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ABSTRACT

The present tectonic activity of the Jura fold-and-thrust belt is a
matter of scientific debate. At its north-western front, differ-
entially uplifted palaeo-meanders of the Doubs River record
Late Quaternary growth of the Citadelle Anticline, associated
with a minimum rock uplift of 13 m. Local rock uplift rates
estimated from optical stimulated luminescence dating of
oxbow lake deposits measure 0.17 = 0.05 mm per annum.
Reconstruction of the deformation history reveals that buckling

Introduction :
ngs.

The Jura Mountains represent the
most external deformation front of

geodynamic implications of these find-

took place simultaneously with focused Pleistocene river
incision. The structural, geomorphic and temporal setting
suggests that active deformation could possibly be sustained
by incision-related erosion. These observations shed new light
on the modes of recent deformation in the Jura Mountains and
on the present-day dynamics of the Alpine orogenic front.
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thrusted onto the pre-existing Eo-
Oligocene intracontinental Rhine-
Bresse Transfer Zone (Madritsch
et al., 2008; Fig. 1). The southern

the European Alps (Figs 1 and 2).
This arcuate range is considered as a
textbook example of a thin-skinned
foreland fold-and-thrust belt the for-

Structural and geomorphic setting

The study area is located within the
Besangon Zone, the most external
segment of the Jura belt that was

boundary of the Besangon Zone is
formed by a 100-km-long thrust zone
called Faisceau Bisontin (Chauve
et al., 1980; FB in Figs 1 and 2).

mation of which is widely accepted to
have resulted from ‘distant push’

(Laubscher, 1961; Burkhard and Som-
maruga, 1998; Willett and Schluneg-
ger, 2009). Late Miocene crustal
shortening in the external crystalline
massifs of the Central Alps induced
large-scale decoupling of the Meso-
zoic sedimentary cover along a sole
thrust in Middle to Late Triassic
evaporites (‘décollement’; Fig. 2).
The main tectonic structures of the
Jura Mountains formed during a short-
lived event. In the outermost northern
parts of the range, it is inferred to have
lasted from the Late Miocene to Early
Pliocene times (Becker, 2000). Post-
Early Pliocene tectonic activity is char-
acterized by very low deformation
rates and is still ill-defined (Meyer
et al., 1994; Niviere and Winter, 2000;
Giamboni et al., 2004a). Herein, we
present geomorphic evidence for Late
Quaternary folding at the north-wes-
tern front of the belt, estimate rates of
associated rock uplift and discuss the
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Fig. 1 Shaded digital elevation model of the north-western Jura fold-and-thrust belt
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(50-m horizontal resolution). Note the course of the Doubs River that incises parallel
to the Faisceau Bisontin thrust zone and the location of the study area (see Fig. 3). B,
Besangon; BG, Bresse Graben; CHT, Chailluz Thrust; FB, Faisceau Bisontin; M,
Montbéliard; RBTZ, Rhine-Bresse Transfer Zone; URG, Upper Rhine Graben.
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Fig. 2 Simplified cross-section across Central Alps, Molasse Basin and Jura fold-and-thrust belt (modified after Burkhard and
Sommaruga, 1998). The décollement horizon of the thin-skinned Jura fold-and-thrust belt (thick solid line) is located in Triassic
evaporites and rooted in the Central Alps. Suspected basement faults dissecting the European crust are given as thick dashed lines

(see text for discussion).

The Citadelle Anticline is located
immediately to the NW of this thrust
zone (Figs 1 and 3). It has a clear
topographic expression with a surface
length of 15 km and is characterized
by a gently double plunging ENE-
WSW striking axis. Field evidence for
bedding-parallel slip indicates that the
Citadelle  Anticline formed by
flexural-slip folding. Buckling of the
competent Middle to Late Jurassic
limestones forming the fold limbs is
compensated by plastic deformation
of Triassic evaporites and Early Juras-
sic marls in the core of the anticline
(Fig. 4a). Palaeostress analysis of
fault-slip pairs indicates that folding
was induced by NW-SE-oriented
compression (Madritsch et al., 2008),
i.e. perpendicular to the fold axis and
parallel to the present-day orientation
of maximum horizontal stress mea-
sured in situ nearby (Becker, 2000).

The Citadelle Anticline is repeat-
edly crossed by the highly sinuous
Doubs River. The lower reach of the
river valley runs roughly parallel to
the FB thrust zone (Fig. 1). It devel-
oped from the Late Pliocene onwards,
i.e. since the early Doubs occupied the
peniplane of the Palaco-Aare, which
deposited the Middle Pliocene Sund-
gau-Forét de Chaux (SFC) Gravels
(Fig. 1) before being deflected into the
Rhine Graben at about 2.9 Ma (Petit
et al., 1996; Ziegler and Fraefel, 2009).
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During its Late Pliocene to present
evolution, the Doubs degraded the
SFC gravel plain and incised into the
underlying Jurassic bedrock, carving
out a narrow canyon (Madritsch
et al., 2009; Fig. 1). Strath-terraces,
wind gaps and three distinctive palaco-
meanders were cut into the Citadelle
Anticline during this incision phase.
The highest remnants of fluvial
deposits detected along the anticline
are located 110 m above the active
Doubs channel in the Chaudanne
wind gap (CH in Fig. 3). Pebble
petrography and heavy mineral spec-
tra of these deposits reveal an Alpine
provenance, indicating that they
represent reworked SFC Gravels
(Madritsch et al., 2009). Thus, the
minimum deposition age of these
gravels (2.9 Ma; Petit et al., 1996;
Fejfar er al., 1998) represents the
maximum age of the Chaudanne wind
gap. The palaco-meander of Velotte
(VEL) is located 60 m below the wind
gap (Fig. 4b), and hence, must be
younger. The Malcombe (MAC) and
Roche d’0Or (RDO) palaco-meanders
are located further west at still lower
elevations (Fig. 3). Most intriguingly,
the present-day surface elevation of
the more distal MAC palaco-meander
is lower (9 m above the Doubs) rela-
tive to that of the more proximal
RDO palaeo-meander (18 m) located
on the crest of the anticline. This

observation led to the hypothesis that
the RDO palaco-meander could have
been uplifted along the fold axis with
respect to the distal MAC palaeo-
meander (Dreyfuss and Glangeaud,
1950).

To test this hypothesis and to
potentially quantify Quaternary fold-
growth along the Citadelle Anticline,
we performed high-precision geodetic
levelling and geoelectric subsurface
imaging to determine the bedrock
elevation of the meander channels.
Optical  stimulated  luminescence
(OSL) was carried out to date the
deposits that filled up the abandoned
channels.

Methods

Geodetic levelling was performed using
a PRO XRS Trimble GPS and Trimble
GPS Pathfinder software (Trimble,
Sunnyvale, CA, USA). Measurements
were taken at 52 sites along a profile
from the presently active Doubs River
channel across the Roche d’Or and
Malcombe palaco-meanders (Fig. 5).
The field data were treated with refer-
ence to the DGPS station of the Bes-
angon Observatory located 6 km north
of the study area resulting in a mea-
surement precision of at least & 10 cm.

Geoelectric resistivity profiles were
acquired using a multi-electrode di-
pole—dipole array (IRIS Instruments

© 2010 Blackwell Publishing Ltd
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Fig. 3 Shaded digital elevation model of the study area showing the Citadelle
Anticline and the palaco-meanders. Pleistocene growth of the Citadelle Anticline led
to a cut-off of the Malcombe (MAC) and subsequent relative rock uplift of the Roche
d’Or (RDO) palaco-meander. Further palaeo-topographic markers are the Velotte
palaco-meander (VEL) and the Chaudanne wind gap (CH). The stippled line marks
the boundary between outcrops of Middle Jurassic limestones that form the limbs of
the anticline and Early Jurassic marls that outcrop in its core. Note the positions of
two cross-sections A—A” and B-B’ shown in Fig. 4. The red star marks the location at
which the photograph was taken (view towards NE).

SYSCAL R1, 36 electrodes, electrode
spacing 1.5-5 m). Data were treated
using the RES2DINV software
(Locke and Barker, 1995) to obtain
resistivity  pseudo-sections  (Fig. 6).
The pseudo-sections were interpreted
by correlation with geological logs
from nearby wells (Fig. 7).

Samples for OSL dating were ob-
tained from four trenches dug into
sedimentary fill of the MAC and RDO
palaco-meanders (Fig. 8). From each
trench, two samples were taken at a

© 2010 Blackwell Publishing Ltd

depth of 135-150 cm. Homogeneous
silts were excavated below a soil and
sediment cover of 80-100 cm thick-
ness at all sites. Determination of the
palaco-dose (D.) was carried out on
fine-grained quartz separates (Mauz
and Lang, 2004) using the single-
aliquot regenerative dose (SAR) pro-
tocol. Standard tests were performed
to identify appropriate measurement
conditions (Wintle and Murray,
2006). A pre-heat of 230 °C for 10 s
was applied prior to all OSL measure-

ments (60 s at 125 °C). The samples
revealed very good luminescence
properties in the standard tests
(<1% recuperation, recycling ratios
within 5% of unity). Present-day
moisture was measured in all samples.
Average water content of 15-25% was
assumed for the sediments, accounting
for possible changes in the past hydro-
logical conditions. Age calculation
was carried out using the ADELE soft-
ware (Kulig, 2005) considering geo-
graphical position and sediment
overburden for estimating the contri-
bution by cosmic rays to the total dose
rate.

Results

Geodetic levelling shows a gentle
slope between the lower-lying surface
of the distal MAC palaco-meander
and the higher surface of the proximal
RDO palaco-meander and yields no
distinctive scarp. The surface of both
palaeo-meander channels is horizon-
tal, resembling a juvenile alluvial plain
(Fig. 9). The slope from the RDO
meander towards the present Doubs
valley is steeper and features a convex
break that probably represents a
young strath terrace.

The geoelectric resistivity profiles
shown in Fig. 6 are oriented perpen-
dicular to the channel axis of the MAC
and RDO palaeco-meanders (Fig. 5).
The contact between the low electrical
resistivity, groundwater-saturated
alluvial sediments and the underlying
bedrock that shows significantly higher
resistivity forms a strong geophysical
contrast, which allowed determining
the bedrock elevation of the palaeo-
meanders across the resistivity pseudo-
sections (Fig. 6). In section I across the
MAC palaeco-meander (Fig. 6a), the
maximum bedrock depth was found at
234 m a.s.l. In section II crossing the
RDO palaeo-meander (Fig. 6b), it is
at ~247 m a.s.l.,, hence 13 m higher
than the channel base of the MAC
palaco-meander.

The silt sediments sampled for OSL
dating revealed very little to no car-
bonate content, which excludes a
colluvial sediment source from the
slopes of the meander arms composed
of limestones and calcareous marls.
Most likely, the sampled deposits rep-
resent the filling of an oxbow lake that
formed after the meander channels
were abandoned and correspond to
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Fig. 5 Topographic map of the Roche d’Or (RDO) and Malcombe (MAC) palaeo-
meanders (see Fig. 3) showing the locations of: geodetic levelling points, geoelectric
resistivity profiles I and II (see Fig. 6), well S9 (see log in Fig. 7), trenches 1-4 dug for
OSL sampling (see Fig. 8) and the trace of the topographic section C—C’ given in
Fig. 9. The numbers attached to the levelling points are given in Table S1. The
stippled line provides the outlines of the Malcombe (MAC) and Roche d’Or (RDO)
palaeo-meanders.

ages of 33 £ 2 and 27 + 2ka in
Trench 1. However, 63 + 4 and 96 +
7 ka were obtained in Trench 2 (Figs 5

the upper alluvial sequence revealed by
well S9 (Fig. 7). Samples from the
MAC palaco-meander yielded OSL
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Fig. 4 (a) Geological section across the
Citadelle Anticline and the Faisceau
Bisontin thrust zone (see Fig. 3 for
location). (b) Topographic cross-section
along the crest of the Citadelle Anticline,
parallel to its fold axis mapped in Fig. 3,
illustrating strath terraces, wind gaps
and palaco-meanders that were cut into
the fold during Pleistocene incision of
the Doubs River. The dashed grey line
marks the trend of the double plunging
fold crest line that culminates in the area
of the deepest incision. CH, Chaudanne
wind gap; MAC, Malcombe palaeo-
meander; RDO, Roche d’Or palaeo-
meander; VEL, Velotte palaco-meander;
T, Strath terrace, interpreted.

and 8, Table 1). The latter ages are
neither internally consistent nor do
they agree with those obtained in
Trench 1. The problem may be that
Trench 2 samples were taken with poor
stratigraphic control from the bottom
of the exposed profile. Most likely, old
sediment from the bottom of the
oxbow lake was included during sam-
pling and we consequently assume that
the ages from the Trench 1 samples
(mean 30 + 5 ka) do more likely rep-
resent the time when the oxbow lake
was filled. These ages correlate with the
end of the Middle Late Pleistocene, a
period with relatively temperate cli-
matic conditions in Central Europe
(Preusser, 2004). All OSL ages for the
RDO palaco-meander indicate deposi-
tion during the Middle Holocene
(Trench 3: 8.2 + 0.5, 6.6 + 0.4 ka;
Trench 4: 4.8 + 0.3, 4.8 + 0.3 ka;
Fig. 8, Table 1), a significantly youn-
ger age compared with that of the more
distal but lower-lying MAC palaeo-
meander.

Discussion

This study indicates an inversion of
the palaeo-meander sequence pre-
served across the Citadelle Anticline
(Figs 3 and 9). The younger RDO
palaeo-meander, located on the crest
of the anticline has been uplifted with
respect to the older MAC palaco-
meander located on the fold limb.
Buckling under consistent NW-SE
horizontal ~ compression  occurred
simultaneously with river incision
since at least 2.9 Ma. This is evident
from the comparison of palaeco- and
recent stress orientations (Madritsch
et al., 2008), the presence of reworked

© 2010 Blackwell Publishing Ltd



Terra Nova, Vol 22, No. 2, 147-154

H. Madritsch et al. e Quaternary folding and erosion in the Jura

(@
w

Inverse model resistivity section
0 20

Malcombe palaeo-meander (MAC)

m

Iteration: 5
RMS error: 1.5%

80
L

Es
<
Q
CD
o
10
T 55 386 oo Tod am d er Electrode spacing 2.5 m
Resistivity in ohm.m
w E
0 Topography: 2f14ma.stl.2,9 7 _ 9 60 80
E
< 5
Q
9
[a]
10
Section |
b
( )w Roche d'Or palaeo-meander (RDO) E

Inverse model resistivity section

Iteration: 5
RMS error: 1.7%

= 4

0 89
e
E 4
£
o
)
o
8
Ll L e L L ]

=
216 287 382 508 675 897
Resistivity in ohm.m

=

0 Topography: 253 m a.s.|.

19 158

20

Electrode spacing 1.5 m

Depth (m)
D
Il

8
Section |l

Upper alluvial sequence (silts)

Lower alluvial sequence (gravel and pebbles)

247 m a.s.l.

E Middle Jurassic limestone
- Lower Jurassic marl
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correspondence between the depths suggested by the electrical profile inversion results and those shown by the geological logs
indicates that the error margin on the estimates of the alluvium—bedrock interface depth does not exceed +£0.5 m. Note the
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given in thick letters.

Middle Pliocene SFC Gravels in the
Chaudanne wind gap, the formation
of the Velotte palaco-meander and
most importantly, the syn-erosional
differential uplift between the MAC
and RDO palaco-meanders. Incision
was structurally guided once the river
became locked between the Citadelle
Anticline and the Faisceau Bisontin
thrust zone (Fig. 4a) and further facil-
itated after it had reached the marls
within the core of the anticline (stip-

© 2010 Blackwell Publishing Ltd

pled line in Fig. 3). At present, the
culmination of the fold crest coincides
with the area of strongest erosion
where the ancient and recent courses
of the river repeatedly cross the anti-
cline perpendicular to the fold axis
(Fig. 4b). This geomorphic scenario
provokes the question whether the
continuous erosional unloading of
the fold structure by the Doubs may
have influenced the localization of
sustained Quaternary deformation, a

positive feedback proposed by numer-
ical models linking deformation and
surface processes (Simpson, 2004;
Zeilinger et al., 2005).

As folding and erosion by river
incision occurred simultaneously, pre-
cise deformation quantification is hin-
dered. The detected bedrock elevation
difference of 13 m between the two
palaco-meanders (Fig. 9) also con-
tains a non-quantifiable erosive com-
ponent and thus reflects the minimum
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Fig. 7 Geological log of well S9 (see
Fig. 5 for location) used for the inter-
pretation of the geoelectric resistivity
sections. The bedrock reached by this
well is composed of Jurassic calcareous
marl. It is overlain by a lower sequence
of alluvial deposits consisting of calcar-
eous gravels and silts with embedded
pebbles and followed by an upper allu-
vial sequence of homogeneous clay-rich
silt [Source: French Bureau de Recher-
ches Geéologiques et Miniéres (BRGM,
weblink: http://infoterre.brgm.fr/)].

relative rock uplift related to crustal
deformation. Deformation rates are
difficult to constrain, as the acquired
ages only represent the time when the
meanders were abandoned and filled,
not necessarily the time during which
they became deformed. However, the
observation that deformation and
incision occurred synchronously justi-
fies the assumption that the cut-off of
the MAC meander was partly caused
by the tectonic uplift along the Cita-
delle Anticline. At present, the dated

Malcombe palaeo-meander
244 m a.s.l. / 9 m above active channel
TRENCH 2 Mac3/4

TRENCH 1 Mac1/2

MAC deposits are located roughly
5 £ 0.5 m below the bedrock surface
of the RDO palaeo-channel (Fig. 9).
We thus infer that a minimum rock
uplift of 5 m occurred since sediment
deposition and filling of the MAC
palaco-meander (30 £ 5 ka). This
corresponds to a local Late Pleisto-
cene rock uplift rate estimation of
0.17 £ 0.05 mm per annum. This
rough estimation is higher than the
Latest Pliocene to recent 0.05 mm per
annum uplift rate determined from
regional palaeco-topographic recon-
structions (Madritsch et al., 2009),
but is similar to estimates from neigh-
bouring areas (Niviere et al., 2006).
In contrast to previous studies,
reporting late-stage deformation only
outside the thin-skinned Jura fold-
and-thrust belt proper (Niviére and
Winter, 2000; Giamboni et al., 2004b),
Late Quaternary deformation along
the Citadelle Anticline occurs within
the belt (Fig. 1), presumably by buck-
ling. This implies that Quaternary
shortening of the Mesozoic cover
sequence is decoupled from the base-
ment at least on a local scale, i.e. over
the scale of the profile in Fig 4a. Thus,
present-day activity of the thin-
skinned Jura fold-and-thrust belt, an
activity related to ongoing shortening
within the Central Alps, cannot be
entirely excluded. However, epicentral
depths of earthquakes in the north-
western foreland are mostly below the
presumed thin-skinned décollement
horizon (Kastrup et al., 2004; Schmid
and Slejko, 2009). This suggests that
recent foreland tectonics are most
likely no longer thin-skinned in the

sense of the distant push theory (Laub-
scher, 1961), but involve late-stage
thick-skinned basement deformation,
probably reflecting a northward prop-
agation of the Alpine deformation
front in depth (Guéllec et al., 1990;
Meyer et al., 1994; Pfiftner et al., 1997,
Mosar, 1999; Ustaszewski and Sch-
mid, 2007; Fig. 2).

Conclusion

On the basis of our observations and
the geodynamic considerations out-
lined above, we conclude that the
Mesozoic sequence of the Jura Moun-
tains is still undergoing shortening
along the evaporitic décollement hori-
zon of the foreland fold-and-thrust
belt. In contrast to the Neogene thin-
skinned development of the belt,
active thrusting is most likely rooted
in the nearby basement.

Such basement deformation may
lead to local decoupling between base-
ment and cover and reactivation of
structures that initially formed during
the thin-skinned Jura deformation
period as is likely the case for the
Citadelle Anticline. As a consequence,
the tectonics of the north-western
Alpine foreland are characterized by
the superposition of shallow, — appar-
ently largely aseismic — deformation of
the Mesozoic cover and seismogenic
faulting within the underlying base-
ment. The question whether erosion
could possibly be responsible for the
localization of renewed out-of-
sequence activity within the formerly
thin-skinned  fold-and-thrust  belt
remains to be answered.

Roche d' Or palaeo-meander
253 m a.s.l. / 18 m above active channel
TRENCH 3 RDO 1/2

TRENCH 4 RDO 3/4
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Fig. 8 Geological logs of trenches 1-4 from which the OSL-samples were taken (see Fig. 5 for locations). Note that the sampled
silts correlate with the upper alluvial sequence as revealed by well S9 (Fig. 7).
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Fig. 9 Vertically exaggerated topographic profile (see Fig. 5 for location) across the Roche d’Or and Malcombe palaeo-meanders
as constrained by the results of this study. The locations of the geoelectric sections and trenches made for OSL sampling are
indicated in this profile. Note the difference in surface and bedrock elevation between the Malcombe palaco-meander with respect
to that of the younger and more proximal Roche d’Or palaco-meander. The alluvial sediments of the Malcombe palaco-meander
sampled for OSL are located ~5 m below the palaco-channel of the Roche d’Or palaco-meander at the position of geoelectric
section II. MAC, Malcombe palaco-meander; RDO, Roche d’Or palaeo-meander.

Table 1 Results of OSL dating. Measurement of dose rate relevant elements (K, Th, U) was carried out by high-resolution low-
level gamma spectrometry at VKTA Rossendorf e.V. Dresden, Germany.

Sample Moisture (%) Water (%) Grain size (um) n  Depth (m) K (%) Th (p.p.m) U (pp.m) D (Gyka™) D, (Gy) Age (ka)
MAC1-Q 19.1 205 4-11 5 135 132 £0.07 15.60 + 0.40 4.66 + 0.16 3.80 £ 0.23 1255+ 1.0 33.0 £ 2.0
MAC2-Q 19.0 20£5 4-1 5 1.35 138 £0.07 15.90 + 0.40 5.08 + 0.18 3.99 £ 0.25 107.8 £ 0.8 27.0 £ 1.7
MAC3-Q 21.0 205 4-1 5 1.40 130 £0.07 1820 +0.40 442 +0.16 3.93 +0.25 2474 +2.7 63.0 = 4.1
MAC4-Q 20.0 20£5 4-1 5 1.40 1.25+0.06 1760 +0.40 4.72 +0.17 3.92 £025 375999 958 £6.5
RDO1-Q 17.2 205 4-1 5 135 1.45 +0.04 14.70 + 030 4.66 + 0.22 3.69 = 0.23  30.1 £ 0.5 8.16 = 0.52
RDO2-Q 19.8 20£5 4-1 12 135 1.47 £ 0.07 1470 + 0.50 5.02 +0.17 3.80 + 0.25 25.1 £0.1 6.61 +0.43
RDO3-Q 17.1 205 4-1 5 1.45 134 £0.07 1430+ 030 481 +0.18 361021 172+0.1 477 +0.28
RDO4-Q 16.7 20£5 4-1 7 145 130 £ 0.07 13.80 + 0.50 4.66 + 0.15 3.49 +£0.23 16902 4.84 032
n, number of aliquots.
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