (Fig. 14b).
Thus, in detail and in 3D, the sequential Dobi graben faulting,
which propagated ~35 km northwestward in ~20 hours, was
probably governed by 3D Coulomb stress changes (King et al.,
1994; Jacques, 1995), mediated by water flow (Noir et al.,
1997), within a crustal volume of ~65, 000 km?.

The Dobi sequence only partly bridges the gap between
the largest sequences that occurred in central and eastern
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Afar in the last 40 yr, that of Serdo (March—April 1969),
and that of Ghoubbet-Asal (November 1978). It leaves the
Der’éla half-graben region unruptured. Jacques (1995)
pointed out that, on northwest-southeast trending faults in
the Der’€la gap region, the Coulomb stress changes caused
by the Ghoubet-Asal sequence, which were already signifi-
cant (~0.3 bars), increased further after the Dobi sequence
by ~1 bar. Recent tectonic studies have shown that the
Der’éla fault system bears clear evidence of Holocene activ-
ity (Manighetti, 1993; Manighetti et al., 2001). A critical
examination of the historical (Gouin, 1979) and recent seis-
micity (e.g., Lépine and Hirn, 1992), however, shows no
significant earthquake in this region. This suggests that
the Der’€la region is ripe for an impending seismic sequence
similar to those of D&bi and Serdo.

The coseismic slip kinematics inferred from the D&bi
sequence are in keeping with those of regional deformation
in the last 2 m.y. In the epicentral zone of the first shocks on
20 August, the full vertical throw (600-700 m) of DI at
depth does not reach the surface. It is absorbed partly by dis-
tributed flexural antithetic faulting, with tilting of basaltic
blocks bounded by the antithetic faults, through a bookshelf-
faulting mechanism in cross section. Likewise, not all the
seismic slip of the two largest and deepest shocks of the
sequence, which we infer nucleated on the northeast dipping
D] fault, reached the surface because it was refracted and
distributed on these second-order, antithetic faults. Note that
block rotation in this process is opposite to that classically
involved in hanging-wall rollover, even though D] must
be listric, with dip decreasing as a function of depth.

A peculiar, small-scale mechanism of rupture refraction
at the interface between basement and sediment is observed.
It may be of general significance for normal faults bounding
basins with poorly consolidated sediment infill. Possible
examples may exist in the Abruzzi of central Italy (Avezzano
earthquake, e.g., Piccardi et al. 1999; Galadini and Galli,
1999), in the Basin and Range of Nevada (e.g., Caskey et al.,
2004), and in Tibet (Armijo et al., 1986; Kapp et al., 2008).

The surface breaks observed in the southeast part of the
graben (Galafi-Kadda Hawli region) reveal small compo-
nents of dextral slip (10%-30% of fault normal extension)
along the southwest-dipping, N110°E £ 10°-striking normal
faults in the hanging wall of DI. A small component of right-
lateral slip along the antithetic faults is also manifest in the
long-term Quaternary deformation. It may be accounted for
by local bookshelf faulting in the horizontal plane, with
counterclockwise rotations of ~N110°E-trending basaltic
slices about vertical axes. The cause of such rotations is
strain transfer between the stepping, northwest-southeast-
trending DObi and Hanle grabens. Paleomagnetic and tec-
tonic studies (Manighetti ef al., 2001; Kidane et al., 2003)
show that this counterclockwise rotating subregion lies in-
side the overlap between the Asal-Manda Inakir and Manda
Hararo—Goba’ad rifts, within which northwest-southeast-
trending faults, are in turn involved in clockwise bookshelf
faulting at a larger regional scale. As a result, finite rotations
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Figure 16.  First-order modeling of stress transfer (Coulomb) between two successive events breaking antithetic faults belonging to fault
system consisting of deeper, east-dipping main fault, and second-order, shallower, west-dipping fault abutting the former. Figures show
Coulomb stress changes in vertical cross section perpendicular to both faults (normal stress and shear stress changes are taken into account,
e.g., King et al., 1994; Nostro et al., 2001). Yellow to red colors show Coulomb stress increases, where faulting is promoted; light blue to
deep blue colors show Coulomb stress decreases, where faulting is prevented. A horizontal, tensile, deviatoric stress (60 bars) is applied
perpendicular to the strike of the faults. Ruptured fault patches are drawn as white segments, and the analyzed fault is drawn as a green line.
(a) and (b) Coulomb stress changes caused by rupture on the main east-dipping fault patch (white) computed (a) on west-dipping, normal
faults parallel to second-order fault (in green) and (b) on optimally oriented, normal faults (small blue and white segments). (c) Same as (b)
except that rupture is distributed along entire main fault plane, with largest slip between 8 and 13 km depth. Rupture of deeper main fault
promotes rupture of abutting, antithetic, shallower fault, which lies mostly in areas of high coulomb stress rise (up to several bars) and is
oriented nearly parallel to optimally east-dipping normal faults. (d) Coulomb stress changes caused by rupture of second-order fault (white),
computed on normal, optimally oriented faults (indicated by small blue and white segments). Note that below intersection between the two
faults, the green main fault (between 10 and 13 km depth) is in an area of high Coulomb stress rise (> ~1 bar). (a), (b), and (c) may explain,
for instance, the succession of events at 11h16 and at 11h17 on 20 August 1989, see Figure 14a. (d) may explain, for instance, the succession
of events at 19h25 on 20 August (rupture of shallow, second-order fault) and 01h09 on 21 August 1989, which likely nucleated on main fault
at a depth of about 12 km, see Figure 14b.

nearly cancel out locally due to two opposite, imbricate
bookshelf-faulting mechanisms about vertical axes. This is
merely a consequence of the history of strain localization,
rather than of changes in large-scale boundary conditions.

Given the unusual density of active faults of different
orientations, it is likely that the complexity of the Dobi
sequence, with intricate but well organized fault interactions,
typifies that of most multievent sequences in Central Afar, as
well as in the Gulf of Tadjourah (1973) and in the southern
Red Sea (1967, 1978). It may also be common in other

regions of distributed normal faulting elsewhere in the world,
such as Calabria (Jacques et al., 2001), the Abruzzi in
Central Italy (Nostro et al., 2005), the Gulf of Corinth in
Greece (Hubert et al., 1996), the North Aegean (Nalbant
et al., 1998), and the Basin and Range of Nevada (Hodgkin-
son et al., 1996; Caskey and Wenousky, 1997; Caskey et al.,
2004). Such organized fault coupling partly explains the dif-
ficulties encountered in interpreting previous Afar seismic
sequences from sparser data (e.g., 1969, Gouin [1979]; 1978,
Le Dain et al. [1979]). Models averaging strain over areas
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tens to hundreds of kilometers on a side cannot account for
the actual rupture mechanisms of such earthquake sequences.
It is thus essential to study faulting at different time and
spatial scales in order to understand how the hierarchy of
imbricate structures of different sizes and the history of fault
growth and propagation govern the finite kinematics of long-
term deformation.

Data and Resources

The seismotectonic observations and measurements
presented in detail in this paper are original and were col-
lected during several field trips in Djibouti and Ethiopia.
The seismological data used in this paper come from pub-
lished sources listed in the references.
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Appendix A

Overall Damage Reported during the Dobi
Earthquake Sequence

The 1989 Dobi earthquake sequence caused severe
damage to the two checkposts on either side of the Ethiopia—
Djibouti border. The French army-built wall around the Galafi
(Djibouti) border checkpost collapsed, the watchtowers were
extensively fissured, and the water tower was ruined. By
contrast, the single-story woodframe buildings were little
affected. The guards reported that it was difficult to stand
at the beginning of the sequence. These effects at the Djibou-
tian border post, located about 5 km away from the epicenter
of the first largest shock (Mg 6.2, 11h16 on 20 August 1989),
correspond to an intensity of VIII to IX on the Modified
Mercalli (MM) scale. In Yoboki, a village about 40 km south-
east of the 11h16 epicenter (Fig. 3a), the walls of certain
houses, made of poorly cemented basalt blocks, fell partly.
This corresponds to an MM intensity of VI-VII, even though
the ultimate damage observed resulted from repeated shaking
by several shocks of the sequence. The first mainshock was
also felt by most of the inhabitants of Arta (about 110 km away
from the epicenter). People working at the Arta Geophysical
Observatory observed ripples on the surface of liquids in
bottles (MM intensity ~IV-V). After the first shock, the Earth
Data Report (numbers 8-89, USGS, 1989) reported two peo-
ple being killed in the Republic of Djibouti (by rock falls in a
wadi near Galafi), and the International Seismological Centre
(1991) reported four casualties on the Ethiopian side, exten-
sive destruction at Diciotto (intensity of IX), and the collapse
of six bridges (reports from the Addis Ababa Observatory).
The second largest shock at 1h09 (Mg 6.3, 21 August 1989)
was also felt at Arta, shaking beds in ways similar to those
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due to vibrations caused by the passing of a heavy truck (MM
intensity ~IV). The earthquakes with magnitude > 5.5 were
felt by some people at rest in Arta and Djibouti (intensity ~II).

Appendix B

Detailed Geometry of Seismic Surface Breaks
in the Galafi—-Kadda Hawli Region

The longest and densest arrays of surface breaks were
discovered in the Galafi—-Kadda Hawli region (box e in
Fig. 3a). We describe the measurements made along those
surface breaks we could reach in 1989, 1993, and 1994. This
is also where 15 My > 3 shocks, three of which with mag-
nitudes 5 < M} <6 (at 11h56, 13h25, and 14h15 on 20
August, Table 1) and two with magnitudes > 6 (at 11h16
and 11h17 on 20 August) were relocated (Jacques, 1995; Jac-
ques et al., 1999). The Mg 6.2, 11h16 event, in particular, is
one of the two largest shocks of the sequence. We mapped
the breaks and associated landforms using a digital total-
station Wild DI3000-T2000.

The fact that we could not follow surface ruptures for
distances greater than ~6 km at Galafi, ~1.5 km at Kadda
Hawli, or several hundred meters elsewhere, with most of
the individual breaks or fissures being, at most, a few hun-
dred meters long, may be due to various factors. First, be-
cause we were only granted access to Ethiopia four years
after the 1989 sequence, stretches of surface ruptures across
sedimentary floors may have been obliterated by seasonal
floods. Also, we could never examine the westward exten-
sion of the Galafi ruptures on the Ethiopian side of the bor-
der, because of unrest in this general area. Second, as is clear
in Figure 4, the zones floored with lacustrine sediments,
where surface ruptures are easily identified, cover less than
half of the total surface of the Galafi—-Kadda Hawli region.
The rest is covered with stratoid basalts forming boulder
fields. Because vertical throws of the seismic surface
ruptures are usually less than 30 cm, on order of boulder size,
fissures cutting basalt surfaces are easily missed.

Surface Breaks near Galafi

Near Galafi, the longest rupture zone found lies along
the base of the D5 scarp (Figs. 4b and 7). It can be followed
southeastward of the Djibouti—Ethiopia border for ~6 km.
About 600 m and 1000 m north-northwest of the check post,
two similar alignments of surface breaks were observed, also
along the base of two northeastward tilted blocks (Fig. 7a).
We mapped the former rupture, which strikes N75°E to
N135°E for about 1 km. The vertical throw and width are
maximum along N120°E-trending sections, reaching highs
and widths of up to 30 cm and 15 cm, respectively (Manigh-
etti, 1993). N135°E-trending fault segments have a left-
lateral slip component (Fig. 7b), N65°E- to N115°E-striking
segments, and a right-lateral slip component (Fig. 7c). This is
consistent with 03 being locally oriented at N30°E.
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KADDA HAWLI GRABEN

Figure B1. Northwest-looking view of Kadda Hawli half-gra-
ben. Floor is 139 m above sea level. Note tilted block C dipping 15°-
20° northeast and 35°—40° southwest-dipping cumulative escarp-
ments, as well as kink of D/ in background.

From detailed measurements of N120°E-striking indivi-
dual breaks, the slip-vector on one N135°E-trending segment
appears to have the following components: x = 3.9 cm (left-
lateral, parallel to N135°E), y = 14.5 cm (perpendicular to
N135°E), and z = 30 cm (vertical). On a N115°E-trending
fault, parallel to the average strike of D5 near Galafi, the
horizontal components of the slip vector would thus be x =
1.3 cm (right-lateral, parallel to N115°E) and y = 14.9 cm
(perpendicular to N115°E). Hence, D5 probably moved
during the earthquake sequence with a small oblique, right-
lateral component of slip, of about one tenth of the exten-
sional slip.

Surface Breaks in the Kadda Hawli Half-Graben

The Kadda Hawli trough (Fig. B1) is partly filled with
lacustrine sediments. It lies on the hanging wall of the south-
ern termination of DI, ~8 km east of the kink of D/ and

Kadda Hawli,
surface ruptures of eastern zone

Figure B2. Detailed mapping of recent ruptures observed in
areas 1, 2, 3, 6, 7, and 8.
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Principal open fissure
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10 20m

Figure B3. Map of surface ruptures in area 3 (small graben).

~5 km north of the Galafi ruptures. It is one of the numerous
half-grabens formed by the ~N110°E-trending, second-order
normal faults. The scarps of the second-order, south-
southwest-dipping faults F'/ and F2 bound the northeastern
edge of this half-graben (Fig. 8) and delineate the sharp,
southeastern wall of two tilted basaltic slices (A and B,
Fig. 8). They strike N110°E and N125°E on average, respec-
tively. A southwest-dipping, N140°E-striking third-order
fault (F3) separates A and B. The tilted back of another block
(C), cut by a third-order fault f, limits the southwestern edge
of the half-graben, which drains toward the southeast.
Most of the breaks we mapped (~800 data points over an
area ~1600 x 250 m2, Fig. 8) are open fissures, several
meters to 200-meters long, several centimeters to several

SE

tens-of-centimeters wide and up to several meters deep. The
most spectacular ones cut the flat sedimentary floor 100-
350 m southwest of the cumulative F/ and F2 scarps and
continue westward for ~900 m along the base of the F/ free
face or across its scree wedge (Fig. 8). A clear consequence
of the 1989 earthquakes, such fissures in soft sediments will
likely fill in, if not disappear, over the years.

In area 1 (box 1, Fig. 8), the floodplain is cut by half a
dozen linear open fissures without detectable vertical throw,
forming a dextral en échelon array about 430 m long, trend-
ing ~N120°E (Figs. 8 and B2). The two longest fissures
strike N120°E and are ~125 and ~225 m long. Two others
are 38 m and 58 m long, and the smallest one only 5 m long.
They strike between N120°E and N130°E. Their opened

NwW

Figure B4.  Overall, south-looking view of area 3 ruptures, from total-station base 1. Top of block A is in foreground. Note ruptures of

area 1 on top left part of photograph.
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width is up to 30 cm. The longest fissure is about 2 m deep.
Some fissures may have been enlarged by water runoff.
Farther east, in the continuation of the array, others may have
been obliterated by recent flooding. The westernmost fissure
connects areas 1 and 2.

The surface breaks in area 2 (box 2, Fig. 8) are fissures
and normal scarplets striking either N110°-120°E or N140—
150°E (Fig. B2). They delimit a rhomb-shaped zone, about
230 x 80 m? wide, which subsides slightly in its eastern
part. The surface breaks in area 2 connect with those in areas
1 and 3.

In area 3 (Figs. B3 and B4), the rupture zone is
~250 x 60 m2. We observe two main fissure sets. The first
is composed of fissures striking N160°-~180°E, 5-20 m long,
several centimeters to tens-of-centimeters wide. The second
set is composed of N80°-130°E-striking, open fissures, and
normal eroded scarplets up to 12 cm high. Some open
fissures have vertical throws several centimeters to tens-of-
centimeters high. Some are up to 65 m long. The trends of the
fissures showing the largest opening range between N100°E
and N130°E. The small scarplets and the open fissures with
vertical throws delimit a N105°E-trending, ~220 m-long,
grabenlike structure, which widens from 5 m in the west
to 35 m in the east. The principal fissures cross the central
part of this small graben at a slight angle and tend to form a
dextral en échelon array. The graben lies about 75 m south of
the FI cumulative fault scarp. Area 3 seems connected to
area 6 through eroded N80°-100°E-trending fissures and
an alignment of mud-volcano craters (or sand-blows, (E) see
Fig. S1 in the electronic supplement to this paper) 1-2 m in
diameter. Areas 2 and 4 (Figs. 8 and B2) appear to be linked
by the northernmost striking fissures in area 3, suggesting
a dextral, rhomb-shaped transfer zone between the small
graben in area 3 and the surface breaks in area 4.

In area 4 (Figs. 8 and B2), we mapped a rather contin-
uous, 10-30 cm high, light-colored scarplet running across

Figure BS.
wedge along F/ fault scarp, (middle of area 4). Light-colored
scarplet across wedge, indicated by arrows, is coseismic 1989
rupture.

North-northwest-looking view of faulted scree

Figure Bé6. Map of ruptures in area 5 (most northwestern sur-
face breaks of Kadda Hawli).

the scree wedge at the base of the F/ cumulative scarp
(Figs. 8 and BS). It either cuts the highest part of the scree
wedge or marks contact between the free face and the scree,

Figure B7. North-northwestward-looking closeup of open
cracks in area 5 (compass gives scale).
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Figure B8. Map of surface ruptures in areas 7 and 8 (most southeastern breaks of Kadda Hawli).

as do most seismic ruptures in Afar (e.g., Abdallah et al.,
1979; Tapponnier et al., 1990; Manighetti, 1993; Manighetti
et al., 2001). It thus clearly formed due to slip on F/ during
the 1989 sequence. In the easternmost part of area 4, the scar-
plet curves and splits into N140°-150°E segments that obli-
quely crosscut the scree wedge downslope toward the small

graben observed in area 3 (Fig. 8). In the middle part of area
4, other N140°-150°E-trending scarplets cut across the scree
wedge, suggesting they may have been connected to the now
smoothed ruptures in the floodplain west of area 3. These
scarplets form a dextral en échelon array along FI. No other
seismic scarplet is visible westward on this fault.

Figure B9. East-looking view (location in Fig. BS8) of fissures intersecting at high angles in area 7, cumulative fault scarp of F2 in

background.
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In area 5 (Figs. 8 and B6), a patch of lacustrine calcar-
eous sediments covered by a thin veneer of basaltic gravel is
cut by ten open fissures ~10 cm wide (Fig. B7), 10-20 m
long, striking N130° & 15°E, and located ~50 m southwest
of the FI scarp base. These fissures form a dextral en échelon
array along a mean ~N115°E direction (Fig. B6). Those
shown as dashed lines tend to form a left-lateral en échelon
array along a mean ~N145°E direction. West of area 5, we
observed no further rupture. The gravel layer is thicker and
coarser than elsewhere, however, making detection of
surface breaks more difficult.

Area 6 shows an almost continuous, 10-30 cm high,
light-colored scarplet running along the contact between
the FI free face and its scree (Figs. 8 and B2). Just west
of the alluvial fan that fills the F'/-F2-F3 intersection zone,
the scarplet curves southeastward to continue into the graben
floor. There, it gives place to open fissures with small vertical
throws, which continue into area 7 (Fig. BS).

Area 7 (Figs. 8 and BS8), downstream from the alluvial
fan, shows the most unusual fissure network, measured with
crosscutting, almost orthogonal open fissures (Fig. B9). The
longer fissures (25-65 m long) strike N160°-170°E. They are
connected by shorter (7-15 m long) fissures. The eastern-
most fissure is filled, forming a shallow rill with regularly
spaced tufts of grass. The other fissures are fresh, with sharp
edges () Fig. S2 in the electronic supplement to this paper).
They are 15-50 cm deep and have small, west-facing vertical
throws. In the northwestern part of this area, the northerly
striking fissures bend counterclockwise (Fig. B8) before
merging with area 6 ruptures. Twenty-five meters to the
south, a peculiar, open fissure exhibits an even sharper bend
of more than 100°. All fissures but the southernmost one can
be interpreted to form a dextral horse-tail termination at the
eastern end of the F1 seismic scarplet (area 6).

In area 8 (Figs. 8 and BS), open fissures cut through the
lacustrine infill, downstream from the alluvial fan of site 6.
They lie parallel to and 50 m south of the cumulative scarp of
F2. Their strikes range between N110°E and N125°E. They
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are 5-20 cm wide. The easternmost and longest fissure is
~200 m long, with slight subsidence of the sediment floor
to the south. The lengths of the others range between 20 m
and 75 m. The westernmost fissures are located in the south-
eastward continuation of F3. One of the fissures bears traces
of sand and water ejection (Fig. B8). They form an overall
dextral en échelon array with a mean trend of N9O°E, nearly
parallel to F1. We could not find ruptures cutting across the
alluvial fan, but they might be difficult to detect in coarse,
loose pebbles.
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