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Abstract .  Laboratory analysis of core samples from the 
western Alboran Sea slope reveal a large variability in tex- 
ture and geotechnical properties. Stability analysis suggests 
that the sediment is stable under static gravitational loading 
but potentially unstable under seismic loading. Slope fail- 
ures may occur if horizontal ground accelerations greater 
than 0.16 g are seismically induced. The Alboran Sea is an 
active region, on which earthquakes inducing accelerations 
big enough to exceed the shear strength of the soft soil may 
occur. Test results contrast with the apparent stability de- 
duced from seismic profiles. 

Introduct ion 

There is ample historical and geologic evidence that earth- 
quake-generated slope instability is common in the marine 
environment (Field and others 1982; Lee 1989). Stability 
analyses indicate that seismic shaking contributes to trigger- 
ing of submarine landslides and failures in sedimentary de- 
posits in many seismically active regions, including the 
Mediterranean (EI-Robrini and others 1985; Perissoratis and 
others 1984). Earthquake-generated submarine mass flows 
may also constitute important mechanisms of downslope 
sediment transport (Morgenstern 1967; Saxow and Nieu- 
wenhuis 1982). The ignorance of the geotechnical proper- 
ties of marine sediment and their response to seismic distur- 
bance is a serious impediment for the knowledge of the 
stability of seafloor areas subjected to earthquakes. The 
present paper summarizes the results of geotechnical tests 
performed on samples from the northwestern Alboran Sea, a 
seismically-active area in the southwestern Mediterranean. 
The purpose is to estimate the stability of the near-surface 
slope sediments, especially with respect to earthquake load- 
ing. 

The physiography of the area is reported on by Ercilla 
and others (1992). The western Alboran Sea consists of a 
smoothly inclined margin with low slope gradients. Average 
gradients range from 0.3 to 0.8 ~ on the eastern and western 
sectors, and are steeper (0.4 to 2.7 ~ ) on the central sector, 
with locally higher gradients (up to 9 ~ ) on canyon walls and 

floors. The base-of-slope gradients are lower than 0.2 ~ (Er- 
cilla and others 1992). The Quaternary sediments reach their 
maximum thickness (>200 m) on the lower slope and within 
the basin. On seismic profiles (Fig. 1), Pliocene and Quater- 
nary sequences consist of basinward-thickening units 
formed by alternating, continuous, and discontinuous strati- 
fied reflectors. There is no evidence of large-scale instability 
features, such are slides or slumps, in the recent sediments. 
According to Ercilla and others (1992) some relatively small 
(3~, km long, 20-40 m thick) debris flow deposits appear 
deeper in the sediment column, but are practically absent 
toward the top of the Quaternary sequence. Debris flow 
deposits presently occur on the seafloor near the levees of 
one active channel in the western sector. The relative de- 
crease in number of instability-related features indicates that 
increasing sedimentary stability prevailed during the upper 
Quaternary. 

Methods  

Nine 7.5-era-diameter, 5-m-long gravity cores were taken 
for geotechnical purposes (Fig. 2) in water depths between 
95 and 670 m. An advanced geotechnical testing program 
provided maximum geotechnical information from the re- 
trieved cores. The testing program included measuring of 
index properties, vane shear strength tests, constant rate of 
strain (CRS) consolidation tests, and static triaxial tests with 
pore pressure measurements (for detailed procedures see 
Lee 1986; Baraza and others 1990 and references therein). 
Test results allow us to estimate the sediment shear resis- 
tance and the maximum static or earthquake-induced shear 
stresses to which the sediment can be subjected without 
developing failure. 

Results  

Sediments 

Cores were retrieved within three approximately north- 
south sampling transects (Fig. 2). On the eastern transect, a 
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Figure 1. Airgun (10 in 3) seismic line 105 (a) and interpretative drawing 
(b) (location see Fig. 2). Thickening offshore, Quaternary sedimentary 
wedges develop onlapping a Pliocene erosive surface (marked by arrows). 
Intercalated, continuous, parallel, and chaotic reflectors characterize the 
lower Quaternary sequence on the middle slope, whereas continuous paral- 
lel or semi-transparent acoustic facies occur within the upper Quaternary 

sequence. Note the practically total absence of instability-related features 
within the upper Quaternary sequence. Only two small faults (F), and a thin 
debris flow deposit (D) appear. Legend: Q 1 and P2 correspond to the top of 
the lower Quaternary and the top of the Pliocene, respectively, as inter- 
preted by Ercilla and others (1992). B, acoustic basement; M, multiple. 

short-length core (TG 10, 17 cm) from the outer shelf con- 
sists of sand- and gravel-sized shelly debris within a gray 
silty-clay matrix. On the upper slope, core TG 12 (147 cm) 
consists of olive gray, massive sandy clay, overlying a se- 

quence of interbedded clayey silts and sands with dispersed, 
gravel-sized, shelly debris and some thin layers of gray silty 
mud. On the central and western transects, cores TG 17 (202 
cm), 18 (185 cm), 25 (237 cm), and 26 (224 cm) consist of 



152 

5J30 , 

I 
~ SILT 

=o' ~ S A N D  

~ GRAVEL 

�9 GRAVITY CORE 

s c a l e  / 
0 20 kl 

i i I 

~ l m  

c o r e  s c a l e  

ALGECIRAS 

I 
5 ~ 

12, 

20 

E 60 
o 

0 
o 
e- 

~  

e- 1 0 0  

e~ 

"0 

140 

180 
20 

�9 A A  

4'0 6'0 8'0 1~0 120 
water content (%) 

Figure 3. Water content (%) compared with depth in cores. 

greenish brown mud overlying a coarser sequence made up 
of interbedded sands, silts, and clays. Gravels were found at 
the base of core TG 26, close to the currently active Guadi- 
aro Canyon (Ercilla and others 1992). 

Index Properties 

Sediment water content, wc, (Fig. 3) ranges between 52 and 
117% (dry weight) for surficial sediment, decreasing down 
to 60-70 cm core depth, where it varies between 28 and 
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Figure 2. Bathymetric map of the 
study area (contours in m), with loca- 
tions of coring stations, logs of recov- 
ered cores, and location of seismic line 
105 (see Fig. 1). 
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Figure 4. Plasticity chart showing engineering sediment classification ac- 
cording to Atterberg limits. The "A" line and the vertical and horizontal 
lines separate the chart into zones corresponding to different engineering 
classifications (CL, inorganic clay of low to medium plasticity; CH, inor- 
ganic clay of high plasticity; ML, inorganic silt of low plasticity; MH, 
inorganic silt of high plasticity). 

70%. Below this depth water content either remains constant 
or slightly decreases to values between 25 and 64% mea- 
sured at 180 cm core depth. Atterberg limits (ASTM 1982) 
have been used to classify the sediment by its plasticity. 
Variations in wc appear to be related with the nature of 
sediment. On the plasticity chart (Fig. 4), all the samples 
plot parallel to the "A" line, but they appear within three 
different sectors, according to their grain size. Most of the 
clay samples fall within the CH sector (high plasticity, liq- 
uid limit >50% and plasticity index between 35 and 55%). 
Silt and silty clay samples fall within the CL and CL-ML 
sectors (moderate and low plasticity, respectively). Differ- 
ences in plasticity are due to, among other things, different 
sediment texture, which will also influence other geotechni- 
cal properties (Chassefirre and Monaco 1987, 1989). 
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Figure 5. Undisturbed and remolded vane shear strength compared with 
depth in cores. A lower bound line has been drawn for the undisturbed 
strength (Su). 

Vane Shear Strength 

Vane shear strength tests were run with a 1.48 • 1.48 cm, 
four blade vane, at a rotation rate of approximately 90~ 
Figure 5 shows the results of  undisturbed and remolded vane 
strength measurements versus depth in core. Undisturbed 
strength increases with depth, from 3 kPa at the top of  the 
cores to 7 to 11 kPa at 160 cm. Remolded strength increases 
downcore from 0.5 to 3 kPa. Sensitivities range between 1.3 
and 7.9 (mean = 3), corresponding to sediments of moder- 
ate to high sensitivity. On Figure 5, a line has been drawn 
and represents a lower bound estimate of  the undisturbed 
shear strength. From that estimation, we will use an average 
strength of  4.5 kPa for analyzing the static and seismic 
stability of the sediment at 1 m core depth. Several testing 
points at 100 and 160 cm depth, passing close to this lower 
bound line, should correspond to the deposits most suscepti- 
ble to failure. An average strength value of 35 kPa at 25 m 
deep into the sediment has been taken from published data 
from other comparable areas (Keller 1974), to get an estima- 
tion to the slope stability at depth. 

Consolidation Properties 

Consolidation tests (Table I) were used to determine the 
sediment compressibility and to estimate the stress history of  
the sediment. The consolidation curve (e - log o"v: varia- 
tion of void ratio versus log applied vertical effective stress), 
enables the estimation of  the maximum past stress ~r'vm 
(maximum effective overburden stress to which the sedi- 
ment has ever been exposed) (Casagrande 1936). Figure 6 
shows the consolidation curves for two depths within core 
TG 12 that have different textures. Test CE305, made on the 
finer-grained sediment, gave a curve with a well-defined 
curvature point and a straight virgin segment, from which 
Cr'vm can be easily calculated. In contrast, test CE297, made 

on silty sediment, plot as a consolidation curve without a 
well-defined change in slope or a straight virgin compres- 
sion segment, from which it is impossible to calculate an 
accurate O"vm. Poor consolidation curves may also indicate 
sediment disturbance, but little evidence of such disturbance 
(e.g. deformed lamination or other sedimentary structures) 
has been observed on the split cores. The results of tests run 
on coarse-grained samples (e.g. CE297) are not conclusive. 
Values of Cr'vm between 8 and 60 kPa have been obtained 
from consolidation tests; values greater than 40 kPa corre- 
sponding to poor consolidation curves are disregarded. 

The overconsolidation ratio, OCR (ratio of  the maxi- 
mum past stress to the present overburden effective stress), 
ranges from 1 to approximately 5 (Table 1), corresponding 
to normally consolidated to slightly overconsolidated sedi- 
ments. Overconsolidation may be real, or it may be appar- 
ent; true overconsolidation may indicate that part of  the 
overlying sediment has been removed through erosion or 
slope failure. Apparent overconsolidation is a surficial ef- 
fect that may be caused by, among other things, cementation 
or interparticle bonding, and is lost with depth (Silva and 
Jordan 1984). 

The coefficient of  consolidation, Cv, a measure of the 
rate at which the sediment consolidates, varies depending on 
the amount of  finer grained sediment (Table I). Values of c v 
are approximately an order of  magnitude lower for the mud- 
dier sediment from cores TG 17, 18, and 25 (Cv ~ 1 0  - 3  

cm2/sec) than for the silty sections from TG 12 and TG 25 
(C v ~ 1 0  - 2  cm2/sec). The compression index, Co, is a mea- 
sure of the compressibility of  the sediment. Low compress- 
ibility (C~ = 0.09 - 0.15) appears in the coarse-grained 
core TG 12 and at some levels of TG 17, 18, and 25. 
Intermediate to high compressibility (C c = 0 . 3 2 -  0.57) 
appears in the fine grained cores TG 17, 18, 25, and 26 
(Table 1). 

Stability Analysis 
Stability under Static Loading 

Consolidated, undrained triaxial tests were run to measure 
the strength of  sediment under an axial load and to obtain the 
Mohr-Coulomb failure envelope parameters r  (effective 
internal friction angle) and c '  (cohesion intercept), as well as 
the ratio of undrained shear strength to effective consolida- 
tion stress for normal consolidation (Su/cr' c =- S). The re- 
sults of  such tests are presented as a stress path (shear stress 
applied to the sample, q, versus mean effective confining 
stress, p ' ,  throughout the test). Stress paths provide infor- 
mation about the sediment behavior during shear. Figure 7 
represents the stress paths for five of  the retrieved cores, 
consolidated to 70-90 kPa prior to shearing to compensate 
for the effects of  sediment disturbance during coring (Lee 
1986). A contractive response (stress path trending to the 
right) is observed for all sections of  core TG 17, but for the 
rest of  the cores silty sections show contractive behavior, 
whereas muddy sections from the same cores show a dilative 
response (stress path trending to the left) at higher levels of  
shear stress. 

Obtained values of  r  range from 28 to 31 ~ which are 
much higher than the maximum observed slopes (~<9~ This 
indicates a high degree of  stability or a low probability of 
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Table 1. Results of C.R.S. consolidation tests* 

Depth wc -,/' Ovo Ovm Oe Cv 
Test Core (cm) (%) (kN/m 3) (kPa) (kPa) (kPa) OCR Cc (cm/sec 2) Lithology 

CE305 12 130 33.5 7.68 9.9 25 15 2.5 0.15 2.5 • 10 -2 Silty clay 
CE297 12 147 32.8 8.29 12.2 >60 >48 5-8 0.09 1.5 • 10 -2 Silt 
CE293 17 72 83.4 5.06 3.6 17 13.4 4.7 0.57 9.0 • 10 -a Clay 
CE302 17 159 54.9 6.66 10.6 40(?) 29.4 3.7 0.40 9.0 X 10 3 Silty clay 
CE301 18 73 74.3 5.49 4.0 8 4.0 1.9 0.46 1.0 • 10 -3 Clay 
CE294 18 155 32.8 7.53 11.6 60(?) 48.4 5.2 0.10 8.0 • 10 -2 Silt 
CE299 25 78 36.7 7.70 6.0 14 8 2.3 0.12 2.5 )< 10 -2 Silt 
CE304 25 148 38.1 7.66 11.3 12 0.7 1.0 0.17 3.0 • 10 -3 Silty clay 
CE296 25 169 31.4 7.71 13.0 13 0 1.0 0.l 4.0 X 10 -2 Silt 
CE298 26 51 64.8 5.74 2.9 11 8.1 3.8 0.32 7.0 • 10 -3 Sandy clay 

*wc, water content; 3/, submerged bulk density; Ovo, effective overburden stress; Ovm, maximum past stress; Oe, excess effective stress; OCR, 
overconsolidation ratio; Cc, compression index; cv, coefficient of consolidation. 
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F i g u r e  6.  Void ratio versus log effective stress curves f rom consol ida t ion  
tests on sediments  o f  different  texture f rom the same core (TG 12). 

drained failure under  static gravi ta t ional  loading.  The  pa- 
rameter  S ranges be tween  0 .36  and 1.1, with an average  o f  
0 .49.  The  h igher  values  o f  S correspond to di la t ive sedi- 
ment ,  and suggest  e i ther  in ter locking part icles or  a b imodal  
fabric.  In a b imodal  sediment  the shear planes at low conf in-  
ing stress pass be tween  the coarser  grains,  p rov id ing  little 
shear resistance.  At  greater  conf in ing  pressure,  the expul-  
sion o f  water  f rom within the interstitial pores causes the 
coarse grains to be pressed together  and shear surfaces are 
forced to pass through the coarse grains rather than be tween  
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Figure 7. Stress paths corresponding to triaxial tests, with indication of 
contractive or dilative behavior of sediment during shear for the different 
cores .  

them. This  causes fr ict ion or  a rapid shear strength increase 
with conf in ing  stress (Reimers  1982). 

Stability under Seismic Loading 

To produce a sediment  fai lure during an earthquake,  the 
cycl ic  shear stress must  equal  or  exceed  the shear strength of  
the sediment .  To  es t imate  the se ismical ly- induced shear 
stress an equat ion f rom Seed and Idriss (1971) was used, 
modi f ied  to take into account  the slope angle: 

% = 0.65 a m a  x O" 0 r d + o "  0 s i n  ~ (1) 

where  "r h is the average  cycl ic  shear stress induced by the 
ear thquake;  (r' o the total and or' o the ef fec t ive  overburden 
stress; ama x the m a x i m u m  horizontal  ground accelerat ion 
exer ted by the ear thquake;  r d, a stress reduct ion term that 
varies  with depth (r d ~ 1 for 1 m depth,  and -~0.6 at 25 m 
depth);  and o~, the slope angle. Sett ing "r h = 4.5 kPa, 
a o - -  17 kPa and (r' o = 6 . 8  kPa at 1 m core depth,  the 
obtained accelerat ion,  a . . . .  (Table 2) ranges f rom 0.36 to 
0 .43 g, with a mean  of  0 .39  g, for an average  2 ~ slope. This 
value  is an es t imate  o f  the m a x i m u m  equiva len t  seismical ly-  
induced accelera t ion that the sediment  may  exper ience  with- 
out  deve lop ing  a slope fai lure at 1 m below the seafloor.  
Us ing  the same formula ,  the critical accelerat ion for a poten- 
tial fai lure plane at 25 m depth in the sediment  has also been 
es t imated for each core  (Table 2). Acce lera t ion  values ob- 
tained range f rom 0 .16  g to 0 .19 g (mean = 0 .17 g). Such 
values imply  that the slope sediment  is l ikely to be unstable 
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Table 2. Calculated accelerations at 1 m and 25 m depth using Equation (1)* 

WC Oe 3" 3" o] o~5 amaxl amax25 
Core S (%) (kPa) (kN/m 3) (kN/m 3) (kPa) (kPa) (g) (g) 

12 0.46 33.1 21.0 18.0 7.9 18 200 0.36 0.16 
17 0.41 69.1 21.4 15.9 5.8 5.8 146 0.41 0.19 
18 0.57 53.5 10.0 16.5 6.5 6.5 163 0.39 0.18 
25 0.60 35.4 2.9 17.7 7.7 7.7 192 0.36 0.16 
26 0.36 64.8 8.1 15.8 5.7 5.7 143 0.43 0.19 

*S, strength parameter: Su/oc; wc, water content; o'e, excess effective stress; 3" and 3", submerged and 
bulk density of the sediment, respectively; O'l and 0'25, effective overburden stress at 1 and 25 m core 
depth, respectively; amaxl and amax25 critical acceleration S at 1 and 25 m below seafloor, 
respectively. 

at depth under much lower levels of  earthquake-induced 
acceleration than near the surface. Accelerations somewhat 
above the critical value, however, may be experienced by 
many slopes without developing overt indications of  failure 
(Lee and Edwards 1986). 

Two approaches were used to estimate the seismic sta- 
bility of the western Alboran Sea slope, with the presently 
available data. 

The first approach is to evaluate the slope stability em- 
pirically by comparison with data from other comparable 
areas. Baraza and others (1990) reported critical horizontal 
accelerations for normally consolidated sediments of  the 
Ebro margin slope northwestern Mediterranean) between 
0.18 and 0.30 g for a level seafloor, and 0.09 to 0.17 g for a 
10 ~ slope. Lee and Edwards (1986) obtained values of  0.13 
g or higher, corresponding to apparently stable slopes in 
areas of  high seismicity in Alaska and California. The calcu- 
lated average values of  the critical acceleration (0.17 to 0.39 
g) for the western Alboran Sea sediment are up to three 
times higher than the values obtained in Alaska and Califor- 
nia margins, but comparable with those of  stable slopes in 
the western Mediterranean. 

A second approach is to estimate the magnitude of  an 
earthquake that could induce an acceleration on the seafloor 
large enough to produce a failure, and to determine whether 
such an earthquake is likely to occur near the study area. 
Figure 8 shows the epicenters of  the largest earthquakes 
historically recorded and areas with a greater density of  
shocks (Sanz de Galdeano and L6pez Casado 1988). Al- 
though a typical earthquake within the study area has a 
magnitude ~<4, a 7.2 magnitude event occurred northwest of  
Motril in 1954 (Hatzfeld 1976), and a 7.0 magnitude earth- 
quake may occur offshore near the western Alboran Sea 
slope (Udfas and others 1976). 

An equation by Joyner and Boore (1981) correlates the 
peak horizontal acceleration induced by an earthquake with 
other earthquake parameters such as the magnitude and dis- 
tance from the observed site to the seismic source: 

log A = - 1 . 0 2  + 0.249 M - log r - 0.00255 r + P. (2) 

We have used their approach in a general sense, by 
setting A equal to the peak horizontal acceleration in g, M to 
the earthquake magnitude, r to the horizontal distance to the 
epicenter, and P to zero (for 50 percentile values). Follow- 
ing this approach, an average distance of  13 km has been 
obtained at which a 7.0 magnitude earthquake may induce a 
horizontal ground acceleration of  0.43 g, sufficient to pro- 
duce a surficial slope failure. A 7.0 magnitude earthquake 
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Figure 8. Map of the historically most important earthquake epicenters 
near the study area, and location of the maximum magnitude earthquake 
(7.2) recorded in recent times. Dashed areas indicate zones with a large 
concentration of epicenters. Stippled areas indicate zones within 33 km 
radius of the coring stations. 

may induce a ground acceleration of  0.16 g, necessary to 
initiate a failure at 25 m depth, at a distance of 33 km from 
the seismic source. The effects of  a given magnitude earth- 
quake may be amplified by the local soil conditions, and the 
distance to which these acceleration values would be in- 
duced may then be higher. 

No important earthquakes have been recorded with epi- 
centers within a 13 km radius of  the coring stations (Fig. 8); 
however, a larger number of  moderate to strong earthquake 
epicenters are located inside the 33 km radius of  the coring 
stations. Such regional seismicity implies that earthquakes 
capable of  inducing ground accelerations (0.16 g) large 
enough to initiate a slope failure at depth have been recorded 
in the last fifty years. Therefore, the possibility of  an earth- 
quake capable of  causing a slope failure should be consid- 
ered. 

Discussion and  Conclusions 

Stability analyses suggest that failures resulting from static, 
gravitational loading are unlikely on the western Alboran 
Sea slope, given the steep slopes necessary to start a failure 
if no additional, external forces are applied. Similarly, the 
two approaches to evaluate the stability of  the western Alb- 
oran Sea slope under seismic loading indicate that a surficial 
sediment failure is unlikely, because of  the high horizontal 
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ground accelerat ions  necessary  to exceed  the sediment  
strength, except  perhaps for the muddie r  sediment  o f  the 
western and central  sampl ing transects.  H o w e v e r ,  both ap- 
proaches  show that instabil i ty is l ikely to be produced  at 
depth in the sediment  column.  F rom a geotechnica l  point  o f  
v iew,  the first approach has a greater  possibi l i ty  o f  being 
valid because  it is based on correlat ions with known unsta- 
ble slopes fo rmed  by sediments  having similar  geotechnica l  
propert ies.  The  second approach is based only on the as- 
sumpt ion that a g iven  accelera t ion on the seaf loor  deve lops  
shear stresses that exceed  the shear strength o f  the sediment .  
H o w e v e r ,  such a condi t ion  may  probably  happen only ove r  
a very short t ime,  and the result  may  not be an observable  
landslide or  s lope failure,  but only a l imi ted deformat ion .  

From the geotechnica l  propert ies  and behav ior  o f  the 
sediment ,  and knowing  the se ismici ty  o f  the area we con- 
clude that the western Alboran  Sea  s lope can be character-  
ized as potent ia l ly  unstable in a general  sense. Due  to the 
relat ively low seismic  accelerat ions  needed to exceed  the 
sediment  strength at depth,  the l ikel ihood of  deep-sea ted  
slope failures is greater  than o f  surficial failures.  This  poten-  
tial instabili ty contrasts with the pract ical ly  total absence o f  
failures in the Quaternary  sequence ,  based on se ismic  
records.  The  reason for such a contradic t ion be tween  stabil- 
ity es t imates  and field observat ions  may  be that es t imat ions  
have  been most ly  based on static strength instead o f  cycl ic  
strength propert ies.  Cyc l ic  triaxial test results will  provide  a 
better es t imate  o f  the behav ior  o f  the sediment  under  se ismic  
stresses and more  accurate  values  o f  the crit ical  horizontal  
accelerat ion for the near  surface and deep sediment .  Insta- 
bility may  have affected the most  surficial  sediment  but 
observat ion o f  such instabil i ty is l imited due to low resolu- 
tion o f  the avai lable  se ismic  records.  Ano the r  l imitat ion of  
the present  study is that calculat ions are based on very  short 
cores ( m a x i m u m  length,  180 cm).  A n y  change  in sediment  
characteris t ics  deeper  in the sediment  co lumn (e.g.  presence  
o f  weak  or  especia l ly  strong sediment  at depth,  or  thick 
local ized sand deposi ts  that could  l iquify dur ing an earth- 
quake) should be taken into account  when  eva lua t ing  the 
stability o f  sediment  at depth.  
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