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An important episode of rifting eccurred in November 1978 in southwest Afar, in the first subacrial section of
the accreting plate boundary betwren the African and Arabian plates. Hurizontal rifting of more than 2 m took
place, with vertical displacements of about 1 m, sarthquakes of magnitede up to 5.3, and 1 fissural volcanic eruption
of basaltic lavas. Very precise geodetic measurements were carried out in order to study this crisis and strains of the
order of 3 X 107 were measured, both tengile and compressive, .

This paper presents an analysis of the mechanical hehaviour of the dthosphere, Tt is shown that an elastic-brittle
modsl with a rebound mechanism fits very well the data, and it is suggested that such a model, with magma injec-
tion in the resulting vpen fissures, shouid be used to describe aceretion at plate boundaries,

i. Introduction

The Ghoubbat-Asal rift in the Republic of Djibouti
is among all subuerial rifting zones of Afar or lceland
the most similar to a typical axial rift valley. It forms
the link between oceanic parts (Gulf of Aden ridge
systern} and the Afar axial voleanic zones of the
accreting plate boundary between the Arabian and
African plates [1—4] (see Fig. 1).

Different geophysical surveys have been performed
since 1971 by the Institut de Physique du Globe de
Paris in this region to study the processes occurring
at the plare boundaries. In particutar, a high-precision
geod.tic network of 22 monumented points extending
across a large area surrounding the rift zone was set
up in collaboration with the Institut Geographique
National [5].

An importani seismic and voleanic erisis occurred
on November 6, 1974, in this area, The major earth-
quakes of the crisis, with two events of mamitude
larger than 3, induced an important field of nogmal

Contribution LLP.G.P. No. 335.

faults and open fissures within the inner floor of the
rift, and the birth of a new fissural volcano. The
tectonic deformation covers an area about 3 km wide
and 15 km long,

Two geodetic surveys of remeasursments were per-
formed by means of a laser geadimeter in the few
months following the crisis. Nine points surrounding
the central zone were first remeasured in November
1978 just after the erisis [6]. This survey was extended
in March 1979, with nine more points.

Of the 22 primitive points, one point was not
1 und and political troubles in the region prevented
us (rom resurveying the three northern points.

2. Experimental data

The results concerning the differences between the
1973 and 1978-79 distances, horizonlly reduced to
sea level, are shown in Table 1. These data have been
obtained after a least squares adjustement of the geo-
detic net, includine data of the two remeasurements.

Experimental errors have been estimated to 1 mmyf
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Fig. 1. Tectonic sketeh map indicating the main active faults of the Asal-Ghoubhat rift zone from Stieltjes {2] and Needham et al.
[4]. The lower part of the figure shows the geodynamical envirannent.

knt. Nevetheless, some discrepancies result from small
movements occurred between November 1978 and
March 1979, Although these discrepancies, not
exceeding a few centimeters, do not prevent us from
compensating the two reincas.arements together, they
yield to 2 standard error of the distance change with-
in about 5 cm.

These results demonstrate a large extensional
deformation of the central part of the rift, reaching
2.4 m between points f and &, and a significant con-
traction of the two lateral margins reaching —0.7 m
between points N and R (see Fig. 2 {or location).

More complete description of these data will be
putblished elsewhere [7].

3. Interpretation

The results of geodetic resurvey are often presented
as displacement vectors of each station relative to an
arhitrary fxed point and an arbitrary fixed directzon.
Such a representation allows a compact picture of the
results, but it is not independent of the chosen
refercnce frame and can lead to misinmerpretation.

In order to obtain an intrinsic representation of
the deformation, the region has been divided into
finite trianpular elements according to the geodatic
nct, and the mean strain tensor for each triangie has
been computed. By mean strain {ensor we mgan
the tensor that homogeneously applied to a triangle



TABLE !

Compensated variations of distances between 1973 and 1978
for segments in 17ig, 2

Segment Distance {m) Segment Distance (m)
AE .02 HO n.o7
AC —(08 HT —(1.02
AE —-0.21 I~ 2.42
AF 0.29 1} 012
RC 0.07 JL -0.05
RD —0.23 JS —0.01
Bl —0.04 LS —0.41
BL —(.18 LT .00
cDh =008 MN —1.51
CE -0.37 MR .19
DE —0.23 NO 143
DH —-0.06 AR ~0.72
D1 .15 NU C—0.25
Er 096 QF —0.20
El 0.07 Qu 0.07
EN 0.24 Qv —0.02
Fut 0.04 RU 0.17
FN -0.22 ST 004
Hi -(.58 TV —0.03

HL —0.11 Uy .03

could exactly account for the deformation obscrved.

The computation has been made as follows: From
the definition of the struin tensor a sepment of length
!is deforred by a uniform strain € to a length 7 +4AJ
given by:

Al -
T: EEHH%{J (].)
i

= . . N
where 1 is the unit vector in the direction of the segment.

For a horizontal segment:

Al

Knowing the measured data AJ/7 and the values
w* and ¥ for each side of a single triangle, we obtain
a systern of three equations in the UNknoOWnS €xx,
€xy and €yy.

Thus, the directicn and magnitude of principal
horizontal strain are determined by u classical eigen-
vector analysis.

The results of this computation are shown in
Fig. 2.

The region surrounding the axial strip shows an
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extensional strain roughly perpendicular to the fault
directions. The teo lateral edges of the rift show
contraction in approximately the same direction, This
is a very important point.

Tectonic observations in the inner flour of the rift
valley show that brittle deformation {mostly normal
faults and open fissures trending NW.SE | in the
general direction of the rift) occurs inside un area not
muore than 3 (or 3.5) km wide in the emeryed part.
The assumption that this brittle deformation extends
toward the Ghoubbiet submarine axisl structure is
supported by seismic data, Le. Jocation of the mam
shock and post crisis seismicity |8].

In addition to the distance measurements, the
relevelling of a line crossing the subaerial rift zone
[7] shows a rough subsidence of about 70 cm strongly
correlated with the tectonic observation of normal
faulting.

Measured contractions in the northeast zones are
larger than those in the southwest ones. This is
probably due to the geometricul configuratian of the
network where the northwestern poinis are closer
to the fissured region then the southern ones, and
to the shiort wavelength of the deformation phienora-
enen.

The width of the brittle area is smaller than the
dimensions of the central triangles. We can conclude
that two opposite mechanical behaviours have
occurred: an extension limited to the brittle zone.
and a caontraction outside. Therefore, the extension
measured on the triangles in the central part should
be smaller than the actual extension in the brittle
zone.

Two fucts can be pointed out: the coherence of

the observed strain field as it is shown in Fig. 2, and

the clear phenomenon of post seisiic contraction,
not expected a priori in a distensive rift zone.

These data suggest to us that a mechanism of elastic
stretching followed by sudden breaking and elastic
rebound similar lo those introduced by Reid [9]
for the interprelation of the 1906 San Francisco
earthquake. is responsible for that phenomenon.

Thus, an efastic rebound mechanism is proposed
to interpretate these data: Before a crisis, a given
region in an acereting plate boundary is submitted to
a tension increasing in time because of the relative
drift of the plates and consequently deforms elasiic-
ally. When the extensional strain reaches the clastic-
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Fig. 2. Principal directions and values of the strain tensor for each
triangle of the geodetic net deduced from experimental geodetic :
méa;urements._]‘hc iength of the arrows indicates the strain
according to the scale shown on the lower left of the flgure, A
schematic puttern of the reactivated faults and the extent of the

new fissurat eruption are shown in the subaerial part of the rift,




brittle threshold (about 1.6 X 107 in our case, as we
shall sve later), thie weakesi Zone, in the inner floor of
the rift, breaks and elastic recovery takes place, with
faulting, fissuring, and injection of magma {dykes) in
the resulting open flssures.

4. A numerical modet

In order to test 1his hypothesis of elasticity, an
homogeneous, infinite, two-dimensional horizontal
model was assumed, with a 0,27 Poisson’s ratio. The
model is supposed initially unstressed and in equilib-
rium. The relative drift of the Arabian and African
plates is simulated by an uniaxial strain reaching the
threshold value just before the crisis. The crisis itself
is then simulated by the apening of sone fissures,
thetr locations and sizes being suggested by the pat-
tern of the strain field, and according Lo the tectonic
and seismic data. The minimum number of fissures
necessary to it adequately the data has been found
equal to 2 by using trial models,

The model contains ten parameters: the value and
orientation of the uniaxial strain field before 1he
crisis (two parameters) and the coordinates of the
endpoints of the two fissures {eight parameters) (see
Fig. 3).

The strains in our two-dimensional model have
been computed using the displacenient diseontinuity
method [10.11]. In this method the exact stress and
displacement field in a lincarly elastic homogenzous
mediwm are derived, under plane strain condition by
mezns of the Papkoviteh functions [12], from the
displacement discontinuity existing in a scgment with
both normal and tangential, non-zero constant values.
The solution for an arbitrary boundary geometry is
obtained by linear combinetion of the EieTnentary
solutions,

Because we are dealing with strains and not with
stresses, the results are independent of the value
taken for the Young’s modulus.

The computation of trial models by this method
leads to results (hat approach the observed strain
fleld, Neverhtheless, since the number of indepen-
dent observed data (\"= 33) is larger than the number
of model purameters to be determined (M =10), we
have decided to use linear inverse methods iz order to
calculate the best model that fits the data.
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Fiz. 3. (u} The maodel just befure tic crisis. The first two
parameters are the values and orientation of the uniaxial
regional strain simulating the relative drift of the Arabian
and Alrican plates. (b} The madel just after the crisis, Two
fissures are allowed to apen in the previous field. Sirains
resubiing from this upening are deduced from the difterence
between stazes {e) and (b). The eizght coordinates of the four
points A, B, Cand P, and the two pararneters of Fig, 3a,
arc the parameters of the model. Poisson’s raiio is taken
equal to 0.27, boundaries are supposed very far (tom the
fissures. sy, g, 14y, and o, are the normal and tangential
displacements and stresscs imposed us boundaty conditions,

5. Results of the inversion

The Inversion algorithm used in this study is de-
cribed in the Appendix. Qriginal data for the inversion
are the 33 independent distance changes cxisting in a
gewdelic net of 1% points,

Instead of arbitrary choosing these 33 indepen-
dent data, we take for the inversion routine the 153
relutive displacements between all puints, in order to
provide the same weighting for all points in the
inversion,

We have assumed a standard error of 0.05 m for
these data. The starting model for the inversion being
the last tr.al model previously obtained. Errorsin
parameters foc this starting model have been assumed
to be 0.5 X 107 for the regional strain, 107 for its
orientation, and T km for the coordinates of the
endpoints of the two fissures. Partiai derivatives are
computed numerically by means of the displaceinent
discontinuity method.

The first inversiorn has given an aceeptable result,

and no iteration has been needed.

) i maa
Results of the inversion are listed in Tuble I,
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TABLE 2
Results af the inersion, The orientation being poorly determined by the duta (D24 = 093}, no correction has been applicd to the
startine nroded for this parameres. The indetermination matrix is defined in the Appendix. Coordinates are given in UTM ternd 38)

Parameter Indetermination  Stutdard error Starting model Corrections to Final madel
Doe Covidn, 4) starting model
Uniaxial regional 002 0.08% 107 strain 145 % 107 strain 014 % 107 stauin 1,39 % 107 strain

strain telastic-
brittle threshold)
Orientation of the (1,93 9.6" 45.0° 14.4° 45.0°

unixnial regional

sirain
Endpeints coordinates
fissure [ 0.0% 0.3t km 324.00 km 1.55 km 23555km
0.03 017 km 1287.00km -2.52km 1284 48 km
0.07 027 ' m 230.00 km ~0.69 km 229531 km
0.03 017 km 1282.00 kim —{.06 km 128194 km
fissure 11 0.03 016 km 23300 km P02 kim 234.02 km
0.07 (.26 km 1279.00 km 0.45 km 127945 km
0.03 (.19 km 240,060 km 1.26 km 241.26 km
0.03 .18 km 1275.00 km (.3% km 1275.39 km
TABLE 3

Comparisan between experimental (1) and computed values (2} of the strain tensor components. For cach triangle, principal
values (X 107 are indicated with the direction of the mutor principal strain

Triangle {1} {2} Ttiunzle (n (2) Triangle i1 {2)
AEF +1.11 +1.18 EFN +1.75 +1.78 FMN +0.03 —0.08
—0.15 —0.1t —0.18 —0.27 —1.83 —2.03
7.9° 7.3° 33.0° 30.8° 118.2° 120.3°
MNR . #0019 +0.19 NRU +0.19 +0.05 QuUv +0.06 +0.17
~2.26 ~21.29 ~1.04 ~1.10 —0.07 —0.15
120.5° 118.7° 150.6° 141.5° 42.9° 44 3°
NQU +1.08 +1.06 INQ +2.23 +2.13 EIN +2.40 +2.32
~0.57 --0.46 +0.06 +0.03 —0.12 -0.20
178.2° 179.9° 35.8° 35.4° a4 6° 44.2°
QTV +0.19 +0.19 BHI. +0.0} +0.06 HLT +(1.02 +0.07
—0.16 ~0.12 —0.12 -.0.32 -0.11 —0.11
47.8° = 37.9° 87.1° 124 8° 78.57 17.4°
LST +0.04 +0.05 JLS +0.01 +0.03 HOQT +0.07 +0.22
—0.01 -0.03 —0.05 —0.05 ~0.18 —0.08
1.7° 52.7° 99.3° 71.9° 78.6° 58.9°
HOI +0.20 +0.20 DHI +0.21 +0.15 BDH +0.04 +0.10
-0.91 —0.47 —(1.92 —0.46 —1.34 —0.22
100,67 y1.7° 127.2° 133.5" 136.3° 139.67
BCD +0.27 +0.11 ABC +0.10 +0.07 ACE ~0.08 -0.16
-.23 —-0.14 -0.10 -0.17 —0.69 —0.37
4.2° —14.5° 26.2° 7.7 117.2° 121.0°
CDL —( 08 —0.00 DES +0.19 +#1.11
—0.51 —0.37 —0.46 -0.37

138.5° 123.1° 122.8° 115.4°
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Fig. 4. Strain field obtained by ous model, after inversion.

Principal directions and values of the strain tensors are I}
!
indicated inthe samc manner asin Fig. 2. f - /
!
Heavy lines indicate the lociation of the two fssurcs /

computed by the invetsion method. l/
J :
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6. Discussion

The inverted solution locates one fissure of 4.5 km
fong wlhich coincides with the axis of the observed
suhaciial fissure field (Figs. 2 and 4). Tts azimutl is
124°N. The sceond fissure, of $.1 km fong and trend-
ing 120°N, is iocated in the Ghoubhet. Its middle
point lies near 11°32.8'N and 42735.6'E. The value
for the elastic-brirtle threshold hus been found equal
10 1.59 X 1074, Th» orientation of the regional
stritin is poorly determined by the daty (see Table 2)
and we have kept the value of 45°N from the initial
model, which is in agreement with the NE-trending
transform faults of the Guif of Aden’s ridae system,

Applying the displacement discontinuity method
to this final model, we have computed the strain
fleld shown in Fig. 4. Strain tensors are mean values
for each triangle with the previous dellnition used
in Fig, 2.

Results, listed in Table 3, agree surprisinaly well
with the observed duta and the main characteristics
and peculiarities of the observed field in Fig, 2 are
also found in the model field of Fig. 4.

In Fig. 5 we have plotted the calculared relative
displacenments versus the measured ones,
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Fig. 5. Computed versus messured distance variations.

The maximum width of the subaerial fissure pre-
dicted by the model is found equal to 2.2 . From
our own ohservations this corresponds to the order of
magnritude of the total width of the actual fissurstion.
in the Ghoubbet, the computed maximum wadth of
the [issure is 3.8 m. A submarine survey of this zone,
which is 200 m deep, ould reveal important aspects
of the recent rifting cpisode.

Our medel, if it can be generalized to other rifting
zones, gives information on the mechanical properties
of the lithosphere in the accreting plate houndaries
[13—15].

Although no peodetic measurements were per-
formed between 1973 and 1978, we have assumed
that the wiwole measured deformation touk place
during the crisis of Novanber 1978, Two reasons sup-
port this assumption: first, the fissure field was
extremely fresh wlen observed in November 1978
[16], secondly, a similar crisis which occurred in lee-
land between 1973 and 1978 hus shown that hori-
zontal movements are not significant during the veurs
preceding such an event [17,18].

A questicn remains open: to what extent does
visco-plastic deformnation take place? Concerning the
four points which wore surveyed twice in November
1978 and Muarch 1977, relative displacements of a few
cenlimeters have been measared. In any case, such a
visco-plastic deformation is sn order of magnitude
smaller than the elastic deformation in the scale of
time considered here. {n order to answer this ques-
tion, geodetic survevs should be regularly conducted
in the crming months and vears.

8. Conclusion

The good agreement of our model with the geo-
detic data supgests that an elastic-brittle behaviour of
the lithosphere prevailed during the major crisis of
Novemper 1975, Our model predicts the focation of
two fissured zones, one, which was observed. in the
subaerial pact of the rift, and a submariue one, not
vet observed, by 200 m depth. An elastic-britle strain
threshold of 1.6 X 107 may represent a typical value
beyond which rupture occurs in suboceanic rifting
zones, if the Asal-Ghoubbet rift is compurable to
other oceanic rifts.
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Appendix. Inversion algorithm

Let (.} be a vector whose components are the
parameters of some initial model, (y;) be a vector
whose components are the values of some mea-
surcd data, and assume there exists a finear relation-
ship between data and mode! parameters. The model
¢ being an estimate of the true model and the Jdata
having experimental errors, we assume that their
covariance matrices Cov(9) and Cov{y) are known.

We deflne (b,) and (¥) as the best estimators of
the true model and the true data, in the least squares
sense, i.e. they minimize the ¥* function:

xE=(Y -3 - Cov i) (Y —y)

+ (b — ) - Cov i) (D= v) {A-1)
with the exact constraint:
Y=A -0 (A-2)

where A Is the matrix in the linear relation predicted
by the theory {“direct problein™).

It can be shown [19] that if the covariance
matrices have no null nor infinite diagonal elements,
i.e. variances, the problem formulated here has always
a solution (and a unique one). It is given by:

D=1{A" Cov!(3) A+ Cov™i{g)] ™"
C[AT - CovTi(y) -y + Cov i) - ¢] (A-3)

Calculated parameters {¢b,) have a covariance ma-
{rix that ¢an be defined by:

P o, dbs
Cov(th,, dg) = PRRALEALS Covl(y;, ¥)) +
i ay; 8y;
d<p,, oty
+ 2522 208 Coviy, 0y) (A4)

1A a\s'y s

From equation {A-3) it can be shown that this covau-

443

ance ntatrix is identical to the first factor in (A-3):
Cov(P) = [AL - CovT'(0) - A + Cov ™' ()] ™! {A-5)

Akjand Lee [20] have given g more complicated
expression of the covariance matrix for a very shnilar
inverse problem, This is due to the fact that if the
initial nrodel ¢ is not explicitly introduced in the
definition of the minimizing function x? (equation
A-1), then the second term in the righi-hand sid2 of
equation {A-4) is missing and some simplificatior s
leading to cquation (A-5) do not take place,

The “resolution matrix™ [21-23] allows to study
how parameters are “resolved” by data, We prefer to
introduce what we nmine the “indetermination
matrix’”:

Do = — {A-6)
A
From equations (A-3) and (A-6) one obtains:
D= Cov{d) - Cov () (A7)
It can be shown that: '
0<Ppa=1 (A-8)

and it is clear from equation (A-6) that if 1,4 is close
to zero, the parameter @, takes a value independent
of the corresponding parameter ¢, of the initial
model: the value & is fixed mainly by the data, i.e.
P, is a well “determinate” parameter. If Dy is close
to unity, the parameter &, strongly depends on the
paratieter dg, of the initial model: the parameter P,
is “indeterminate”.

In fact, the prublens we shall treat is not ¢ true
linear problem (displacements are not linearly related
to our parameters), but because our initial modet ¢
is not too far from the final solution &, we can, as it
is classically done, work in the first-order approxi-
mation (“lincarized problem™). By expanding in 1
Tavlor’s serics one ohtains:

Cov(d) = JAY - Cov' () - A + Cov ()] {A-9)
D(dY = Cov{®) - Cov™' () (A1
® - g=Cov(®b)- AL -Cov™H(r) [r = A (ATD)

where f($) are the values of the data predivted froma
model ¥ (with the nou-incar Jirect problem), and
where:

o= (219
Yo /yyg

(A-12)
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are the partial derivatives of the predicted data with
respect o the parameters, All other symbols have the
saite meaning as in equations {A-1) to {A-8).
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