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Abstract

Tectonic motion rates of individual faults and regional deformation in an intraplate setting are estimated, based on
the analysis of ten yearly surveys of a regional levelling network in NE Ardenne (W Europe). Owing to the frequency
and number of measurement epochs, much greater than in classical comparisons of general surveys, the tectonic and
near-surface components of ground motion are clearly separated. The marked temporal variability in ground motion
strongly depends on the amount of precipitation fallen during the six months preceding each survey and the
subsequent drying off of the subsoil at the time of the surveys. Moreover, the ground response to this influence varies
from place to place, leading to high differential movements at the local scale. Taking into account the percentage of
surveyed faults which moved tectonically during the time of the study, I calculate fault motion rates of 0.06-0.09 mm/
yr, similar to geological rates. Moreover, the data indicate that one way for intraplate normal faults to accommodate
tectonic strain aseismically is intermittent fault creep, with short episodes of a few mm displacement separated by
many year-long time intervals of fault quiescence. A flexural deformation shows the superposition of a tilt event on a
trend corresponding to a tilt rate of 0.16 prad/yr for a 2.8-km-long segment.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction geological observations [8-11] for individual

structures and regional deformation in intraplate

There is a persisting contradiction between the
high rates of vertical motion inferred from geo-
detic data (0.5-5 mm/yr) [1-7] and one order of
magnitude lower long-term rates deduced from
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settings (Table 1). This is mainly due to the very
low actual rates of crustal motion in these regions,
implying that long periods of observation are
needed for tectonic displacements to exceed the
measurement noise and that many non-tectonic
causes of such movements have also to be consid-
ered. However, the high geodetic rate estimates
have contributed to the assumption that many
areas currently experience increased tectonic ac-
tivity [12,13] or that the contribution of transient
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Table 1

Geodetic vs. geological rate estimates of vertical ground motion in intraplate settings

Area Geodetic Geological References
(mm/yr) (1-0 Ma), mm/yr

Regional motion

Eifel (D) 1.6 0.25 [11<[16]

S Limburg (NL) 0.8 0.06 [12]<[35]

Upper Rhine graben (F) >1.0 [2]

W Brittany (F) 1.0 ~0.1 [4]1<[36]

NE Spain (SP) 0.8 [5]

Ardenne (B) 1.3 ~0.1 [37]<[38]

Fault motion

Roer graben (NL) 1.5 0.07-0.1 [35]<[39]

Upper Rhine graben (CH) 0.2 [11]

E Betics (SP) 0.9-2.0 0.08-0.15 [40] < [41]

seismotectonic processes is recorded at the geo-
detic timescale [14].

From 1993 to 2002, we carried out repeated
high precision levellings across the northern mar-
gin of the uplifted Ardenne massif in the exten-
sional setting of the Lower Rhine Embayment (W
Europe). The first aim of the study was to sepa-
rate the tectonic and near-surface components of
the recorded vertical ground motions. Among
near-surface causes of movement, particular at-
tention has been paid to the influence of water
in the soil and subsoil. The second and main ob-
jective lay in identifying and characterising possi-
ble individual fault motions, especially getting a
closer look at their temporal evolution. More gen-
erally, I attempted to estimate average fault mo-
tion and regional deformation rates for the study
area, to be compared with figures deduced from
geological observations. Both objectives required
that the levelled network be surveyed as many
times as possible. We thus conducted ten levelling
campaigns at 1-yr intervals.

2. Geological setting

The study area extends across the NE margin
of the Ardenne in E Belgium (Fig. 1). The Ar-
denne is a Palaeozoic massif located to the west
of the Lower Rhine segment of the European Ce-
nozoic Rift System. The levelling network is situ-
ated ~20 km SW from the major bounding faults

of this graben. It extends on the northern flank of
the Cambrian Stavelot massif, where the Variscan
fold-and-thrust belt has been superposed on struc-
tures inherited from the Caledonian orogeny, re-
sulting in a structurally complex basement where-
in longitudinal ENE-WSW folds and thrust faults
are cut by numerous NW-SE to NNW-SSE strik-
ing normal faults.

The region has uplifted between 400 and 500 m
since the Oligocene chiefly in response to far-field
stresses (Alpine push, N Atlantic oceanic expan-
sion) and possibly also as a consequence of man-
tle upwelling beneath the nearby Eifel [15]. The
uplift rate sharply increased from the Pliocene,
culminating at a mean 0.1 mm/yr in the early
and middle Pleistocene. Studies of Quaternary riv-
er incision suggest that uplift rates up to ~0.5
mm/yr could be reached in NE Ardenne between
800 and 400 ka but that tectonic quiescence pre-
vailed in recent times [16-18].

Superimposed on this epeirogenic upheaval,
several NNW-SSE normal faults cutting the Sta-
velot massif and its northern foreland have been
reactivated in close relation with the opening of
the Lower Rhine rift segment since the upper Oli-
gocene. The Lower Rhine graben and its western
shoulder, including the NE Ardenne, are currently
characterised by weak to moderate seismicity [19].
One of the most violent historical earthquakes
having ever struck NW Europe, the Verviers
earthquake of 1692, occurred somewhere in close
vicinity to our study area [20].
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Fig. 1. Sketch map of the levelled network (dotted lines) in NE Ardenne. Black dots localise the places where the levelling lines
cross potentially moving faults. Actually recorded fault motions are either of tectonic origin (crosses, black bold line) or drying-
off-dependent (open squares). Light grey: Cambrian core of the NE Ardenne massif. Dark grey: Vesdre valley (alluvial plain+low
terraces). Narrow grey hatching localises the flexure developed along the northern slope (broader hatching) of the Ardenne mas-
sif. Insets: ECRS, European Cenozoic Rift System; LRE, Lower Rhine Embayment.

3. The data

Ten yearly surveys of the 48-km-long levelling
network (58 sections) are available for the 1993—
2002 period. The surveyed area includes several
normal faults active during the Quaternary and
the flexured border of the massif (Fig. 1). The
majority of the benchmarks belong to the first-
order levelling network of the Belgian National
Geographical Institute, except along the eastern
half of levelling line 2 (Fig. 1) where we installed
new marks. Most of the benchmarks we used are
set either in Palaeozoic rock outcrops or at the
base of =40-year-old stone or brick buildings
generally with foundations 2-2.5 m deep. Local
geological conditions are of three main types.
Most geodetic monuments are built on fresh Pa-

laeozoic rocks. In the Vesdre valley, they are
founded in alluvial plain or low terrace deposits.
In the south of the network, on the top of the
massif, they lie on a weathered Palaeozoic base-
ment or Cretaceous clay-with-flints.

We used Leica NA-3000 levels and 3-m-long
code bar invar rods (the same pairs of rods
from 1993 to 2002). Data acquisition met all re-
quirements of Belgian first-order levelling, corre-
sponding to the recommendations of the Interna-
tional Association of Geodesy. The data have
been corrected for the thermal expansion of the
rods. Height-dependent systematic errors due to
unequal atmospheric refraction or progressive
damaging of the rod invar tapes were tracked by
searching for correlation between section slope
and tilt [21]. Another systematic error in the
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1994 measurements was suggested by the mirror
images yielded by the successive height change
profiles of 1993-1994 and 1994-1995 for the ap-
parently tilted levelling line 1 (Fig. 1), and con-
firmed by the marked trend displayed by the sec-
tion misclosures along the line in 1994 [22]. This
error has been removed by subtracting the appar-
ent tilt of 0.81 prad from the 1994-1995 profile.

After data correction, we observed several

marked local height changes in yearly compari-
sons, especially ground motion discontinuities be-
tween segments of otherwise homogeneous behav-
iour and tilting of segments of the levelling lines.
The highest variation of the height difference be-
tween nearby benchmarks recorded by successive
surveys amounted to 16 mm. This is far greater
than the measurement standard error of 1.16 L/
mm obtained for the worst survey comparison,

5 3
0 ; T -_—
5 3 N 1. Eupen - Baelen - Dolhain
- A
10 - T - =
15 T T T T T T T T T T T T T T T T T
0 5 10 15 20
10 —
5 —: »
o E 2. Vesdre valley between
E Eupen and Dolhain
5 —:
10 - T T T T [ T T T T ‘{ T T T [ T T T T [
0 5 10 15 20
10 — -
£ ; 1 3. Dolhain - Jalhay - Sourbrodt - ,>’>\_ oo
=R I e o S
S0 4 - = = —= = = % i T4 T ,
Ne o T
o ™ _ (a)
353 ~t_ - N\ _7 ]
£ 4 - o _ - .
'10 T T T T l T T 7 /I l\ T T T [ I- T T = _l_ -
0 5 10 15 20
1034 Eupen - Sourbrodt ~ _ _ _ _ _ - _ - _
5 —E ’J\ _ - .7
7 7 \ [
0 3 - - 4T SR %%-NH 1
AT OPN 2 E k
5 E T~ - \..(_b)' - - < - T = - - _
'10 - T T T T l T T T T l T T T [ T T T l— ]
0 5 10 15 20

distance in km

Fig. 2. Some examples of vertical ground motion between two surveys (1995 and 2001) carried out after winter seasons with sim-
ilar ‘6 months’ Rainfall Function (RF) values. The line numbers refer to the numbers indicated in Fig. 1. The dashed lines en-
compass the 26 areas propagating with L!/2 for the whole lines with respect to their starting point. The error bars associated
with the data points denote the 26 uncertainty of each individual section. Open circles locate the few significant motion disconti-
nuities in these profiles. The anomalies marked by circles in dashed lines are not considered because either the length of the sec-
tion (a) or the isolated position of the displaced benchmark (b) makes the motion less reliable.
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which implies that every sharp discontinuity of
motion higher than ~2.3 mm between bench-
marks 1 km apart indicates a true ground dis-
placement at the 95% confidence level. As for
the yearly tilt of ~ 5-km-long segments involving
6-7 benchmarks, values of up to 2 purad were ob-
served. No particular motion discontinuity accu-
mulated over the 1993-2002 period was higher
than 8 mm, and only one steady tilting is noted
at a rate of 0.16 prad/yr for a 2.8-km-long seg-
ment (see Fig. 2 for examples on the 1995-2001
period).

Some places showed important height changes
almost every year, but with frequent sense rever-
sals and a negligible resultant displacement after 9
years. Not being geodetic artefacts, these oscilla-
tions point to the influence of near-surface factors
of displacement. However, the non-random pat-
terns of motion and their independence of the
type of monumentation prevent associating them
directly with monument instability as often sug-
gested [23-25].

4. Near-surface origin of ground motion

In the absence of groundwater and soil mois-
ture data, I used rainfall data to assess the possi-
ble linkages between ground motion and water
content variations in the soil and subsoil. Daily
values from either of two sites located within or
very close to the levelled network and fairly rep-
resenting the two contrasted topoclimatological

contexts prevailing in the area were assigned to
every individual levelling section, and several cu-
mulative functions convolving rainfall on various
time lengths were calculated.

Table 2 shows the correlation coefficients com-
puted between height change variations and sev-
eral short-term rainfall functions (RF) for 12 sec-
tions representative of the various morphological/
geological environments present in the study area.
Functions of the form:

1
(RF); = Z reelt=t/7
k=i—p

(with r,=daily rainfall; 7=time constant and
p =model order) involve rainfall of the last 1 day
to 6 weeks before the measurements and show no
significant correlation with ground motion at the
95% confidence level. Only weak correlations oc-
cur sparsely between particular sections and RFs.
Instead, the yearly mean section height change
variation over the whole network has been dem-
onstrated to strongly depend on the varying
amounts of precipitation fallen during the 6
months preceding each survey [22], i.e. precipita-
tion of winter and early spring. In this case, the
most efficient rainfall function simply is:

—1 —4
S=> APuii1y+0.5 Y APy
m==—3 m=—6
where AP, ;) = difference in monthly precipita-
tion between years ¢t and (t—1) (Fig. 3).
Not only does this suggest that the short-term
response to wetting and drying of the shallow soil

Table 2
Pearson’s correlation coefficients between ground motion and various short-term rainfall functions of the form
(RF); :E;;:i_prke(fk—n)/f for 12 representative sections (r; = daily rainfall; 7=time constant; p =model order)
RF Section

23-24 17-18 12-13 10-11 89 5-6 26-27 32-33 37-38 42-43 50-51 45-46
RF1 (p=1, t=4) 0.30 —0.63 0.57 —-0.22 —0.40 0.01 0.19 —0.68 0.08 —0.34  —0.20 0.03
RF2 (p=17, t=4) 0.38 —0.56 0.56 —0.18 —0.54 —0.07 0.10 -0.55 —0.18 —0.19 —0.67 —0.53
RF3 (p=14, 7=17) 0.42 —0.46 0.54 —-0.14 —0.56 —0.06 0.25 —0.67 —0.04 0.00 —0.66 —0.45
RF4 (p=28, 1=14) 0.25 —0.56 0.60 —-0.29 —0.67 0.10 0.24 —0.69 0.36 —0.03 0.23 —0.53
RF5 (p=42, 1=14) 0.25 —0.56 0.58 —-031 —0.70 0.14 0.30 —0.74 0.36 —0.05 0.40 —0.50

Fig. 3 plots the average behaviour of all sections of the network against variations in winter rainfall, represented by one single
value per campaign. By contrast, in the short-term analysis, individual RF values are assigned to every section, making nonsensi-
cal to average the information on the whole network since each section responds in an unique way to precipitation. Therefore,
the temporal relationships with rainfall which I present here involve individual sections.

The figures in bold are significant at the 90% level (n=38).
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Fig. 3. Correlation plot of yearly mean section height change
variation versus rainfall function. Both variables are taken in
absolute value because consolidation-dependent benchmark
motions are assumed to be free and section height change
variation may thus have indifferently a plus or minus sign.
The rainfall function f= E;‘:,3APW(,‘,_1)+O.5 Z,;i,ﬁAPm(,v,_l)
involves the monthly precipitation P, of the last 6 months
(including winter rainfall) before the surveys at time 7 and
t—1. This particular, highly correlated function describes the
precipitation conditions determining the spring drying off
and consolidation of the subsoil, dependent on the nature of
the substratum in the study area. Adequate functions might
be different in the case of a Palaeozoic bedrock or a thick
Tertiary sand cover and are most easily determined empiri-
cally.

plays a subordinate role in determining vertical
ground motion, but also the nature of the param-
eter I used — |AH]|,,, the yearly mean section
height change variation in absolute value — shows
that ground displacements are sensitive to spatial
variations of the causal factor at the km-scale. It
seems impossible that loading by groundwater be
responsible for such a highly differential influence,
all the more as the recorded motion amplitude
would imply unrealistic groundwater table varia-

Table 3
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tions. A better candidate for explaining the link
between ground motion and the amount of winter
rainfall certainly is the variable spring drying off
and subsequent consolidation of the material of
the vadose zone at the time of the surveys [26]. In
this case, the spatial variability of ground motion
is accounted for by the variable nature and thick-
ness of colluvium, cover sediments and weathered
bedrock.

Moreover, Table 3 shows that all geomorpho-
logical subareas covered by the levelling network
display similar strong links between yearly mean
section height change variation and the winter
rainfall function. In particular, the displacements
recorded for the most mobile individual sections
located in the Vesdre alluvial plain are also mark-
edly dependent on drying off. As the location of
these larger vertical displacements is in several
cases determined by the presence of faults, the
latter’s passive influence may easily be confused
with true tectonic activity (Fig. 4).

Complementing the site monitoring and model-
ling of the same relation by several authors [26—
29], I show here that ground movements depend-
ing on the degree of drying off and consolidation
of the subsoil generally display sharp local/region-
al-scale gradients and may reach one or two cen-
timetres in amplitude. The sense reversals of
ground motion which are frequently observed in
the case of several successive surveys result from
the same cause. The obvious consequence is that,
in the mm-to-cm amplitude range, very few of the
vertical movements identified by comparing level-
ling surveys are not contaminated by near-surface
influences and may indeed reveal a true tectonic
activity. This conclusion casts heavy doubts on

Pearson’s correlation coefficients between yearly mean section height change variation and the ‘6 months’ rainfall function for
subareas corresponding to different morphological/geological settings

P
Whole network 0.97
Most mobile sections 5-6+8-9 (limiting a ‘block’ in the Vesdre alluvial plain) 0.82
Network without sections 5-6 and 8-9 0.95
Alluvial plain of the Vesdre River 0.85
Network without the Vesdre alluvial plain 0.89

All subareas display similar strong links between yearly mean section height change variation and the winter rainfall RF. The
slightly lower p values for the sections in the ~ 5-m-thick alluvial plain of the Vesdre River result from a higher influence of

short-term precipitation in the soils of this sector.
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Fig. 4. Vertical motion recorded for the most mobile sections in the Vesdre valley from 1993 to 1996 (location: see Fig. 1). The
successive curves illustrate the dependence of the ground motion on the amount of rainfall during the 6 months preceding each
survey and the subsequent drying off of the subsoil. Some of the highest movements take place on faults. The rainfall function
curve f=3-1 .P,+0.5 =4 P, for the 1993-1996 period is displayed in the inset.
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every interpretation in terms of active tectonics of
vertical movements inferred from national or spe-
cial levelling comparisons based on only two or
three surveys, which is the usual case [1-7,12].

5. Vertical motions of tectonic origin and geodetic
motion rate

Unless the very improbable prerequisite of sim-
ilar drying off conditions during the compared
surveys is satisfied for every section, establishing
the tectonic character of geodetically inferred
small-scale ground motion patterns in intraplate
areas requires both the spatial and temporal re-
dundancy of their signature, i.e. confirmation of
the latter by several consistent sections and sur-
veys respectively on each spatial and temporal
side of the recorded change (Fig. 5).

In this study, such a requirement was met only
by four ground movements (Fig. 1), two of which
occurred at two neighbouring points of the same
fault zone between the 1998 and 1999 surveys and
a third one, which corresponded to the more or
less steady arching of the Ardenne massif (Fig. 6).
In contrast with an observed maximum raw dis-
placement of 16 mm in yearly survey compari-

sons, the recorded total amplitudes ranging be-
tween 2.5 and 4 mm for the ascertained fault
motions during the 1993-2002 period already re-
duces the estimated movement rates to more rea-
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Fig. 5. Detection of a small vertical motion whose interpreta-
tion as a fault creep event is supported by the analysis of
successive surveys (location: see Fig. 1). The spatial redun-
dancy, preventing to misinterpret monument instability, is
provided by comparing homogeneous segments comprised of
several sections on each side of the discontinuity (the rms of
individual benchmark motions with respect to the mean of
each segment are of 0.6 and 0.3 mm for the 18-22 and 23—
24 segments, respectively). The temporal redundancy, with
six surveys displaying the same ‘initial’ relative position of
the segments and four later surveys consistently showing the
same change, which occurred in 1998-1999, makes sure that
the recorded motion is not a drying-off-dependent oscillatory
ground displacement, but rather a tectonic fault movement.
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Fig. 6. Tilting of a ~2.8-km-long segment located between benchmarks 34 and 38 across the N slope of the Stavelot massif (lo-
cation: see Fig. 1). Each curve corresponds to the 1993-2002 evolution of one benchmark (Bm) of the 34-38 segment. The rec-
tangle displaced by an arrow describes the removal of a systematic error in the 1994 survey. Beside a possible motion of the
whole segment with respect to the reference benchmark 19 situated 10 km apart, the fan-shaped widening between the curves of
points 34 and 38 evidences its tilting. A marked tilt episode occurred between the 1999 and 2000 surveys. The bottom diagram
describes for the 34-38 segment the superposition of this ~4.1-mm tilt event and a linear fit to the AH changes yielding a decad-
al tilt rate of 0.16 prad/yr (i.e. a flexure amplification rate of 0.44 mm/yr).

sonable values of 0.28-0.44 mm/yr. However, we
also have to account for the limited number of
active faults present in the study area that actually
moved during that time interval. Neotectonic data
and the regional diffuse seismicity indicate that
potentially moving faults cross the levelling lines
in about 15 different points (Fig. 1). If we assume
that the probability of catching a ground motion
during the 1993-2002 period was the same for all
these points (which is unrealistic, but the approx-
imation is authorised by the fact that the actually
recorded displacements did not all appear on the
most active faults of the area), we are justified in
further dividing the above rates by 5 (in inverse
proportion to the number of hits, i.e. 3 of 15
faults displaced). This yields final estimates of
present-day rate of fault motion in the order of
0.06-0.09 mm/yr, averaging the activity of all ac-

tive faults crossed by the levelling lines. This is
fairly consistent with estimated upper Pleistocene
rates of ~0.05 mm/yr for several faults in the
study area [30]. Although the respective degrees
of activity are probably somewhat different, the
agreement is also excellent with values of 0.07-
0.10 mm/yr given for Pleistocene rates of nearby
(more active) border faults of the Lower Rhine
Embayment (Table 1).

The comparison between geological and geo-
detic estimates of the rate of regional motion is
also satisfying. Based on river terrace reconstruc-
tion, common belief is that the regional doming
centred on NE Ardenne and Eifel proceeded at a
mean rate of 0.25 mm/yr during the last million
years [16,18], and the area covered by the S part
of our levelling network might have undergone
even higher uplift [31]. Our levelling data record
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the subcontinuous tilting of a 2.8-km-wide stretch
which localises a flexure developing at a mean rate
of ~0.44 mm/yr (i.e. a tilt rate of 0.16 urad/yr)
along the flank of the uplifting massif (Fig. 6).
Between 1999 and 2000, a particular tilt event of
4 mm amplitude superposed on this trend. This is
much more consistent with geological data than
previous geodetic estimates, e.g. uplift > 1.6 mm/
yr for the Eifel with respect to reference points in
other parts of the uplifting Rhenish shield [1] or
0.8 mm/yr for the Maastricht area, outside the
region of main uplift [12,32]. Overestimates of re-
gional relative motion may again have resulted
partly from the use of only two or three national
height surveys, where adjacent loops have been
frequently measured at quite different times, and
thus under highly variable subsoil moisture con-
ditions. Due to this problem, the tectonic inter-
pretation of levelling comparisons in whatever
geodynamical setting is also certainly questionable
when they deal with displacements at the cm-level
on the basis of too few measurement epochs.

6. Nature of the observed fault motions

Our data also provide an insight into one way
that moderately active intraplate normal faults
use to accommodate tectonic strain aseismically.
The fault displacements we recorded occurred
every time across 5-to-10-km-long fault segments
during a single year. Such motion events of a few
mm amplitude and probably short duration sepa-
rated by many year-long periods of stillness (at
least 5 years in this study) are similar in nature
to fault creep, extensively described, e.g. along
some segments of the San Andreas fault [33,34],
but with a reduced frequency adapted to slower
stress accumulation and consequently smaller de-
formation rates. It is of particular interest that
such a transient motion also occurred in the
case of a flexure, superposed on a smoother
long-term tilting.

A typical 3-mm creep event should occur every
50 years on average on a fault with a motion rate
of 0.06 mm/yr. In other words, the creeping
equivalent of a 0.5 m coseismic surface rupture
with a return period of 5 kyr [9] would imply a

3-mm displacement every 30 years in average.
This obviously renders elusive the geodetic mon-
itoring of potentially seismogenic faults for earth-
quake-hazard-related purposes in zones of moder-
ate seismicity, especially in the short and middle
terms. However, I provide here some observations
of how intraplate normal faults can behave
aseismically and future investigations should con-
centrate on whether recording such aseismic slip
events in intraplate settings may give any indica-
tion regarding the possible seismogenic character
of a fault.
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