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Introduction

It is now a common practice to
monitor landslide displacements by
Global Positioning System (GPS)
(Gili et al., 2000; Moss, 2000; Malet
et al., 2002; Coe et al., 2003; Squar-
zoni et al., 2005). With respect to
conventional techniques, this ap-
proach has proved efficient in depict-
ing small ground displacements in 3D.
Moreover, GPS may be used in many
more environmental settings than
SAR (synthetic aperture radar) inter-
ferometry, which is very sensitive to
factors such as orientation of the
features of interest and loss of coher-
ence due to changes in the ground
surface state (Berardino et al., 2003;
Squarzoni et al., 2003). However,
GPS data sets involving many surveys
of a dense network of marks to
provide a detailed time evolution of
the mass movements remain rare.
Moreover, such studies generally
encompass only a few-year-interval,
thus providing poor information on
longer-term landslide kinematics. His-
torical displacement data may be
obtained from the stereophotogram-

metric analysis of aerial photographs,
a method pioneered by Chandler and
Brunsden (1995) and recently much
used (e.g. Kerle, 2002; Hapke, 2005;
Lantuit and Pollard, 2005). Here, I
first perform multiple surveying of a
44-point network covering the whole
landslide, with more frequent meas-
urements during the winter semester
when most displacements occur.
Then, I combine the obtained short-
term motion rate with a decadal rate
estimated from the comparison of
digital elevation models (DEM) of
the landslide topography at a 46-year
interval, produced either by GPS or
stereophotogrammetric techniques.
This eventually provide a refined pic-
ture of the landslide kinematics which
strongly constrains the search for the
causes and the factors of landsliding.

Geological and geomorphological
setting

The Manaihan landslide is one of
several ancient large landslides
extending over the slopes of the
main ridges of the moderately dis-
sected Herve tableland, in the Battice
area of East Belgium (Demoulin
et al., 2003) (Fig. 1). It was dramat-
ically reactivated by heavy rainfall
on 14 September 1998, which caused
a downslope displacement of several
metres and created a 1-m-high scarp
at the top of the old headscarp.

Since then, the slide moves down
slowly.
The Manaihan landslide is located

on the gently sloping (�4 �) eastern
flank of a S-striking ridge of the Herve
tableland, where it extends over 6.8 ha
(width ¼ 400 m; length ¼ 250 m;
Fig. 2) of meadows at 290 m altitude.
The slipped mass has filled the bottom
of a small valley, close to the latter’s
head, and is being now faintly incised
in its downstream part. A row of
houses are present along its headscarp
(Fig. 2B). A water tower is also
located less than 50 m from the scarp
and a sewage pipe passes through the
landslide.
The ridge, on which the landslide is

located, exposes subhorizontal upper
Cretaceous strata unconformably rest-
ing on the upper Carboniferous shales
of the basement (Fig. 1). The land-
slide, a rotational mudslide with a
typical 0.19 depth-to-length ratio of
the surface of rupture (Skempton and
Hutchinson, 1969), is carved into the
Cretaceous Vaals clays which are
12 m thick and form the bulk of the
ridge in this place. The clays are
underlain by 4 m of liquefaction-
prone fine sands of the Aachen For-
mation. The basal shear surface of the
landslide is located at the Aachen
sands-Palaeozoic shales contact
(Demoulin and Glade, 2004).
With regard to hydrology, the main

aquifer of the Herve tableland lies
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within the Gulpen chalks, above the
Vaals clays. Here, only a small aquifer
is contained in the Aachen sands, fed
in the areas where the sands crop out
and resting on the impervious, weath-
ered-to-clay shales. Present-day yearly
rainfall is of 900 mm with two peaks
in June–August and November–Janu-
ary (Fig. 3B).
Detailed field investigations, per-

formed to unravel the mechanism of
the landslide reactivation, have poin-
ted out the probable role played by
the sewage pipe crossing the landslide
(Demoulin and Glade, 2004).

Methodology

Complemented with field observation
of the evolution of morphological
features such as the headscarp, scar-
plets within the slipped mass and
ground fissures (Fig. 2C), the monit-
oring of the landslide displacements
was performed by repeated GPS sur-
veys (Table 1). A first set of 14 marks
covering the southern half of the
landslide (Fig. 2A) was repeatedly
measured in 1999–2000. Measure-

ments were then carried out in 2001–
2002 for 30 marks installed in the
northern half of the slide, together
with further measurements of four
marks retrieved from the first net-
work. A last survey of a limited set of
remaining marks took place in June
2005. For each network, an assumed
fixed reference frame was comprised
of at least three marks located out of
the slide and encompassing it. One of
these marks belonged to both sets and
allowed their connection. The meas-
urements were carried out in rapid
static mode with Leica SR95OO dual-
frequency receivers. Dealing with
baselines shorter than 0.25 km, 120-
epoch-long data series were enough to
solve all ambiguities, the field condi-
tions and the data processing jointly
accounting for an uncertainty of
�2 cm in all three components (N, E
and Up) of relative positioning, i.e. an
uncertainty of �3 cm in the compo-
nents of relative motion.
In order to gain a longer-term

insight into the displacement history,
I compared the precise DEMs of the
landslide topography at epochs separ-

ated by �50 years. The first DEM was
produced by digital stereophotogram-
metry from aerial photographs of
1953 and was compared with another
one interpolated from a GPS survey
of the landslide performed in 1999.
For 1953, the negatives of photo-

graphs at the 1:15 000 scale were
scanned at a pixel resolution of
12.5 lm corresponding to a ground
resolution of �0.2 m. The camera
parameters determined by the geomet-
ric calibration and the fiducial marks
figured on each photo were used to
realize the internal orientation (Dew-
itte and Demoulin, 2005). To estimate
the accuracy of the stereomodels in
relative orientation, owing to the
rather poor identification of the meas-
ured points in a monotonous grass
cover, I applied the following semi-
empirical formulas (Kraus, 1993)

ðRMSÞxy ¼ 0:03ec and

ðRMSÞz ¼ 0:015
f
b

� �
ec

with ec ¼ inverse of the photo scale,
f ¼ focal length ¼ 114.56 mm and
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Fig. 1 Geological sketch map with location of the Manaihan and other landslides in the Herve tableland. 1. Palaeozoic basement.
2–4. Upper Cretaceous Formations. The western border fault of the small La Minerie graben follows the strike of the ridge on
which the Manaihan landslide is located. Lower left inset: LRE: Lower Rhine Embayment.
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Fig. 2 (A) Close-up of the Manaihan landslide in the DEM of 1953, showing the distribution of the two sets of GPS marks
(respectively, solid circles and crosses). Bold white lines delineate the reactivated southern part of the headscarp and the fractures
associated with the graben developed to the north in September 1998. (B) Oblique aerial photograph of the landslide during the
spring 2000, locating various features mentioned in the text. The comparison with (A) shows that no fundamental difference exists
in the geomorphology of the landslide between the two epochs, except the sharpening and downslope displacement of the
transverse ridges locating the edges of the rotated blocks. (1) At least two buildings were severely damaged in the September 1998
event, while (2) a water tower is located very close to the scarp. (3) The northern limit of the reactivated part of the landslide is
marked by a small graben. (4) The landfill located along the southern part of the scarp was placed there in the 1970s to build a
house, which rapidly suffered severe tilt and was abandoned in the 1980s. (C) Geomorphological map of the Manaihan landslide
(after Demoulin and Glade, 2004 – map compiled by T. Glade).
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b ¼ distance between the optical cen-
tres of the photos ¼ 60 mm, which
yielded RMS errors of 45 cm in x and

y and 43 cm in z. These are mean
uncertainty values for the coordinates
of individual points. However, the

actual quality of the stereophotogram-
metric model also depends on the
density of the measured points. The

?

–80

–60

–40

–20

0

V
er

tic
al

 m
ot

io
n 

(c
m

)
D

ow
ns

lo
pe

 m
ot

io
n 

(c
m

)
M

on
th

ly
 r

ai
nf

al
l (

m
m

)

6/7/98 6/7/99 6/6/00 6/6/01 6/6/02 6/6/03 6/5/04 6/5/05
0

20

40

60

80

6/7/98 6/7/99 6/6/00 6/6/01 6/6/02 6/6/03 6/5/04 6/5/05

6/7/98 6/7/99 6/6/00 6/6/01 6/6/02 6/6/03 6/5/04 6/5/05

0

100

200

300

?

?

A

B

C

1

2

3

?

?

?

?

Fig. 3 Relation between measured landslide displacements and rainfall. (A) Downslope motions recorded for the southern set of
marks (1), the northern set (2) and marks outside the moving area (3). The average motion rate is 22.5 cm yr)1 for the first set of
marks (1999–2002) and 18.9 cm yr)1 for the second (2001–2005). The grey rectangles delimit the uncertainty area of motion
evolution for time intervals exceeding 1 year. The date format (x-axis) is m/d/yy. (B) Monthly rainfall histogram. The dashed
horizontal threshold line tentatively placed at 150 mm monthly rainfall highlights the rainfall events which might have triggered
slope movements. (C) Vertical motion at the southern part of the headscarp. The solid arrows relate observed motion and rainfall
events. The dashed arrows show that the high rainfall amount of December 1999 (187 mm) induced surprisingly small motion.
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mean density is here 0.06 point m)2

(one point every 4 m), but it is much
higher in the areas of more contrasted
topography, in particular within the
landslide. An a posteriori estimate of
the model uncertainty could be ob-
tained from a comparison with the
GPS-derived topographic model in
the non moving areas surrounding
the landslide. This suggests a relative
error in z of �20 cm for the 1953
model.
Since no recent aerial photographs

were available, I surveyed in differen-
tial GPS (DGPS) kinematic mode an
area of �165 · 210 m2 encompassing
the reactivated part of the Manaihan
landslide during the summer 1999.
The great advantage of this survey
mode is the measurement of a huge
number of points in a limited time. I
measured 12 000 points, with a mean
density of 0.4 point m)2 similar to
that of the derived interpolation grid.
In order to avoid any unsolved ambi-
guity in the data processing, that
would have led to unreliable solutions
for parts of the survey, special atten-
tion was paid to reinitializing the
rover receiver after every cycle slip
during the kinematic survey. Conse-
quently, the internal uncertainty on
the up component of the model is
estimated between 5 and 10 cm. Much
more than by the data processing, it
was determined by the field condi-
tions, in particular the difficulty to

Table 1 Summary of the GPS surveys carried out from 1999 to 2005.

Type of

survey Network Technical characteristics

01/03/1999 Rapid static DGPS 14 points – southern network 120 measurements/point, measurement

frequency: 1/6 s)1

27/04/1999 Rapid static DGPS Idem Idem

01/07/1999 Rapid static DGPS 13 points – southern network Idem

–/07/1999 Kinematic DGPS �12 000 points covering the

whole landslide

Point of initialization: 120 measurements;

others: 1 measurement, measurement

frequency: 1 s)1

21/03/2000 Rapid static DGPS 13 points – southern network 120 measurements/point, measurement

frequency: 1/6 s)1

02/10/2001 Rapid static DGPS 30 points – northern network

+ 2 points – southern network

120 measurements/point, measurement

frequency: 1/6 s)1(+ inclinometry)

15/11/2001 Rapid static DGPS Idem Idem

17/01/2002 Rapid static DGPS 30 points – northern network

+ 4 points – southern network

Idem

05/03/2002 Rapid static DGPS Idem Idem

10/05/2002 Rapid static DGPS 27 points – northern network

+ 2 points – southern network

Idem

13/06/2005 Rapid static DGPS 15 points – northern network

+ 2 points – southern network

120 measurements/point, measurement

frequency: 1/6 s)1
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Fig. 4 Map of downslope (�horizontal) and vertical motions recorded by repeated
GPS surveys of the second set of marks during the period from 2 October 2001 to 10
May 2002. The northern boundary of the currently reactivated area is clearly
delineated. Most patches of marshy ground are resulting from groundwater
emergence in the back tilted blocks.
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keep holding the staff supporting the
antenna vertical and in contact with
the ground during its displacement
over the sods.

Finally, the 1953 DEM was refer-
enced to that of 1999 by measuring
common points in both epochs. Ow-
ing to the elapsed time span and the

change in many landscape details, the
scale of the photographs, and the
satellite visibility required for GPS
measurement, I found only three reli-

Fig. 5 Map of the vertical ground displacements inferred from the comparison between DEMs of 1953 and 1999. The underlying
contour lines describe the topography of 1999, showing that the zones of highest �uplift� correspond to the current location of
ridges and result from their downslope displacement. Lettered black lines locate the profiles of Fig. 6. The blank areas correspond
to zones of no GPS data. Unfortunately, they encompass most of the headscarp, where the combination of steep slopes, very
irregular ground and dense shrubs made a kinematic GPS survey impossible. The strong apparent uplift in the SW corner of the
map corresponds to the embankment of a house built in the 1970s, now destroyed. The NE-striking zone of subsidence in the NW
corner delimits the small graben appeared during the slip event of September 1998.
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able control points to compute the
parameters of the Helmert transfor-
mation. The quality of the transfor-
mation is strongly dependent on the
identification of these points on the
photographs, performed with an accu-
racy better than 50 cm in x and y and
of �5 cm in z. After common refer-
encing, the model of 1953 was sub-
tracted from that of 1999 to map the
changes in z. The error of the final
map of z change is <70 cm in ground
plan and �25 cm in height variation.

Results

1998–2005 displacements

The more than centennial daily rain-
fall of 14 September 1998 (126 mm)
caused a sudden displacement of the
Manaihan landslide, materialized by
the development of a new 0.8 m-high,
70 m-long scarplet along the southern
part of its headscarp and by the
subsidence of a small graben along
the northern margin of the reactivated
zone (Fig. 2).
After this event, the slide continued

to move episodically. The two most
prominent slip episodes were recorded
in the end of the 1998–1999 and 2001–
2002 winters, respectively with 15–
18 cm downslope motion of several
marks of the southern network and
26–31 cm displacements in the most
active part of the northern network
(Fig. 3). The repeated surveys span-
ning these periods suggest that such
motion occurs within few days, or
even hours as indicated by the signi-
ficant widening of ground fissures and
the reactivation of the 1998 scarp over
one night in March 1999. While I
recorded a maximum 40 cm ground
displacement for the main moving
mass during the winter 2001–2002,
the total downslope motion did not
exceed 70 cm over a 3- or 4-year
period (respectively, 1999–2002 for
the first set of benchmarks, 2001–
2005 for the second). As a conse-
quence of the downslope movement of
the landslide, the blocks located
immediately below the newly formed
headscarp suffered a 71 cm subsidence
from 1998 to 2005, of which 10 cm in
March–April 1999 and 17 cm in Janu-
ary–February 2002. When available,
inclinometer measurements showed
displacement rates at depth similar to
those observed at the ground surface

(Demoulin and Glade, 2004), indica-
ting en-bloc motion of the slipping
mass.
Not the whole landslide is currently

moving. Its northern part, separated
from the central mass by overstepping
scarplets and the small graben devel-
oped in September 1998 oblique to the
headscarp, has not been reactivated
(Fig. 4). In this area, the old head-
scarp shows no significant displace-
ment either. To the south of this limit,
the landslide moves downslope as a
whole, with highest amounts of mo-
tion in its upslope half progressively
decreasing towards the valley bottom.
Only minor vertical displacements are
observed within the landslide. By con-
trast, the southern part of the head-
scarp is clearly rejuvenated, the height

of the 1998 scarplet reaching now
locally 1.5 m.

1953–1999 DEM comparison

As stated earlier, the eastern part of
the height change map, unaffected by
the landslide, shows no significant
height difference between the models
of 1953 and 1999, thus validating the
comparison (Fig. 5). Most prominent
are the N-striking elongated zones of
high apparent uplift running across
the landslide, parallel to the head-
scarp. The motion locally exceeds
+1.7 m, whereas in between are zones
of subsidence (up to )0.7 m) or some-
times no motion. However, this is not
a true vertical movement of the
ground but mainly the effect of the
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downslope displacement of �2 m-
high ridges corresponding to the uplif-
ted edge of tilted blocks (Fig. 6). In
the central part of the landslide, this
displacement amounts to 6–7 m and it
decreases to �4 m near the lateral
margins of the reactivated area. The
current landslide motion is thus
mainly translational above the distal
part of the surface of rupture, invol-
ving void creation and block subsi-
dence at the foot of the scarp, with a
minor component of rotation which
sharpens the ridges.

Discussion

All short- and long-term measure-
ments are consistent with an average
downslope motion rate in the range
15–25 cm yr)1. This is obvious from
the GPS surveys of the period 1998–
2005 (Fig. 3). By contrast, the figure
derived from the 1953–1999 compar-
ison results from a more complex
history. Several eye-witnesses have
consistently stated that the landslide
was dormant until �1980, suggesting
that the displacement evidenced by
this comparison actually occurred in a
�20-year long time span (1980–1999).
Moreover, the recorded motion in-
cludes the event of September 1998
with an unknown amplitude of down-
slope displacement. I estimate this
amplitude from the ratio dh/dv be-
tween the downslope displacement of
the landslide and the simultaneous
vertical slip on the headscarp at sev-
eral epochs since 1998. With dh/dv�
1.4 and a headscarp slip of �1 m on
14 September 1998, the concomitant
downslope displacement was �1.4 m.
The extension deduced from the
geometry of the small graben ap-
peared at that time along the northern
margin of the reactivated mass yields
a similar value of �1.5 m. One must
add to this figure a few decimetres of
unusual displacement occurring be-
tween September 1998 and my first
GPS measurements of 1 March 1999,
and causing 40 cm-wide fissure open-
ing along the headscarp. This leaves
�4–5 m of motion during the 1980–
1999 time interval, i.e. a mean rate of
20–25 cm yr)1 consistent with that
deduced from the GPS data.
There are unfortunately long gaps

in the time series of the landslide
movements. However, with the excep-
tion of the catastrophic event of

September 1998, all important dis-
placements have been observed
around the winter’s end, in February
and March. Moreover, the two peri-
ods of observed increased motion
responded to anomalously high rain-
fall amounts during the preceding
weeks, respectively 162.4 and
198.7 mm in February 1999 and 2002
(Fig. 3). By contrast, the GPS meas-
urements do not reveal any significant
motion during the springs of 1999 and
2002 and the autumn and first half of
winter 2001, and several wet summer
months (e.g. 287.6 mm in July 2000
and 226.7 mm in September 2001) had
apparently little influence on the land-
slide. Indeed, no matter how the
curves are interpolated (Fig. 3), the
amount of displacement that could be
ascribed to these wet summer months
remains by far short of what would be
expected from the corresponding rain-
fall. This results probably from the
intense evaporation associated with
summer rainfall, thus reducing the
amount of percolating water, and
from the absence of very intense daily
rainfall. There is therefore a clear
tendency towards seasonal activation
of the landslide, the end of the winter
being most favourable to the com-
bined occurrence of long-lasting pre-
cipitation, minimal evaporation, and
anomalously high daily rainfall, trig-
gering decimetre-scale displacement of
the slide.
Spatially, the displacements recor-

ded since September 1998 point to a
reactivation limited to the southern
part of the landslide, with a south-
ward development of the headscarp
(Fig. 4). Moreover, in March 1999,
the ground collapsed in the places
where the borders of the reactivated
area intersects the sewage pipe cros-
sing the landslide, suggesting that the
reactivated area closely coincides with
the zone of broken pipe. This shows
that, even if particular episodes of
intense rainfall are responsible for
triggering displacements, the under-
lying actual cause of the reactivation
is the continuous seepage from the
pipe maintaining local high pore pres-
sures, which substantially reduce the
shear strength of the landslide.

Conclusion

The combination of methods applied
to monitor the displacements of the

Manaihan landslide over weeks to
decades yielded consistent results.
GPS kinematic surveying proved effi-
cient in providing a detailed and
accurate topographic model. At least
in open terrane, it should be consid-
ered complementary with precise
point positioning in ground displace-
ment monitoring. Stereophoto-
grammetry of historical aerial
photographs is an indispensable data
source for extending rate estimates
over longer time spans.
Current landslide motion at Man-

aihan is mainly translational. Beyond
the September 1998 event, it occurs at
a mean rate of c. 20 cm yr)1 corres-
ponding to a seasonal activity centred
on the winter’s end. This activity is
caused by seepage from a pipe within
the landslide, which locally reduces
the shear stress required to initiate slip
in response to periods of intense
rainfall and percolation.
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