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SUMMARY

We investigated post-seismic deformation following the 2003 May 21, M, = 6.9 Boumerdes,
Algeria, earthquake using surface displacements from six continuous Global Positioning Sys-
tem sites that operated in the epicentral area for 2.5 yr following the event. We find up to 4 cm
of cumulative horizontal displacement during that time period, with a time-dependence well
fit by a logarithmic decay. Post-seismic deformation appears to continue at all sites after the
2.5-yr observation period, with rates on the order of 1 cmyr~! or less. The data is consistent
with shallow afterslip (0—5 km) and shows no evidence for afterslip downdip of the coseismic
rupture. The data is poorly explained by viscoelastic relaxation in the lower crust or upper
mantle, or by poroelastic rebound. The concentration of afterslip adjacent to and updip of the
coseismic rupture, at least in the western half of the fault, suggests that afterslip is driven by
coseismic stresses. The correlation between the depth of afterslip and that of the sedimentary
wedge along the Algerian margin, while coseismic slip occurs in deeper basement rocks, sug-
gests (1) that post-seismic deformation may also involve folding and (2) that spatial variations

in frictional properties along the fault correlate with the type of rocks involved.
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1 INTRODUCTION

Despite the well-established importance of post-seismic deforma-
tion during the earthquake cycle (e.g. Thatcher 1974, 1983), de-
bate persists about the driving mechanisms (i.e. afterslip versus vis-
coelastic relaxation versus poroelastic rebound), where the deforma-
tion occurs (lower crust or upper mantle), and what are the relevant
constitutive parameters of the candidate processes (e.g. Newtonian
versus power-law viscosity). For instance, an early phase of rapidly
decaying deformation following the 1992, M, = 7.3 Landers earth-
quake has been explained by afterslip below 10 km (Shen ef al. 1994;
Savage & Svarc 1997). Some of the early deformation following that
event, especially the observed pattern of uplift and subsidence near
the fault, suggests poroelastic adjustments to the earthquake stress
changes (Peltzer ef al. 1996). Finally, longer-term post-seismic de-
formation following that same event has been interpreted as the
result of viscoelastic relaxation in the lower crust and upper man-
tle, possibly involving non-linear mantle rheology, either biviscous
(Pollitz et al. 2001) or stress-dependent (Freed & Biirgmann 2004).
Multiple mechanisms may also be acting over different spatial and
temporal scales. Freed et al. (2006) showed that post-seismic defor-
mation following the 2002, M, = 7.9 Denali, Alasaka, earthquake
resulted from the combination of viscoelastic flow in the upper man-
tle and possibly the lower crust, shallow afterslip in the upper crust
and poroelastic rebound in the immediate vicinity of the rupture.
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The difficulty for identifying post-seismic processes stems, in
part, from the lack of sufficient observational data sets to constrain
models. Here we report on post-seismic deformation following the
2003 May 21, M, = 6.9 Boumerdes earthquake, Algeria (Fig. 1;
Ayadi et al. 2003; Yelles et al. 2004). Within 3 weeks of the event,
we deployed six semi-permanent Global Positioning System (GPS)
stations in the epicentral area of the earthquake and operated them
continuously for 2.5 yr to investigate the mechanism of post-seismic
deformation that was likely to follow the event. In this paper, we
describe the post-seismic signal recorded at the GPS sites and show
that, over this 2.5-yr time period, post-seismic deformation is best
modelled by shallow afterslip (0—5 km). Some of this shallow slip
may contribute to the development of fault-propagation folds in the
sedimentary wedge at the toe of the Algerian margin.

2 TECTONIC SETTING

On 2003 May 21, a M, = 6.9 earthquake struck northern Algeria,
about 50 km east of its capital, Algiers, with about 2400 casualties
and 10 000 injured, leaving 200 000 homeless, and causing extensive
damage (intensity X) in the Algiers-Dellys area (Fig. 1; Ayadi et al.
2003; Yelles et al. 2003). This earthquake is among the largest well-
monitored events to occur in the Western Mediterranean over the
past 25 yr. Its magnitude is comparable to the Campania (Italy)
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Figure 1. Active tectonic framework of the western Mediterranean basin. The 2003 May 21, Boumerdes earthquake and the 1980 October 10 El Asnam events
are shown in red. Focal mechanisms are shown in black for other M, > 6.0 earthquakes (Harvard CMT database). Black circles show magnitude greater than
4.5 earthquakes (NEIC database). White arrows at the bottom of the figure show model velocities for the Nubia plate with respect to Eurasia (Calais et al. 2003).

earthquake of 1980 November and only slightly less than that of
the El Asnam earthquake that struck Algeria on 1980 October 10
(Yielding ef al. 1989, Fig. 1).

Regional seismicity and GPS measurements show that most of
the ~5 mmyr~! oblique convergence between the Nubian and
European plates in the western Mediterranean is accommodated
along the coastal regions of northern Africa (Nocquet & Calais
2004). Onshore active structures define a series of ENE-WSW
trending folds and reverse faults affecting Neogene and Quater-
nary basins, with a right-stepping en échelon pattern and connected
by NW-SE to E-W trending strike-slip faults (Meghraoui 1991;
Meghraoui et al. 1996). Recent offshore investigations show that
the margin is also tectonically active, with fault-propagation folds
that develop above flat-ramp faults and affect the most recent sed-
iments (Déverchere et al. 2005). The Boumerdes earthquake was
a shallow thrust event on a ENE-WSW trending, south-dipping,
reverse fault that project to the surface about 10 km offshore the
Algerian coast. It is likely to have ruptured a segment of this active
offshore thrust system (Yelles ez al. 2004).

Estimates of source kinematics from teleseismic waveforms, GPS
measurements, and coastal uplift data, show that most of the coseis-
mic slip (up to 2.5 m) occurred in the western half of the rupture,
between 5 and 10 km depth (Delouis ef al. 2004; Yelles et al. 2004;
Semanne et al. 2005). The source kinematics is less well determined
in the eastern half of the rupture, where Delouis et al. (2004) find
slip at shallow depth (0—5 km) while Semanne et al. (2005) find that
slip concentrates between depths of 10 and 15 km.

The Boumerdes earthquake is an interesting analogue to reverse
faulting events along the San Andreas fault system in the Los An-
geles basin, with similar transpressional tectonic settings and short-
ening rates. Lin & Stein (1989) noted the similarity of the 1980
Mg = 7.3 El Asnam earthquake in Algeria with the 1983 M, =
6.5 Coalinga, 1984 M = 6.1 Kettleman Hills and 1987 M|, = 5.9
Whittier Narrows earthquakes in California in that they occurred
beneath actively growing folds. The same holds for the more recent
M,, = 6.6 Northridge earthquake, a typical blind thrust event in
the northern Los Angeles basin (Hauksson et al. 1995). Because of
its relatively large moment, the accessibility to geophysical mea-
surements, and our ability to immediately respond to the event, the
Boumerdes earthquake is a particularly valuable target to investigate
post-seismic deformation in a transpressional regime.

3 GPS DATA AND PROCESSING

Five days after the Boumerdes event, we initiated the deployment
of GPS instruments in the epicentral area (hanging-wall block) in
order to capture the post-seismic signal. We used dual frequency
Ashtech Z-XII and ZXtreme receivers with Geodetic IIIT antennas.
The installation of six sites was completed on June 16, 2003. Most
stations remained operational for 2.5 yr. In order to capture the early
post-seismic signal on a tight schedule, antennas were first installed
on tripods. In July 2003, monumentation was upgraded to concrete
pillars. Several days of simultaneous observations were acquired at
both monuments in order to establish an accurate tie at each site.
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Figure 2. Post-seismic displacements measured at continuous GPS station in the epicentral area of the 2003 May 21, Boumerdes earthquake, shown with
respect to site EMAP. Ellipses are 95 per cent confidence. Top panel: Cumulative displacements for the May 2003 to October 2005 period. Numbers by the
arrow tails are the cumulative vertical displacement in millimetres. Circles show aftershocks from 2003 May 25-30 (Bounif ef al. 2004) colour-coded as a
function of depth. Focal mechanism and centroid location are from Delouis et al. (2004). Bottom panel: Displacements for four 7-month long successive time

periods.

We processed phase and pseudo-range GPS data using the
GAMIT software (version 10.2; King & Bock 2005), solving for sta-
tion coordinates, satellite state vectors, 7 tropospheric delay parame-
ters per site and day, and phase ambiguities using double-differenced
GPS phase measurements. We used the final orbits from the Interna-
tional GNSS Service (IGS), earth orientation parameters from the
International Earth Rotation Service (IERS), and applied azimuth
and elevation dependent antenna phase centre models, following
the tables recommended by the IGS. We included 10 global IGS
stations in Europe and Africa to serve as ties with the terrestrial ref-
erence frame (ITRF2000; Altamimi et al. 2002). The least squares
adjustment vector and its corresponding variance—covariance ma-
trix for station positions and orbital elements estimated for each
independent daily solution were then combined with global SINEX
(Solution Independent Exchange format) files from the IGS daily
processing routinely done at the Scripps Orbital and Permanent Ar-
ray Center (http://sopac.ucsd.edu). The reference frame is imple-
mented using this unconstrained combined solution by minimizing
the position and velocity deviations of 41 IGS core stations with re-
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spect to the ITRF2000 while estimating an orientation, translation
and scale transformation. In this process, height coordinates were
downweighted using a variance scaling factor of 10 compared to the
horizontal components.

We converted the resulting position time-series from ITRF2000
to a Nubia-fixed frame using the Nubia-ITRF2000 angular rotation
from Calais et al. (2003). We find that EMAP, contrary to all other
sites, shows a linear displacement as a function of time, with no in-
dication of time-dependent transient. Velocity at EMAP for the 2 yr
measurement time span is 1.5 4+ 4 mmyr~!, with a relatively large
uncertainty due to the short observation period. Assuming that the
entire Nubia-Eurasia plate motion at the longitude of Boumerdes
(5.5 mmyr~!) accumulates as elastic strain on the offshore fault
system dipping south at 42° and locked to a depth of 20 km re-
sults in 2 mmyr~' of expected velocity at EMAP with respect to
Nubia. In other words, there is no evidence of accelerated displace-
ment at site EMAP after the Boumerdes earthquake compared to ex-
pected secular rates. We therefore, mapped horizontal displacements
with respect to local site EMAP (displacements shown on Fig. 2,
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Figure 3. Position time-series for sites CDJP, DLYP, SFNP, THNP and BJMP. Dots show daily positions corrected for an annual and a biannual periodic term

and for instrument offsets. Red curves show best logarithmic fit.

time-series shown on Fig. 3), which has the advantage of signifi-
cantly increasing the signal-to-noise ratio of the position time-series
over relatively short baselines compared to absolute position time-
series expressed in a global reference frame.

In a second step, we cleaned the position time-series by estimat-
ing and removing annual and semi-annual terms, likely to result
from unmodelled non-tectonic effects such as hydrological or at-
mospheric loading, and instrument offsets. To do so, we modelled
site positions as the sum of (1) a linear term representing secu-
lar elastic strain accumulation, (2) a logarithmic term representing

post-seismic deformation (Langbein et al. 2006), (3) an annual and
semi-annual periodic term representing seasonal effects not mod-
elled in the GPS data analysis and (4) DC offsets due to equipment
changes at the site. The model equation is:

y=at+b+ ZciH,-(t)—Fdsin(Znt)+ecos(271t) W
i=1
+ fsin(4rt) + gcos(dmt) + hin(l +¢/7),
where a, b, ¢;, d, e, f, g and h are estimated by inverting the
site position data y using a singular value decomposition scheme.

© 2007 The Authors, GJI, 172, 155-166
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Table 1. Cumulative post-seismic displacements in millimetres (east, north, Parameter 7 is found by iteratively minimizing the model misfit
up) and associated 1-o error. over a range of values. H;(¢) is a binary operator equal to 0 or 1
Site  Lon. Lat. East  North Up or onx ov before or after offset i, respectively. The average amplitude of the

annual signal of 3.4 mm on the vertical and 1.5 mm on horizon-

EMAP 3253 36,810 00 0.0 0.0 1010 4.0 tal components. The amplitude of the biannual signal is about half

BIMP  3.723 36.733 —12.7 256 214 09 09 43

CDIP 3720 36878 —195 367 61 04 04 20 of the annual one. The logarithmic time constant t is on the or-
DLYP 3892 36916 —100 310 —17 04 04 19 der of 0.3 yr (~110 d for the horizontal components. It is smaller
SFNP  3.556 36.786 —202 284 —270 04 04 18 (~0.1 yr or 36 d), but also less well determined, for the noisier ver-
THNP 3.560 36.724 0.5 274  —127 05 05 23 tical component. For BIMP (north component) and THNP (east and

up components), the scatter in position time-series together with the
relatively short time span they cover does not allow us to reliably
estimate a logarithmic decay term.
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Figure 4. Post-seismic slip distribution estimated from cumulative displacements at GPS sites. Black arrows = observations; red arrows = model predictions.
Top four panels: Slip distribution for four consecutive time periods of 7 months each. Bottom: Cumulative slip distribution for the entire observation time
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Figure 5. Resolution test of the slip distribution for deep versus shallow slip. Top panel: input slip and synthetic GPS displacements used in the inversion.

Bottom panel: estimated slip and predicted GPS displacements.

Once estimated, we remove the DC offsets and annual and semi-
annual terms, keeping the secular and logarithmic terms as the con-
straint set for our post-seismic study. One-sigma uncertainties on
cumulative displacements are taken as the rms of the scatter of the
position data about the model presented above. The resulting post-
seismic horizontal displacements (Fig. 2, Table 1) show up to 40
mm of horizontal displacement in 2.5 yr in the same direction as
coseismic displacements predicted using Delouis ez al.’s (2004) rup-
ture model. Horizontal displacements at the coastal sites are larger
during the first 7 months following the event, after which they grad-
ually slow down. Horizontal displacements at the inland sites appear
more stable with time. Numerous data gaps and position scatter at
site BJMP after mid-2004 lead to larger uncertainties on the esti-
mated displacements after that time. The position time-series (Fig. 3)
show that post-seismic deformation continues at a significant rate at
all the sites after the GPS stations were removed in October 2005.

4 AFTERSLIP INVERSION

We first model post-seismic deformation as the result of continued
slip on the coseismic rupture plane. We use the same fault geometry
as in Delouis et al. (2004), with a N70°E strike and 40° dip. Model

fault strike is consistent with the azimuth of active reverse faults
mapped offshore (Déverchere et al. 2005) and dip with the depth
distribution of aftershocks (Bounif ez al. 2004). We extend the fault
from the surface (offshore) to a depth of 20 km, about 10 km below
the area where coseismic slip has been reported, in order to allow
for downdip afterslip. The modelled fault captures the entire area
affected by aftershocks (Bounif ef al. 2004).

We invert the GPS displacements (Table 1) for slip of the fault
described above. We divide the fault into 20 (along-strike) by 8
(downdip) rectangular patches of dimension 2.8 x 3.7 km each and
compute Green’s functions G relating slip s on each patch to the
3-D displacement u at GPS sites assuming an elastic half-space
with a Poisson ratio of 0.25 (Okada 1985). We solve for dip-slip
motion only, which results in 160 estimated parameters for 36 ob-
servations. We regularize the inversion by applying smoothing via a
finite difference approximation of the Laplacian operator (V?) and
an associated weighting factor «. We apply positivity constraints in
order to avoid implausible and overly rough slip distributions. The
inversion minimizes the weighted residual sum of squares (WRSS)
and the roughness of the slip model using the functional:
IW(GS —)lI* + <[ V51%, 2
© 2007 The Authors, GJI, 172, 155-166
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Figure 6. Resolution test of the slip distribution for along-strike resolution at shallow depth. Top panel: input slip and synthetic GPS displacements used in
the inversion. Bottom panel: estimated slip and predicted GPS displacements.

where W is the weight matrix associated with the GPS data. The
value of « that optimizes smoothing versus data fitting is found
iteratively using a cross-validation technique (Matthews & Segall
1993).

The inversion of the GPS data results in a reduced x? of 1.8, with
a good fit to the horizontal displacements (weighted rms = 2.4 mm).
The fit to the vertical displacement is not as good, with a weighted
rms of 12.2 mm, due for a large part to site BJMP which also has
the largest uncertainty (See Fig. 3 and Table 1) and the poorest
time-series, with a large scatter and significant data gaps. The mod-
elled slip distribution (Fig. 4) for the entire 2.5 yr period shows that
slip is concentrated at shallow depths, with maximum amplitude
(up to 25 cm) in the upper 5 km. Little to no slip is estimated below
10 km. The equivalent moment release estimated for that time period
is 3.23 x 10" N m (M, = 6.3). The slip distribution for four succes-
sive 7-month periods (Fig. 4) shows a similar pattern and indicates

© 2007 The Authors, GJI, 172, 155-166
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that most of the slip occurs during the first 7 months following the
earthquake, with an equivalent moment release of 2.4 x 10'* Nm
(M, = 6.2). Subsequent time periods show a significant decrease
in slip and an associated progressive decrease of the equivalent mo-
ment release from 8.3 x 10'7 t0 5.3 x 10" Nm.

We performed resolution tests to determine how well the spatial
distribution of slip is estimated from our data set. In particular, we
want to assess whether the inversion could have missed slip downdip
of the coseismic rupture and how well shallow slip is resolved. In a
first test, we use an input slip model consisting of two fault-parallel
stripes with uniform slip (0.1 m of pure dip-slip per patch). The
shallow one extends between 0 and 5 km, the deeper one between
12.5 and 17.5 km (Fig. 5, top). This slip model was used in a for-
ward run to produce synthetic surface displacements at the six GPS
sites, to which we added random noise with a &5 mm standard
deviation. The inversion of this synthetic data set (Fig. 5, bottom)




162 A. Mahsas et al.

shows that the two areas of slip are recovered, with maxima spatially
consistent with the input model. The solution however results in a
significant smearing of the input model, in particular at depth. In-
put slip amplitudes are well-recovered overall for the shallow area,
but are underestimated by about 50 per cent at depth. In addition,
estimated slip on the shallow patch shows an asymmetric pattern
with larger amplitudes in its western half, which does not match the
input model. In a second test, the input slip model consists of seven
shallow slip patches with 0.1 m of pure dip-slip per patch (Fig. 6).
The inversion recovers the overall amount of slip (input magnitude
is 6.1, recovered magnitude is 6.1) and the depth range, but indi-
vidual patches are poorly recovered. These tests highlight the poor
along-strike resolution of the inversion due to the very sparse GPS
data set.

In a third test, we solved for afterslip on a fault starting at
7.5 km depth (i.e. just below the area of maximum slip found above)
and extending to 20 km. The fit to the data is significantly poorer
than when allowing for shallow slip, and the inversion still assigns
larger slip to the shallower parts of the fault. With the resolution
limitations listed above in mind, our data set is, therefore, consistent

with shallow slip (with a poorly resolved along-strike variability)
and little to no deep slip over the time period studied here.

5 VISCOELASTIC MODELLING

We next test whether viscoelastic relaxation in the lower crust and/or
upper mantle could explain the observed post-seismic deformation.
To do so, we developed a 3-D viscoelastic finite element model
(FEM) of the rupture surface and surrounding region that simulated
the inferred coseismic slip distribution (Fig. 7a), and allowed a vis-
coelastic lower crust and/or upper mantle to relax for the duration
of GPS post-seismic observations. We utilized the finite element
software Ideas (www.eds.com) that we have used in several previ-
ous post-seismic studies (e.g. Freed & Biirgmann 2004; Freed et al.
2006). Coseismic slip is simulated by enforcing the slip distribution
of Delouis et al. (2004) on an explicit fault in the mesh. Fig. 7(b)
shows a reasonable fit between FEM predicted and GPS observed
coseismic surface displacements from Yelles ez al. (2004).
Calculated maximum shear stress changes induced by coseis-
mic slip (Fig. 7a), available to drive relaxation of a viscoelastic
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Figure 7. (a) Cutaway view of finite element mesh showing a portion of the footwall plate and calculated maximum shear stress changes induced by the
Boumerdes quake. The rupture surface is indicated with the black/white dashed boundary. The full model is 500 km along strike by 300 km normal to strike,
with a depth of 100 km. All side and bottom boundaries are fixed, which does not influence the stress state generated by coseismic slip (i.e. does not influence
post-seismic results). The full model contains 30 000 elements. Coseismic slip is generated by enforcing displacements between coincident nodes along the
rupture plane in accordance with the inferred slip distribution (Delouis ez al. 2004). Enforced slip generates coseismic stress changes and deformation of the
surface. (b) Comparison of observed GPS versus calculated coseismic surface displacements from the finite element model show a reasonable match.
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lower crust and upper mantle, are significant in the upper crust
(~1 MPa). They are much smaller at lower-crustal levels, with
~0.3 MPa at 22 km depth and ~0.1 MPa at the 32-km-deep base
of the crust. These stress magnitudes are relatively small and, com-
pared with other well-studied events (e.g. Freed & Biirgmann 2004;
Freed et al. 2006), may not drive detectable viscoelastic flow in
the lower crust and upper mantle in the time frame of the GPS
observations.

To explore possible contributions of viscoelastic relaxation, we
considered models of only lower crustal flow (22-32 km depth),
only upper-mantle flow (below 32 km depth), and models of com-
bined lower-crust and upper-mantle flow. Each calculation was con-
ducted by applying the coseismic slip distribution, then allowing
the viscoelastic region to relax for 2.5 yr. For each configuration we
assumed a range of viscosities (10'7-10'? Pa s) and searched for the
viscosity that leads to the minimum misfit with respect to GPS ob-
served horizontal surface displacements without overpredicting any

© 2007 The Authors, GJI, 172, 155-166
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of the displacements. This last criteria is critical, as overpredicted
horizontal displacements are unlikely to be countered by afterslip
unless it is in the direction opposite to that of the coseismic slip,
which is highly unlikely.

‘We find that models matching horizontal displacements at coastal
GPS stations (CDJP, DLYP, SFNP) greatly overpredict displace-
ments at the inland stations (BJMP, THNP). The best-fitting mod-
els are those that match horizontal displacements at the inland sta-
tions, although they underpredict displacements at the coastal sta-
tions (Fig. 8). To best match inland stations with a model of lower
crustal flow only, we find a best-fitting viscosity of 6 x 107 Pa s.
For a model of upper-mantle flow only, the best-fitting viscosity is
3 x 10'7 Pa s. The magnitude of displacements at inland stations
can also be matched by considering relaxation in both the lower
crust and upper mantle with a uniform viscosity of 1.4 x 10'® Pass.
We also considered a model in which the lower crust had a viscos-
ity five times that of the upper mantle (consistent with temperature
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Figure 9. North—south cross-section of the Algerian margin offshore Boumerdes illustrating the spatial relationship between the coseismic rupture (western
half of the rupture plane), the area of afterslip estimated here, and mapped faults along the margin. No vertical exaggeration. Modified from Déverchere et al.

(2004).

increase with depth), and found that inland GPS displacements could
be matched with a 3.5 x 10'® Pa s lower crust anda 7.0 x 10'7 Pas
upper mantle.

While any of the viscoelastic structures considered can be used
to match the amplitude of displacements at inland sites, the lower
crustal flow model provides the closest match to their azimuths while
the upper-mantle flow model leads to the largest errors (Fig. 8a). In
addition, the upper-mantle flow model shows significant displace-
ments at coastal stations CDJP and DLYP with large azimuth dif-
ferences to those observed (though the azimuth match at station
SENP is very good). While this difference could potentially be made
up by afterslip, it would require much more shear (strike-slip mo-
tion) than was observed in the coseismic slip distribution, which
is counter-intuitive. Vertical displacements from all viscoelastic re-
laxation models predict subsidence over an area encompassing the
rupture zone (Fig. 8b), becoming modestly broader with the deeper
flow models. None of these models explain the observed uplift at
sites CDJP and BJMP, and all greatly overpredict observed subsi-
dence at THNP, DLYP and SFNP relative to EMAP. Overall, post-
seismic displacements are better fit by flow in the lower crust than
in the upper mantle, although none of the models tested here match
the entire data set.

6 DISCUSSION

As shown above, none of the viscoelastic flow models tested pro-
vide a satisfactory match to the observed horizontal or vertical GPS
displacements. In addition, viscosities in the best-fitting flow mod-
els are an order of magnitude lower than found in other studies
where post-seismic crustal or upper-mantle flow is well documented
(e.g. Pollitz et al. 2001; Freed & Biirgmann 2004; Freed et al. 2006).

We also tested whether coseismic pressure changes in the shallow
crust (i.e. poroelastic rebound) could explain the GPS observations.
We modelled this process using a variation in Poisson’s ratio from an
undrained condition to a drained condition in which fluid pressure

equilibrium is re-established, while using the same shear modulus
(Roeloffs 1996; Jonsson et al. 2003). Using a similar reduction of
Poisson’s ratio as proposed for the Landers event (from 0.25 to 0.21;
Peltzer et al. 1998), we find post-seismic surface displacements up to
amaximum of 5 mm at any of the stations, about an order of magni-
tude smaller than the observations. In addition, the azimuth of calcu-
lated poroelastic rebound displacements are orthogonal to the direc-
tion of observed post-seismic displacements. Finally, poroelastic re-
bound produces primarily uplift, with up to 10 mm at station THNP,
where subsidence was observed. Thus, although poroelastic rebound
may be occurring since fluids in the upper crust are ubiquitous, it pro-
vides at most a small contribution to observed post-seismic surface
deformation.

Afterslip, therefore, appears to be the primary post-seismic pro-
cess at work in the 2.5 yr following the Boumerdes event. It concen-
trates updip of the coseismic slip patch reported by Delouis et al.
(2004) and Semanne ez al. (2005) in the western half of the rupture.
In the eastern half of the rupture, afterslip also concentrates updip
of the coseismic slip patch of Semanne et al. (2005) but coincides
with the coseismic patch found by Delouis ez al. (2004). The lack of
afterslip downdip of the coseismic rupture is an interesting feature
of the Boumerdes event. For instance, post-seismic deformation fol-
lowing the 1999, M, = 7.3 Chi-Chi earthquake in Taiwan, another
example of thrust event in a convergent setting, shows that afterslip
is concentrated south and downdip of the areas of largest coseismic
slip (Hsu et al. 2002). Hutton et al. (2001) find a similar result for
the 1995 M, = 8.0 Jalisco earthquake, with afterslip concentrated
below 20 km and migrating downward with time along the plate
interface. Afterslip following the 2003, M, = 8.0, Tokachi-OKki is
also localized outside of the area of large coseismic slip, although
mostly along-track of it (Miyazaki et al. 2004).

In the framework of rate-and-state friction theory (Dieterich 1979;
Scholz 1998), the absence of afterslip downdip of the coseismic
rupture may indicate a velocity-weakening behaviour in the lower
crust, which responds to coseismic slip by a sudden decrease in
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frictional stress but remains strongly coupled between earthquakes.
Reciprocally, the concentration of afterslip outside of the coseismic
rupture area may be indicative of a velocity-strengthening behaviour,
where the area updip of the rupture responds to coseismic slip by
short-term increase in frictional stress that, in turn, induces afterslip.
Since this behaviour prevents accelerated slip, stresses in velocity-
strengthening areas have to be released by processes other than
earthquake rupture, such as afterslip or interseismic creep (e.g. Heki
et al. 1997).

Although there is no evidence for shallow creep along the
Boumerdes fault, there is ample data showing soft deformation
through folding in the sediments at the toe of the Algerian margin
slope. Seismic reflection surveys coupled with detailed bathymetry
have shown that most of the Algerian margin, including offshore
the Boumerdes area, is characterized by a series of active thrust
faults and fault-propagation folds (Déverchere et al. 2005). The
depth range at which afterslip concentrates (0—5 km) actually corre-
sponds to the estimated depth of margin sediments (Fig. 9; Domzig
et al. 2006). Post-seismic deformation (and potentially interseismic
creep) may, therefore, involve folding of sedimentary layers and in-
terbedding slip, a hypothesis previously mentioned by Donnellan
& Lyzenga (1998) to explain shallow afterslip following the M, =
6.7, 1994, Northridge earthquake in California.

7 CONCLUSIONS

Continuous GPS data collected at six sites in the Boumerdes area for
the 2.5 yr following a M, = 6.9 thrust event show clear evidence for
post-seismic deformation with up to 4 cm of cumulative horizontal
displacement and a time-dependence well fit by a logarithmic decay.
We find that the data are consistent with shallow afterslip (0-5 km)
but show no evidence for afterslip downdip of the coseismic rupture
or for a significant contribution of viscoelastic relaxation in the
lower crust or upper mantle, or poroelastic rebound. Afterslip is
rapid during the first seven months or so, then decays significantly.
Post-seismic deformation appears to continue at all sites after the
2.5-yr observation period, with rates less than 1 cmyr™"'.

The fact that afterslip concentrates adjacent to and updip of the
coseismic rupture in the western half of the fault suggests that af-
terslip is driven by coseismic stresses, a mechanism proposed for
several other thrust events (e.g. Hutton et al. 2001; Hsu et al. 2002;
Miyazaki et al. 2004). We find that the area of afterslip corresponds
to the depth range of the folded sediments of the margin while co-
seismic slip occurred below that depth and affected basement rocks.
This suggests that spatial variations in frictional properties along the
fault correlate with the type of rocks involved.
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