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Abstract: Crustal structure beneath the GEOSCOPE station ATD in Djibouti has been investi- 
gated using H-K stacking of receiver functions and a joint inversion of receiver functions and 
surface wave group velocities. We obtain consistent results from the two methods. The crust is 
characterized by a Moho depth of 23 +__ 1.5 km, a Poisson's ratio of 0.31 + 0.02, and a mean 
Vp of c. 6.2km s -1 but c. 6.9-7.0km s -1 below a 2-5 km-thick low-velocity layer at the 
surface. Some previous studies of crustal structure for Djibouti placed the Moho at 8 to 10 km 
depth, and we attribute this difference to how the Moho is defined (an increase of Vp to 
7.4 km s -1 in this study vs. 6.9 km s -1 in previous studies). The crustal structure we obtained 
for ATD is similar to crustal structure in many other parts of central and eastern Afar. The high 
Poisson's ratio and Vp throughout most of the crust indicate a mafic composition and are not 
consistent with models invoking crustal formation by stretching of pre-existing Precambrian 
crust. Instead, we suggest that the crust in Afar consists predominantly of new igneous rock 
emplaced during the late syn-rift stage where extension is accommodated within magmatic seg- 
ments by dyking. Sill formation and underplating probably accompany the dyking to produce 
the new and largely mafic crust. 

Afar is a tectonically active region in between con- 
tinental rifting and oceanic rifting where the Red 
Sea oceanic ridge, the Gulf of  Aden oceanic 
ridge, and the continental East African Rift 
System (EARS) meet  in a r i f t - r i f t - r i f t  triple junc- 
tion (Fig. 1). Understanding the nature and origin of  
the crust in Afar is important because Afar is one of  
the few places where it is possible to study the 
development  of  magmatic  segmentation during 
rifting, the formation of volcanic rifted margins, 
and more generally, how continental rifts evolve 
into oceanic rifts. 

There are a number  of conflicting views about the 
thickness and composi t ion of  the crust in Afar, and 
how it formed. For example, some studies have 
reported estimates of  crustal thickness between 14 
and 26 km, and from these estimates inferred that 
the crust may be more  continental than oceanic in 
nature (Makris & Ginzburg 1987; Berkhemer  
et al. 1975). Other studies have reported estimates 
of  crustal thickness between 8 and 10 km (Ruegg 
1975; Sandvol et al. 1998), suggesting an oceanic 
origin for the crust, and yet others have argued for 
completely new igneous crust that is much thicker 
than typical oceanic crust based on such obser- 
vations as the velocity structure of the crust and 
Poisson's ratio (Mohr 1989; Dugda et al. 2005). 

In this paper, crustal structure is imaged beneath 
the GEOSCOPE station ATD in eastern Afar 
(Djibouti) using receiver functions and surface 

wave dispersion measurements.  We report new esti- 
mates of  Moho depth, Poisson's  ratio and shear vel- 
ocity structure, and combine these estimates with 
seismic images of  crustal structure from other 
parts of  Afar to re-examine the nature and origin 
of  the crust in Afar. This study differs f rom previous 
studies of  receiver functions for station ATD in that 
10 years of  data have been used, enabling us to 
obtain high-quality receiver function stacks and to 
investigate azimuthal variations in structure 
beneath the station. In addition, Rayleigh wave 
group velocities have been used to constrain 
crustal shear wave velocities. 

Tectonic and geodynamic setting 

The seismic station ATD is located on the south 
side of  the Gulf  of  Tadjoura in Djibouti (Figs 1 
and 2). The Gulf  of Tadjoura is the western exten- 
sion of  the Gulf of  Aden ridge, and represents the 
penetration of the ridge into Afar, where it joins 
with the East African and Red Sea rifts (Courtillot 
1980; Cochran 1981; Manighetti  et al. 1997; 
Courtillot et al. 1999). Station ATD is located on 
1 0 - 1 4  Ma rhyolites, and away from the main 
zones of  rifting in the Gulf  of  Tadjoura (Fig. 2) 
(Manighetti  et al. 1997, 1998). 

The tectonic and geodynamic setting of  Afar has 
been studied extensively (e.g. Hayward & Ebinger 
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Fig. 1. Shaded relief map of the Afar region showing location of GEOSCOPE station ATD (white triangle), political 
boundaries (thin solid lines), temporary broadband seismic stations operated between 2000 and 2002 (black squares), 
and seismic refraction lines (A, Berkhemer, 1975, solid bold lines labelled I to V; B, Ruegg, 1975, medium thickness 
lines in Djibouti; C, EAGLE, Maguire et al. 2003, bold dashed line). Station names are shown in the white boxes next to 
seismic stations, Moho depth (in km), and crustal Poisson's ratio. Estimates of Moho depth (in km) and mean crustal Vp 
(in km s -1) are shown in the white boxes next to seismic refraction lines, assuming the Moho is where P-wave 
velocities increase to >7.4 km s -1. 

1996; Manighetti e t  al. 1997, 1998; Acton et  al. 
2000; Ebinger & Casey 2001; Tesfaye e t  al. 2003; 
Audin e t  al. 2004; Wolfenden e t  al. 2005). The 
Red Sea and Gulf of Aden rifts began forming in 
the Oligocene when Arabia first separated from 
Africa. The western Gulf of Aden initially opened 
between 15 and 10 Ma and entered Afar at c. 5 Ma 
(Courtillot e t  al. 1999; Hofmann e t  al. 1997). The 
eruption of flood basalts in Ethiopia and Yemen 
occurred at about 31 Ma, concurrent with or immedi- 
ately prior to the opening of the Red Sea and Gulf of 
Aden (d'Acremont e t  al. 2005; Wolfenden et  al. 
2005; Ukstins e t  al. 2002; Hofmann e t  al. 1997). 

The opening of the Main Ethiopian Rift (MER) to 
form the third arm of the Afar triple junction com- 
menced around 11 Ma (Wolfenden e t  al. 2005; 
Chemet e t  al. 1998). 

Rift models for extension in rheologically 
layered continental lithosphere, as found in Afar, 
can be grouped into two categories: (1) those invok- 
ing mechanical stretching, where strain is accom- 
modated by large offset faults in a brittle upper 
crust and by ductile deformation in the lower 
crust; and (2) those invoking extension caused by 
dyke intrusion within magmatic segments (e.g. 
Ebinger & Casey 2001; Buck 2004; Ebinger 

 at Duke University on November 11, 2014http://sp.lyellcollection.org/Downloaded from 



NEW CONSTRAINTS ON CRUSTAL STRUCTURE IN EASTERN AFAR 241 

1 1 ° 3 5  ' 

4 2 ° 4 5  ' 4 2 ° 5 0  ' 4 2 ° 5 5  ' 

Gu l f  o f  Tad jou  ra 

Mabla Rhyolites 
(14-10 Ma) 
Basaltic Fissure Flows 
(Pleistocene) 

l Afar Stratoid Series 
(4-1 Ma) 

~ Dalha Basalts 

1 1 o 3 5  ` 

[[ i l~ m 

4 2  ° 4 5 '  4 2  ° 50 '  4 2  ° 55'  

Fig. 2. Sketch map showing the geology around station ATD (solid triangle) (after Varet 1975), the distribution of 
Ps conversion points at a depth of 25 km (dots), and the four regions used to group receiver functions. 

2005). The latter proposal has been supported for 
the MER and Afar by geodetic data indicating 
that magmatic segments accommodate >80% of 
the extension (Bilham et al. 1999), and by gravity 
and morphotectonic observations (Hayward & 
Ebinger 1996; Manighetti et al. 1998). A dyke 
intrusion model is also supported for the Afar and 
MER by recent shear-wave splitting studies using 
seismic data from the Ethiopian Afar Geoscientific 
Lithospheric Experiment (EAGLE) and permanent 
seismic stations in the region (Ayele et  al. 2004; 
Kendall et  al. 2005). 

Previous studies of crustal structure 
in Afar 

Detailed information about crustal P-wave velocity 
structure in Djibouti comes from the deep seismic 
sounding experiment of Ruegg (1975) (Fig. 1). 
To the south of the Gulf of Tadjoura, Ruegg 
(1975) reported a velocity structure consisting 
of five layers with P-wave velocities, from top 
to bottom, of 4.0 km s -1, 6.4 km s -1, 6.9 km s -r ,  
7.1 km s-1, and 7.4 km s-1, and layer thicknesses 
of 3.6km, 5.6km, 4.6kin, l l k m  and 10kin, 

respectively. Ruegg (1975) interpreted the Moho 
to be at about 10-11 km depth between layers 
with velocities of 6.4 km s-1 and 6.9 km s-1 (i.e. 
velocities of about 6.9 km s-  1 and higher were con- 
sidered to be indicative of mantle rock). Ruegg 
(1975) found similar structure to the north of the 
Gulf of Tadjoura, with increase in velocity from 
7.1 km s-1 to 7.4 km s-1 occurring at a somewhat 
shallower depth of about 20 km. 

Crustal structure has been investigated in other 
parts of the Afar using seismic refraction, surface 
wave dispersion, gravity and other geophysical 
data. Figure 1 summarizes Moho depths (H), 
crustal Vp values, and crustal Poisson's ratios 
reported in previous studies. Much of the infor- 
mation available about crustal structure in Afar 
comes from seismic refraction surveys conducted 
in the mid-1970s (Berkhemer et  al. 1975) (lines 
I -V ,  Fig. 1). Makris & Ginzburg (1987), revising 
the previous interpretation of Berkhemer et al. 
(1975), reported Moho depths along refraction 
lines I and II of 30 km in the south and 26 km in 
the north. For profiles III and V, they found 
crustal thickness variations of 26 to 14 km, with a 
change in the middle of profile V from about 
26 km to about 20 km. For refraction line IV, they 
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reported that crustal thickness thins from 26 to 
23 km toward the Red Sea coast. The values of 
P-wave structure reported by Ruegg (1975) for the 
Gulf of Tadjoura region is similar to the structure 
reported by Makris & Ginzburg (1987) for other 
parts of the Afar, but the layer thicknesses are some- 
what different, and also the interpretation of what 
velocity indicates mantle rock (i.e. how the Moho 
is defined). Makris & Ginzburg (1987) interpret 
P-wave velocities as high as 7 . 1 - 7 . 2 k m s -  as 
crustal velocities, and they concluded that the 
Moho is marked by an increase in velocity to 

- 1  7.5 km s 
Receiver functions from station ATD were mod- 

elled for crustal structure by Sandvol et al. (1998). 
They applied a grid search technique to model a 
receiver function stack comprised of 11 receiver 
functions from a limited range in backazimuth 
(1 event came from the west and 10 came from 
the east). They obtained a Moho depth of 8 km, 
suggesting oceanic-like crust beneath Djibouti, 
similar to the interpretation of crustal structure by 
Ruegg (1975). More recently, Dugda et al. (2005) 
analysed receiver functions from a temporary 
broadband station at Tendaho (TEND, Fig. 1) in 
central Afar, obtaining a Moho depth of 
25 __ 3 km, in good agreement with estimates of 
crustal thickness along refraction lines II, III and 
IV (26 km, Fig. 1) by Makris & Ginsburg (1987). 

In contrast to Moho depth, there is more uniform- 
ity in the crustal Poisson's ratios reported for the 
Afar. Ruegg (1975) reported a high Poisson's 
ratio of 0.28 to 0.33 for the Gulf of Tadjoura 
region, and in their global study of the continental 
crust, Zandt & Ammon (1995) obtained a crustal 
Poisson's ratio for station ATD of 0.29 _+ 0.02. 
From an analysis of surface waves crossing Afar, 
Searle (1975) reported that Poisson's ratio increases 
from 0.25 at the surface to 0.29 at the deepest 
portion of the crust. Dugda et al. (2005) reported 
a high crustal Poisson's ratio of 0.36 for Tendaho 
(TEND, Fig. 1). 

New estimates of crustal structure 
for Djibouti  

Crustal structure has been examined in this study 
using data from the GEOSCOPE station ATD 
and two complementary methods: (1) the H-K 
receiver function stacking method; and (2) a joint 
inversion of receiver functions and Rayleigh 
wave group velocities. The first method provides 
estimates of Moho depth and crustal Poisson's 
ratio, while the second method provides infor- 
mation about how shear wave velocities vary 
with depth in the crust. 

Crustal structure f r o m  H - K  analysis o f  

receiver funct ions 

Receiver functions have been modelled for several 
decades using a variety of methods (e.g. Langston 
1979; Taylor & Owens 1984). For this study, we 
have used the H-K stacking technique 
( H =  Moho depth and K = Vp/Vs) of Zhu & 
Kanamori (2000) because it provides robust esti- 
mates of crustal thickness and Poisson's ratio. It is 
well known that H and K trade off strongly 
(Ammon et al. 1990; Zandt et al. 1995), and in an 
effort to reduce the ambiguity introduced by this 
trade-off, Zhu & Kanamori (2000) incorporated 
the later arriving crustal reverberations PpPs and 
PpSs + PsPs in a stacking procedure whereby the 
stacking itself transforms the time-domain receiver 
functions directly to objective function values in 
H-K parameter space. The objective function for 
the stacking is 

N 

s(H,K) = Z wlrj(tl) + w2rj(t2) - w 3 r j ( t 3 )  

j = l  

(1) 

where wl, wz, w3 are weights, rj(ti), i = l, 2, 3 are 
the receiver function amplitude values at the 
predicted arrival times tl, t2, and t3 of the Ps, 
PpPs, and PsPs + PpSs phases for the jth receiver 
function, and N is the number of receiver functions 
used. The H - n  stacking algorithm is based on the 
premise that the weighted stack sum of the receiver 
function amplitudes should attain its maximum 
value when H and K attain their correct values for 
a particular crust. By performing a grid search 
through H and K parameter space, the H and K 
values corresponding to the maximum value of 
the objective function can be determined (Zhu & 
Kanamori 2000). The H-K method provides a 
better estimate of Moho depth and Vp/Vs ratio 
than a simple stack method because it uses the 
correct ray parameter in the stacking of each recei- 
ver function. 

Events used in this study come from distances of 
30°-100 ° and have magnitudes greater than 5.5. 
Most of the events are from the east (the Indonesian 
and Western Pacific subduction zones), but 43 out 
of the 183 events come from other azimuths. For 
computing the receiver functions, a time-domain 
iterative deconvolution method (Ligorria & 
Ammon 1999) was used, and to evaluate the 
quality of the receiver functions, a least-squares 
misfit criterion was applied. The misfit criteria 
provides a measure of the closeness of the receiver 
functions to an ideal case, and it is calculated by 
using the difference between the radial component 
and the convolution of the vertical component 
with the already determined radial receiver 
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function. Receiver functions with a misfit of 10% 
and less were used in our analysis. 

The receiver functions were filtered with a 
Gaussian pulse width of 1.6. Both radial and 
tangential receiver functions were examined for 
evidence of lateral heterogeneity in the crust and 
for dipping structure. Events with large amplitude 
tangential receiver functions were not used. 

In applying the H - K  technique, it is necessary to 
select weights Wl, w2, and w3, and a value for Vp. 
More weight is typically given to the phase that is 
most easily picked. Given a range of plausible 
values for average crustal Vp values for rifted 

s - l ;  continental crust ( 5 . 8 - 6 . 8 k m  e.g. Fuchs 
et al. 1997; Prodehl et al. 1994 and references 
therein), crustal thickness can vary by almost 
4 km while the Vp/Vs ratio can change by 0.02, as 
shown in Table 1. Thus, when estimating errors 
for the H - K  method, the uncertainty in mean 
crustal velocity, as well as the sensitivity of the 

TabLe 1. Results from H -  K stacking of receiver 
functions for the different groups shown in Figure 2 
for a range of plausible mean crustal Vp 

Moho Poisson's 
Group Vp depth (kin) Vv/Vs ratio (or) 

5.8 20.7 1.84 0.29 
6.0 21.4 1.84 0.29 
6.2 22.2 1.84 0.29 
6.4 23.1 1.83 0.29 
6.6 23.8 1.83 0.29 
6.8 24.7 1.82 0.29 

5.8 20.8 1.97 0.33 
6.0 21.6 1.97 0.33 
6.2 22.4 1.96 0.32 
6.4 23.3 1.95 0.32 
6.6 24.1 1.95 0.32 
6.8 25.0 1.94 0.32 

5.8 21.8 1.92 0.31 
6.0 22.7 1.91 0.31 
6.2 23.4 1.91 0.31 
6.4 24.2 1.91 0.31 
6.6 25.1 1.90 0.31 
6.8 25.9 1.90 0.31 

5.8 21.8 1.87 0.30 
6.0 22.5 1.87 0.30 
6.2 23.4 1.86 0.30 
6.4 24.2 1.86 0.30 
6.6 25.1 1.85 0.29 
6.8 25.9 1.85 0.29 

All 5.8 21.1 1.89 0.31 
6.0 21.9 1.89 0.31 
6.2 22.6 1.89 0.31 
6.4 23.5 1.88 0.30 
6.6 24.4 1.87 0.30 
6.8 25.2 1.87 0.30 

results to variations in the weights (w~, w2, and 
w3), need to be considered. 

We used the H - K  stacking together with a boot- 
strap algorithm and normally distributed values of 
Vp and phase weights to simultaneously find the 
best values of H and K, as well as the errors associated 
with these values. We began by incorporating uncer- 
tainty in mean crustal velocity into error estimates for 
H and K by specifying a normal distribution of Vp 
values so that 95% of the values selected fell 
between 5.9 and 6.5 km s -1, with a mean value of 
6.2 km s -1, which is the mean crustal velocity in 
the refraction line near ATD (Fig. 1). For the 
weights (Wa, w2 and w3), we also used a normal dis- 
tribution such that the sum of the weights add up to 
1.00 but 95% of the values for wl fall between 0.55 
and 0.65 with a mean of 0.6, for w2 they fall 
between 0.25 and 0.35 with a mean value of 0.3, 
and for w3 they vary between 0.05 and 0.15 with a 
mean value of 0.1. 

Once values for Vp and the weights were selected, 
we then used the bootstrap algorithm of Efron & 
Tibshirani (1991), together with the H -  K stacking, 
to estimate H and K with statistical error bounds. 
While performing the H - K  stacking, the contri- 
bution of each of the receiver functions to the 
determination of H and K was also weighted based 
on the least squares misfit value of the receiver 
functions. The procedure of selecting Vp and 
weights from the distribution described above and 
then performing the H - K  stacking with bootstrap- 
ping was repeated 200 times. After each time, 
new average values of H and K and their uncertain- 
ties were computed. It was found that after 
repeating the procedure 5 0 - 6 0  times (out of 200), 
the error values for H and K stabilized. 

H - K  stacking was performed on only the highest 
quality receiver functions (48 receiver functions 
spanning 10 years of data from 1993 to 2002). To 
examine azimuthal variation in crustal structure, 
the receiver functions were split into four groups 
from different azimuths (Fig. 2), and the stacking 
was performed on the receiver functions within 
each group. The groups were based on the cluster- 
ing of the events with backazimuth, except for 
group 1, which we chose to be similar to the 
range of backazimuths represented in the receiver 
functions used by Sandvol et al. (1998). The 
result for group 1 is shown in Figure 3, and the 
results for all the groups, as well as for an H - K  
stack using all 48 receiver functions, are summar- 
ized in Table 2. The results are consistent between 
the various groups and give little indication of azi- 
muthal variation in crustal structure. 

For comparison with the results of Sandvol et al. 
(1998), we also computed stacks of the receiver 
functions by simply averaging them together 
(Fig. 4). Many more receiver functions were used 
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Fig. 3. H -  K stack of receiver functions in group l for a mean crustal Vp of 6.2 km s- ]. To the left of each receiver 
function, the top number gives the event azimuth and the bottom number gives the event distance in degrees. Contours 
map out percentage values of the objective function given in the text. 
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Table 2. H-K stacking results for  the groups o f  receiver functions shown in Figure 2 using a 
mean crustal Vp o f  6.2 km s -1 and the error estimation procedure described in the text 

245 

Group Moho Depth Vr,/Vs Vp/Vs Poisson's No. events 
depth (km) uncertainties ( + / - )  uncertainties ( + / - )  ratio (o-) 

1 23 1.2 1.85 0.03 0.29 27 
2 23 1.7 1.95 0.05 0.32 4 
3 23 2.0 1.92 0.09 0.31 9 
4 24 2.4 1.86 0.10 0.30 8 
All 23 1.5 1.90 0.04 0.31 48 

(a) 

~ °.3 I 0.2 
(3) o.1 

0 .0 -  
-0.1 E i 

-5 

~ - r ~ / ~ -  .-.~-.../..-- o b s e r v e d  r e c e i v e r  f u n c t i o n  
. . . . . .  s y n t h e t i c  r e c e i v e r  f u n c t i o n  

Ps? 
PpPs? 

F V ~ - - " ~ ~ "  PsPs + PpSs? 

I ' i i I l l I I 

0 5 10 15 20 
Time (seconds) 

(b) 
0.3 
0.2 
0.1 
0.0 

0.3 
0.2 
0.1 
0.0 

"G 
0.3 
0.2 -~ o.i 

.~- 0.0 

E 0.3 
< 0.2 

0.1 

0.0 

0.3 
0.2 
0.1 
0.0 

-0.1 I 

-5 

Ps All Directions 

A _ Group 1 

A Ps Group 2 

Group 4 

0 5 10 15 20 

Time (seconds) 

Fig. 4. (a) Receiver function stack and synthetic for a crustal thickness of 8 km for station ATD (redrawn from 
Sandvol et al. 1998). Crustal reverberations not interpreted by Sandvol et al. (1998) are labelled along with the phase 
they interpreted to be the Moho Ps conversion. (b) Simple stacks of receiver functions from this study for the different 
groupings shown in Figure 2. 
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for this (183 total), as compared to the H- •  stack- 
ing. The Ps conversion points at 25 km depth for all 
183 events are shown on Figure 2. 

Crustal  s tructure f r o m  jo in t  invers ion o f  

rece iver  fi¢nctions and  surface wave  

dispers ion m e a s u r e m e n t s  

Another approach to addressing the non-uniqueness 
inherent in interpreting receiver functions (besides 
H - K  stacking), is to invert jointly the receiver func- 
tions with observations that constrain crustal vel- 
ocities, such as surface wave dispersion 
measurements. Joint inversions of receiver func- 
tions and surface wave dispersion measurements 
have been used by many authors to obtain improved 
models of crustal structure (e.g. Last et al. 1997; 
Ozalaybey et al. 1997; Du & Foulger 1999; Julia 
et al. 2000, 2005). An advantage of this method 
compared to H-K  stacking is that the inversion 
produces a model of shear wave velocities in the 
crust (in addition to Moho depth), and therefore 
details of crustal structure can be examined. 

We used the method developed by Julia et al. 
(2000) to jointly invert the receiver functions from 
station ATD and surface wave group velocities. In 
the inversion, we used three groups of receiver 
functions each corresponding to a range of ray 
parameters from 0.04 to 0.049 (with an average 
value of 0.044), from 0.05 to 0.059 (with an 
average value of 0.056), and 0.060 to 0.069 (with 
an average value of 0.065) (Fig. 5). In addition, 
for each grouping of receiver functions, we com- 
puted and stacked two sets of receiver functions 
that have overlapping frequency bands: a low- 
frequency band off_< 0.5 Hz and a high frequency 
band o f f  _< 1.25 Hz. By inverting receiver function 
stacks over a range of ray parameter and frequency, 
details of crustal structure can often be imaged, 
such as sharp versus gradational seismic discontinu- 
ities (Julia et al. 2005). 

Rayleigh wave group velocities between 10 to 40 
sec period were used in the inversion. The dis- 
persion measurements come from Benoit (2005), 
who conducted a surface wave tomography study 
of eastern Africa by adding to the dispersion 
measurements of Pasyanos et al. (2001) new 
measurements made with data from the 2000-  
2002 Ethiopia broadband seismic experiment 
(Nyblade & Langston 2002). 

The inversion was performed using two different 
starting velocity models to determine how sensitive 
the inversion results are to the starting model. In the 
first case (Fig. 5a), the starting model had a grada- 
tional velocity structure above 35 km over a half 
space. In the second case (Fig. 5b), the starting 
model was based on Ruegg's (1975) P-wave 

velocity profile converted to an S-wave model 
using a Poisson's ratio of 0.31. 

The results from the inversions using the differ- 
ent starting models are nearly identical (Fig. 5), 
and therefore the inversion results do not appear 
to be influenced significantly by the starting 
model. The velocity models (Fig. 5) show major 
discontinuities at depths of about 23 km and 
25 km, with a change of shear-wave velocity from 
about 3.75 km s -1 to 4.2 km s -1, which we inter- 
pret to be the Moho. 

To estimate the uncertainties in our model 
results, we followed the approach of Julia et al. 
(2005) and repeatedly performed inversions using 
a range of weighting parameters, constraints and 
Poisson's ratio. Similar to the results of Julia 
et al. (2000, 2003, 2005), by repeating the inver- 
sions for many combinations of model parameters 
and data, we found the uncertainties in the shear 
wave velocities to be about 0.1 km s-1 and uncer- 
tainties in the depth of discontinuities to be about 
2 - 3  km. 

Comparison of results 

The results of the H - K  stacking show little 
variation in crustal thickness or Poisson's ratio 
with backazimuth. The crustal thickness is 
23 _+ 1.5 km within each grouping and Poisson's 
ratio ranges from 0.29 to 0.32 (Tables 1 and 2). Ps 
conversion points shown in Fig. 2 illustrate that 
the receiver functions do not sample crust under 
the Gulf of Aden ridge. The results of the joint 
inversion are similar, indicating a Moho at 23 to 
25 km depth. 

Our results from both analyses (H-K stacking 
and joint inversion) are consistent with the 
seismic velocity structure given in Ruegg (1975) 
showing a velocity discontinuity at c. 24-25  km 
depth from 7.1 km s-  1 to 7.4 km s-  1. By selecting 
the P to s conversion on the receiver functions at 
about 3 s after the P arrival as coming from the 
Moho, we are favouring an interpretation of 
crustal structure that identifies rocks with velocities 
as high as 7.1 km s-  1 as crustal rock, similar to the 
interpretation of Makris & Ginzburg (1987) in other 
parts of the Afar. The Poisson's ratio of 0.31 ___ 0.02 
we obtained is consistent with the estimate from 
Ruegg (1975) of 0.28 to 0.33, as well as from 
Zandt & Ammon (1995) of 0.29-t-0.02. In 
addition, the shear velocity structure of the crust 
that we obtained from our joint inversion is remark- 
ably similar to Ruegg's (1975) model at all depths. 

As reviewed earlier, Sandvol et al. (1998) 
reported a crustal thickness estimate for ATD of 
8 km from analysing receiver functions. In their 
analysis, they used a Poisson's ratio of 0.25 and 
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receiver functions from 11 events, 1 from the west 
and the rest from the east (backazimuths of c. 39 ° 
and c. 123°). Thus, the stack of the receiver func- 
tions they modelled primarily reflected structure 
beneath the area of group 1 in Fig. 2. 

In comparison to Sandvol et  al. (1998), our 
analysis of receiver functions is more comprehen- 
sive. We stacked many more receiver functions 
with good signal to noise ratios, and to check for 
heterogeneous structure, the receiver functions 
were examined in four groupings from different 
backazimuths, as mentioned previously. The 
stacked receiver functions for group 1 (Fig. 4b) 
show a Moho Ps phase that is much stronger than 
in the stack from Sandvol et al. (1998) (Fig. 4a). 
We interpret the Ps phase picked by Sandvol et al. 

(1998) to represent a shallower discontinuity, 
perhaps the discontinuity at about 4 km or 10 km 
depth seen on the refraction line from Ruegg 
(1975). The Ps phase that we picked as the Moho 
Ps conversion is not as clear on the stack used by 
Sandvol et al. (1998) as in our stack (Fig. 4b), but 
it is nonetheless apparent (Fig. 4a). In addition, 
the two reverberation phases picked by our H - K  
stacking algorithm can be seen in the stack used 
by Sandvol et  al. (1998) at c. 10 and c. 12.5 
seconds (Fig. 4a). The synthetic receiver function 
obtained by Sandvol et al. (1998) for their preferred 
crustal model does not fit the arrivals of the receiver 
function at those times (Fig. 4a). 

Discussion 

As described earlier, the Moho in the Afar has been 
interpreted either as an increase in velocity from 
about 6.4 km s -1 to 6.9 km s -1 or as an increase 
in velocity from about 7 . 1 k m s  -~ to 7.4 or 
7.5 km s -~. We favour the latter interpretation 
because a Moho at c. 23 -25  km depth produces a 
Ps conversion that arrives at the time of the clearest 
Ps conversion on the receiver function stack for 
each grouping (Fig. 4b). The timing of the crustal 
reverberations is also well matched. In addition, 
the joint inversion yields a velocity structure for 
the crust with a clear velocity discontinuity at 
depths of 23-25  km (Fig. 5). Our preferred 
interpretation from the H - K  stacking (Table 2) is 
based on a mean crustal Vp of 6.2 km s - I .  Results 
summarized in Table 1 show that even for a mean 
crustal Vp of 5.8 kin s -~ (i.e. similar to the mean 
crustal Vp from Ruegg's  model if the 7.1 km s - l  
layer is considered to be in the mantle), the Moho 
depth is still around 21 kin. 

To the north of the Gulf of Tadjoura, Ruegg's 
(1975) refraction profiles show an increase in 
velocity from 7.1 km s -~ to 7.4 km s -1 at about 
20 km depth. Hence, the crust to the north of the 

Gulf of Tadjoura may be somewhat thinner than 
to the south, but there is little indication of thin 
(i.e. 8 - 1 0  km thick) crust across areas of Djibouti 
away from the main spreading centres. 

By combining our model of crustal structure 
beneath station ATD with the estimates of crustal 
structure from Makris & Ginzburg (1987), and 
Ruegg's  (1975) velocity models for other parts of 
Djibouti, it appears that crustal thickness and 
composition may be fairly uniform across many 
parts of central and eastern Afar (Fig. 1). Moho 
depths are between 2 0 - 2 5 k m ,  mean Vp is 
around 6 . 2 k m s  -~ but about 6 . 9 - 7 . 0 k m s  -1 
below a 2 - 5  km-thick low-velocity layer at the 
surface, and Poisson's ratio is about 0.30 or higher. 

What are the tectonic implications of this crustal 
structure for understanding the transition from 
continental rifting to sea-floor spreading? Mohr 
(1989) reviewed two plausible models for the 
nature of Afar crust which have different tectonic 
origins; (1) stretched (thinned) Precambrian conti- 
nental crust modified by igneous intrusions; and 
(2) new igneous crust created by the addition of 
large volumes of mafic magma and lesser amounts 
of silicic magma capped by coeval flood lavas. 
Using estimates of crustal stretching, crustal struc- 
ture and sea-floor spreading parameters for the 
Red Sea and Gulf of Aden basins, together with 
the geology of Afar indicating a region affected pre- 
dominantly by fissure volcanism, Mohr (1989) 
argued in favour of Model 2. 

Poisson's ratio is particularly diagnostic of 
crustal modification and was not commented on 
by Mohr (1989). Below the melting point of many 
rocks, mineralogy is the most important factor influ- 
encing Poisson's ratio (Christensen 1996), with the 
abundance of quartz and plagioclase feldspar 
having a dominant effect on the common igneous 
rocks. Granitic rocks have a Poisson's ratio of 
about 0.24, while intermediate composition rocks 
have values of around 0.27 and mafic rocks about 
0.30 (Christensen 1996; Tarkov & Vavakin 1982). 

Crustal Poisson's ratios in Afar can be used to 
further argue against Model 1. The Precambrian 
basement surrounding Afar is mostly Neoprotero- 
zoic Mozambique Belt. Dugda et  al. (2005) have 
reported that average Mozambique Belt crust in 
eastern Africa is approximately 40 km thick, has 
a Poisson's ratio of about 0.25 and an average 
Vp of 6.5 km s-1. It is very difficult to take such 
a crust and create the crust in Afar by simply 
stretching it. The resulting thinned crust would 
not have a sufficiently high Poisson's ratio to 
account for the observed Poisson's ratio in Afar 
of c. 0.30, nor would it have a sufficiently high 
average Vp. 

Model 2 could have an appropriately high Pois- 
son's ratio to account for the observed high ratio 
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found in Afar, but for this model to be viable there 
needs to be a reasonable explanation for how to 
generate the new igneous crust. One possibility is 
that the early Afar crust was initially oceanic in 
origin but was then modified by plume-generated 
melts from the mantle. Mohr (1978) suggested 
this possibility, noting that most of the anomalous 
crustal thickening would have occurred in the 
lower crustal layer (15-20 km thick in Afar com- 
pared to 4 -5  km in oceanic crust), and that this 
amount of crustal thickening was consistent with 
the excessive magmatism found in Afar. 

Another possibility, also proposed by Mohr 
(1989), is that the new igneous crust of Afar 
(Model 2) was generated by the intrusion of 
mantle-derived magmas breaking the crust. The 
formation of new igneous crust in this way is sup- 
ported by Ebinger & Casey (2001), who suggested 
that in transitional rift settings extensional strain 
is accommodated locally within magmatic centres 
instead of along rift border faults. According to 
them, border faults (detachments) play an active 
controlling role in the continental break-up 
process during the early stages of rifting, but, in 
the late syn-rift stages, crustal extension results pri- 
marily from dykes intruding into the crust. Recent 
results from the Ethiopian Afar Geoscientific Litho- 
sphere Experiment indicate that within the northern 
end of the main Ethiopian rift strain is indeed being 
accommodated within magmatic segments (Keir 
et al., in press; Bendick et al. 2006). Conse- 
quently, the Afar crust could have been created in 
a similar way, with the seismic structure described 
above reflecting the product of extension via the 
addition of large volumes of intrusive rock, predo- 
minantly mafic in composition, as dykes, sills and 
underplate. 

Conclusions 

A crustal thickness of 23 _+ 1.5 km and a crustal 
Poisson's ratio of 0.29 to 0.33 have been obtained 
for station ATD in Djibouti (eastern Afar) from an 
H-K stacking analysis of receiver functions and a 
joint inversion of receiver functions and surface 
wave dispersion measurements. These results are 
consistent with the seismic velocity structure of 
the crust in Djibouti obtained from seismic refrac- 
tion profiles (Ruegg 1975). By combining our 
results of crustal structure beneath station ATD 
with the estimates of crustal structure elsewhere in 
Afar, it appears that crustal thickness and compo- 
sition may be fairly uniform across many parts of 
central and eastern Afar, with Moho depths 
between 20-25 km. The high Poisson's ratio and 
high Vp throughout most of the crust indicates a 
mafic composition. 

The high crustal Poisson's ratio and high mean 
crustal Vp throughout much of Afar, as well as the 
crustal thickness, are not consistent with models 
invoking crustal formation through stretching of 
pre-existing Precambrian crust. Instead, we 
suggest that crust in Afar consists predominantly 
of new igneous rock emplaced as part of the exten- 
sional process. During late syn-rift stages in the 
main Ethiopian rift, extensional strain is accommo- 
dated within magmatic segments through dyke 
intrusion. In addition to dyking, sill formation and 
underplating associated with the magmatic centres 
probably combine to help form new igneous crust. 
The formation of the new igneous (mafic) crust in 
Afar could have also taken place through modifi- 
cation of oceanic crust that was subsequently 
altered by plume-derived magmas from the mantle. 
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