


















movement, are no longer supposition, but are confirmed to be real –
and startlingly so. It was the process of developing the preliminary
ground model in the first place that raised the questions over depth
and mechanism(s) of ground movement and the water condition on
the slope. However, the preliminary ground model itself (Phase 1)
and the later access to some of the GSD ground investigation
information (Phase 2) are unable to answer these questions with
sufficient reliability to allow geotechnical analysis to proceed with
confidence. The ground model, therefore, still remains preliminary.

Since the ground investigations were undertaken at Limnes, the
extent of damage to structures and paved surfaces has increased
significantly. This has been due to an apparent acceleration in
ground movement and an expansion in the area affected. The entire
Limnes slope is now considered to be undergoing movement, to
varying degrees. Going forward, the adequacy of the ground
investigation database that exists needs to be reviewed, and

expanded in order to model the depths, areal extent and mechanisms
of slope failure and the relative roles of rainfall, groundwater influx
and domestic waste-water in controlling the stability of the slope.
This may mean that additional boreholes need to be drilled. Further
inclinometer and groundwater monitoring will be required,
combined with surface movement monitoring and damage
surveys. The objective will be to move the preliminary ground
model forward to a level of detail and confidence to inform
engineering decision making and mitigation design. Water
management will form a central role in any designed mitigation
works, but it must be implemented in the knowledge that future
ground movements will cease as a result, otherwise the works will
be rendered dysfunctional.

Geomorphologically, the status of the reworked marl also
requires clarification. Is this material the same, generically, as
other ‘reworked marls’ in the country? Is it the product of a single
shallow prehistoric slope failure and, if so, how does it relate to
event (3) in the preliminary ground model, or is it derived from
multiple slope failures and earth flows over time? The groundmodel
will need to clarify the status of this material, its permeability in
relation to that of the underlying soil layers and the mechanism of its
current failure or movement in relation to that of the underlying
(previously failed) Nicosia marl.

Notwithstanding the above, immediate action is required at
Limnes to manage and mitigate the risk associated with accelerating
groundmovements. This must include the evacuation of buildings at
risk of structural failure and the intensification of the monitoring
systems currently in place in order to identify trends in ground
movement and the progress of structural damage.

Conclusions

The geomorphology of an ancient deep-seated slope failure at
Limnes is reasonably clear from the back scarp, the failed mass and
the inferred toe. However, the geomorphology associated with the

Fig. 19. Lineation C and surveyed ground movements (in mm) between 22 December 2017 and 19 April 2018.

Fig. 20. Continued damage to housing along lineation B.
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current ground behaviour problems is less clear. Whilst geomor-
phological interpretation led to the conclusion that these problems
were associated primarily with reactivated movements in landslide
materials, it was not until the InSAR analysis was carried out that the
extent of these movements could be confirmed. The InSAR analysis
has proven instrumental in this regard and adds quantification to
hitherto qualitative and uncorroborated geomorphological inter-
pretation. The extent to which the Limnes slope appears to be
undergoing accelerated movement means that its geomorphology
will require continued assessment, and possibly reinterpretation, as
the ground model becomes finalized.

This case study of ground behaviour at Pissouri is an important
one for the management of slopes formed in the clay soils of
Cyprus. It emphasizes the importance of geomorphological
interpretation and the need to examine the wider landscape,
instead of focusing on the details of the site alone. It also
emphasizes the difficulty in trying to develop a credible ground
model without access to all the available information. It illustrates
the extent to which geomorphology alone can be applied as the
principal tool in ground model development and highlights the
serious constraints that exist when subsurface conditions cannot be
modelled properly. On the positive side, this case study illustrates
how InSAR analysis can be invaluable in helping to strengthen
geomorphological interpretation and assist in geohazard assessment
and interpretation for land-use planning and engineering applica-
tions. Griffiths (1999) noted that proving the cause or even the
existence of a landslide may often be the main area of dispute. This
had been the case at Pissouri until the geomorphological assessment
and the InSAR analysis were combined.

The GSD and others have been proactive in carrying out landslide
investigations and developing landslide susceptibility mapping
schemes for land-use planning and infrastructure management in
the Paphos District, and probably elsewhere in the country.
Unfortunately, these initiatives were too late – and too limited in
geographical coverage in any case – to be of any help in decision-
making at Limnes. Furthermore, when the decision was made to
construct at Limnes, which would presumably have been in the late
1970s, there would have been no access to InSAR data (the earliest
usable archive InSAR (ERS-1) dates back to 1991), nor any other
supporting data, other than aerial photography and any visible or
anecdotal evidence on the ground at the time. The unmistakable
scarp to the west, and the presence of transported materials on parts
of the slope, should have warranted some consideration of the
stability of the ground beneath Limnes, but such observations are
almost always easier to make in hindsight.

When examining these problems retrospectively, as has been the
case at Limnes, it is often not clear-cut as to the role development
itself has played in triggering, reactivating or accelerating ground
movements, and this is an important shortcoming for future land-
use management and building control. Of course, neither Limnes
nor Cyprus are alone in this situation (e.g. Trigila et al. 2010;
Mateos et al. 2017) and consolidated guidance on slope sensitivity
to urban development under a range of engineering geological and
hydrogeological regimes would be of benefit to land-use planning
and decision-making in the future (e.g. McInnes 2007). What
separates Limnes from most other similar case histories is that
ground behaviour problems apparently only became significantly
manifested 30 years after residential development commenced. This
makes it much more difficult to draw conclusions as to the
triggering mechanisms and the roles of contributory factors in the
process of ground deformation. It therefore complicates the lessons
that can be learnt from the unfortunate outcome at Limnes.
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