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Abstract A regional tectono-geomorphic analysis indi-
cates a Pliocene to recent rock uplift of the outermost seg-
ment of the Jura fold-and-thrust belt, which spatially
coincides with the intra-continental Rhine-Bresse Transfer
Zone. Elevated remnants of the partly eroded Middle
Pliocene Sundgau-Forét de Chaux Gravels identified by
heavy mineral analyses allow for a paleo-topographic
reconstruction that yields minimum regional Latest Pliocene
to recent rock uplift rates of 0.05 & 0.02 mm/year. This
uplift also affected the Pleistocene evolution of the Ognon
and Doubs drainage basins and is interpreted as being tec-
tonically controlled. While the Ognon River was deflected
from the uplifted region the Doubs deeply incised into it.
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Focused incision of the Doubs possibly sustained ongoing
deformation along anticlines which were initiated during the
Neogene evolution of the thin-skinned Jura fold-and-thrust
belt. At present, this erosion-related active deformation is
taking place synchronously with thick-skinned tectonics,
controlling the inversion of the Rhine-Bresse Transfer Zone.
This suggests local decoupling between seismogenic
basement faulting and erosion-related deformation of the
Mesozoic cover sequences.
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Introduction and objectives of this study

Intracontinental active deformation is often characterised
by low seismicity and very slow horizontal and vertical
displacement rates. Under such conditions, seismological
and geodetic surveys often fail to decipher neotectonic
deformations. Instead, landscape evolution studies, espe-
cially those considering geomorphic markers that are
capable to record slow and eventually aseismic deforma-
tion over long time scales have proved to be an effective
tool in neotectonic research (Ouchi 1985; Merritts et al.
1994; Holbrook and Schumm 1999).

The Franche-Comté region of eastern France straddles
the boundary between the northwestern deformation front
of the Alpine orogen and its foreland. Here the Neogene
Jura fold-and-thrust belt encroached onto the Eo-Oligocene
fault system of the Rhine-Bresse Transfer Zone, a segment
of the European Cenozoic Rift System (Laubscher 1970;
Contini and Théobald 1974; Lacombe et al. 1993; Martin
and Mercier 1996; Madritsch et al. 2009; Figs. 1, 2). At
present, this area is characterised by low to intermediate
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Fig. 1 Digital elevation model of western central Europe (SRTM
data) showing the location of the study area (Fig. 2)

Fig. 2 Tectonic setting of the
study area (tectonic units
modified after Madritsch et al.
2008) and epicentres with
related magnitudes of
instrumentally recorded
earthquakes since 1980 (M, >3;
source: RENaSS 2007). The
focal mechanism of the Rigney
earthquake is based on full
waveform moment tensor
inversion by Baer et al. (2005).
Also shown is the extent of the
Late-Paleozoic Burgundy
Trough System in the
subsurface of the RBTZ (lower
right). AJ Ajoie area,

AMF Avant-Monts Fault,
AMZ Avant-Monts Zone,

BG Bresse Graben, BZ
Besangon Zone, CH Chailluz
Thrust, FB Faisceau Bisontin,
LSH La Serre Horst,

MP Montbéliard Plateau,
RBTZ Rhine-Bresse Transfer
Zone, URG Upper Rhine
Graben
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seismicity that is significantly lower than in the adjacent
southern parts of the Upper Rhine Graben (Baer et al. 2007;
RéNaSS 2007; Fig. 2). Consequently, the present-day
stress field of the Franche-Comté region is poorly defined
(Kastrup et al. 2004). Nevertheless, the area is prone to
seismic hazard as evidenced by the My 4.8 Rigney earth-
quake of 23 February 2004 (Baer et al. 2005), one of the
strongest recent seismic events in the wider area. More-
over, the famous 1356 Basel earthquake, which represents
one of the strongest historically recorded seismic events
throughout central Western Europe (Mayer-Rosa and
Cadiot 1979), was possibly triggered by motions along an
ENE-WSW striking basement fault of the Late Paleozoic
Burgundy Trough System that underlies the Cenozoic
Rhine-Bresse Transfer Zone (Meyer et al. 1994;
Ustaszewski and Schmid 2007).

Middle- to short-term geodetic surveying indicates very
slow vertical and horizontal ongoing displacement rates
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throughout the northwestern Alpine foreland, close to the
margin of error inherent to current GPS technology
(Tesauro et al. 2005). Despite this, there are indications for
recent deformation within the area provided by pioneering
studies in tectonic geomorphology (Dreyfuss and
Glangeaud 1950; Liniger 1967; Théobald et al. 1977,
Campy 1984). More recent studies applying modern tech-
niques based on digital elevation models are so far restricted
to areas in the southern and northern parts of the Upper
Rhine Graben area (Niviere and Marquis 2000; Giamboni
et al. 2004b; Peters and van Balen 2007), but are still
lacking in the Rhine-Bresse Transfer Zone proper.

This study aims at a better understanding of the Pliocene
to recent tectonic evolution of this region by investigating
two different geomorphic markers. A first marker is pro-
vided by the paleo-topographic reconstruction of the
Middle Pliocene Sundgau—Forét de Chaux gravel surface.
These gravels were deposited by a braided river that
formed part of the Aare-Doubs drainage system (Liniger
1967; Bonvalot 1974; Petit et al. 1996; Ziegler and Fraefel
2009) and presumably post-date the formation of the
thin-skinned Jura fold-and-thrust belt (Becker 2000;
Ustaszewski and Schmid 2007). Plio-Pleistocene terraces
along the valleys of the Ognon and Doubs rivers provide a
second set of geomorphic markers. Our investigations build
upon a new tectonic map of the area (Madritsch et al. 2008;
Fig. 2), combined with a revised map of alluvial sediments
based on published geological maps, our own field obser-
vations and analyses of digital elevation models. Further-
more, we implemented a regional-scale, comparative heavy
mineral analysis in order to constrain the provenance of
river deposits at key locations.

Tectonic setting

The study area is characterised by three major tectonic
elements: (1) the Permo-Carboniferous Burgundy Trough,
(2) the Eo-Oligocene Rhine-Bresse Transfer Zone (RBTZ),
which is superimposed on the Burgundy Trough and forms
part of the European Cenozoic Rift System (ECRIS) and
(3) the Neogene Jura fold-and-thrust belt.

The roughly ENE-WSW striking Permo-Carboniferous
Burgundy Trough System is oriented parallel to the RBTZ
(Fig. 2). It extends over a distance of about 300 km from
the northern parts of the Massif Central, through the Bresse
Graben into the area of the RBTZ, and further to Basel
where it links with the Permo-Carboniferous graben system
of northern Switzerland and southern Germany (Boigk and
Schonreich 1970; Debrand-Passard and Courbouleix 1984;
Ziegler 1990). In the area of the RBTZ, the Burgundy
Trough is buried beneath Mesozoic sediments except for
the narrow La Serre Horst (Coromina and Fabbri 2004,

LSH in Fig. 2). Deep wells drilled in the area penetrated up
to 800 m of Permo-Carboniferous sediments beneath the
Mesozoic series (compare Chauve et al. 1983; Madritsch
et al. 2009).

The ECRIS developed in Eocene-Oligocene times
and dissects the European continent over a distance of
approximately 1,100 km from the Dutch North Sea coast to
the western Mediterranean (Ziegler 1992). The RBTZ
forms an important element of this rift system and connects
the Upper Rhine Graben with the Bresse Graben
(Laubscher 1970; Illies 1972; Contini and Théobald 1974,
Fig. 2). During the main rifting phase that started in Middle
to Late Eocene times (Berger et al. 2005; Hinsken et al.
2007) the RBTZ formed by extensional to sinistral trans-
tensional reactivation of the Permo-Carboniferous
Burgundy Trough System (Lacombe et al. 1993). This
reactivation also contributed to the exhumation of the La
Serre Horst (Madritsch et al. 2009). During the Middle
Miocene (Burdigalian), the southern parts of the Upper
Rhine Graben and the RBTZ were uplifted together with
the Vosges-Black Forest Arch. This large-scale uplift was
probably controlled by lithospheric folding, reflecting the
build-up of collision-related compressional stresses in the
Alpine foreland (Deézes et al. 2004).

To the southeast, the RBTZ is bordered and partially
overridden, by the Neogene Folded Jura, which is considered
as a textbook example of a thin-skinned foreland fold-and-
thrust belt (see review in Sommaruga 1997). Its development
is generally considered as a relatively short-lived event
spanning Late Miocene to Early Pliocene times (10.5—
4.2 Ma according to Ustaszewski and Schmid 2006) and
widely accepted as resulting from “distant push” (Laubscher
1961), induced by Late Miocene crustal shortening and
nappe stacking in the external crystalline massifs of
the Central Alps. Large scale thin-skinned decoupling
(décollement) of the Mesozoic sedimentary cover along a
sole thrust in Middle to Late Triassic evaporites permitted
northwestward propagation of the thrust front towards the
distal foreland (Laubscher 1972; Burkhard 1990; Schmid
et al. 1996; Burkhard and Sommaruga 1998). The weakly
deformed Besangon Zone (Figs. 2, 3) represents the most
external segment of the thin-skinned Jura fold-and-thrust
belt that encroached onto the preexisting fault systems of the
RBTZ and the underlying Burgundy Trough (Madritsch et al.
2008; Figs. 2, 3). Towards the southeast, the Besancon Zone
is bordered by the Faisceau Bisontin, an approximately
100-km-long closely spaced bundle of ENE-WSW striking
folds and thrusts (FB in Figs. 2, 3; Chauve et al. 1980;
Dreyfuss and Glangeaud 1950). The Chailluz Thrust (CH in
Fig. 2), the outermost thrust of the thin-skinned fold-and-
thrust belt, delimits the Besancon Zone to the northwest.

Mechanisms controlling post—4.2 Ma deformation in
the Folded Jura and its northern foreland are a matter of
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controversy. While some authors proposed that thin-skin-
ned fold-and-thrust belt propagation continued into Pleis-
tocene times (Niviere and Winter 2000), others infer a
switch towards thick-skinned tectonics involving shorten-
ing of the crystalline basement beneath the detached
Mesozoic cover sediments of the fold-and-thrust belt and in
its foreland (Meyer et al. 1994; Giamboni et al. 2004a;
Rotstein and Schaming 2004; Ustaszewski and Schmid
2007; Fig. 3). In the study area, thick-skinned deformation
is documented by reflection-seismic data along the Avant-
Mont Fault (AMF in Figs. 2, 3), a steeply south dipping
reverse fault that is rooted in the basement and most likely
formed by inversion of a former normal fault of Paleogene
to Paleozoic age (Madritsch et al. 2008). On a regional
scale, thick-skinned tectonics have been interpreted to
involve compressional to dextral transpressional partial
reactivation of the RBTZ post-dating the main stage of
the thin-skinned Jura fold-and-thrust belt development
(Giamboni et al. 2004a; Ustaszewski and Schmid 2007,
Madritsch et al. 2008).

Drainage system evolution and geomorphic setting

The digital elevation model of Franche Comté (horizontal
resolution 50 m; Fig. 4) shows that the topographic relief of
the area is closely related to tectonic structures. The main
morphological and structural features of the region strike
ENE-WSW. The fault-related folds along the Chailluz
Thrust, the Avant-Monts Fault and along the Lomont,
Bisontin and Quingey Faisceaux form distinct ridges. The
modern drainage pattern of the region is roughly parallel to
the ENE-WSW striking structural trend and has undergone a
complex Neogene evolution that was controlled by tectonic
and climatic events (Liniger 1966; Petit et al. 1996; Giamboni
et al. 2004b; Berger et al. 2005; Ziegler and Fraefel 2009).
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In the Late Miocene, prior to the formation of the Jura
fold-and-thrust belt (10.5-4.2 Ma according to Ustaszewski
and Schmid 2006), the RBTZ was characterised by a south-
directed drainage system that developed in response to
Burdigalian uplift and exhumation of the Vosges Mountains
(Ziegler and Dezes 2007; Ziegler and Fraefel 2009;
Fig. 5a). This drainage system controlled the deposition of
the Vosges-derived Bois de Raube Formation in the Ajoie
area (Fig. 2) and in the north-central Jura Mountains (Kélin
1997). Remnants of fluvial deposits possibly related to this
early drainage system occur only very locally in the area of
the RBTZ.

The Aare-Doubs drainage system developed only after
the main deformation phase of the thin-skinned Jura fold-
and-thrust belt (Liniger 1967; Giamboni et al. 2004a;
Ziegler and Fraefel 2009; Fig. 5b). During this stage, the
Paleo-Aare River, draining the Molasse Basin, flowed
along the deformation front of the Jura fold-and-thrust belt
westward and via the Bresse Graben into the Mediterra-
nean Sea. As such, the course of the Paleo-Aare was par-
allel to the lower reach of the present-day Doubs River
(Fig. 5c¢). It is this Middle Pliocene Aare-Doubs drainage
system that controlled the deposition of the Sundgau-Forét
de Chaux (SFC) Gravels (Fig. 6a). These gravels are
characterised by pebble and heavy mineral spectra of
Alpine provenance (Liniger and Hofmann 1965; Bonvalot
1974; Hagedorn 2004) and have a bio-stratigraphically
constrained Middle Pliocene depositional age of 4.2-
2.9 Ma (Petit et al. 1996; Fejfar et al. 1998). Their depo-
sition is claimed to post-date the thin-skinned deformation
phase of the Jura fold-and-thrust belt (Becker 2000;
Ustaszewski and Schmid 2006). The sediment load for the
Paleo-Aare was provided by increased sediment discharge
from the Alps and the Molasse Basin (Kuhlemann et al.
2002), both of which underwent large-scale uplift and
erosion during the Pliocene (Cederbom et al. 2004).
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Fig. 4 Shaded digital elevation

model (50 m horizontal

resolution) of the study area
showing the major faults and the
drainage basins of the Doubs
and Ognon River. Note that the
Middle Pliocene Sundgau—
Forét de Chaux Gravels are
eroded in the study area. The

red line indicates the
approximate trace of the
schematic cross section shown
in Fig. 13. AMF Avant-Monts
Fault, AMZ Avant-Monts Zone,
BG Bresse Graben, BZ Bresse
Graben, CH Chailluz Thrust,
FB Faisceau Bisontin,

FL Faisceau du Lomont,

FQ Faisceau de Quingey,
LSH La Serre Horst,

MP Montbéliard Plateau,
URG Upper Rhine Graben

The Paleo-Aare River persisted only until the early Late
Pliocene (2.9 Ma). Around that time the Paleo-Aare River
was deflected near Basel into the Upper Rhine Graben, in
response to subsidence of the latter and possibly also due to
compressional deformation and uplift of the RBTZ (Ziegler
and Dezes 2007). With this deflection, the present-day
Aare-Rhine River was established which flowed northward
into the North Sea (Liniger 1966; Petit et al. 1996;
Giamboni et al. 2004a; Ziegler and Fraefel 2009; Fig. 5c¢).
Owing to this Late Pliocene drainage system reorganisation
the area of the RBTZ became permanently isolated from
Alpine sediment supply.

The deposits of the Middle Pliocene Paleo-Aare (4.2—
2.9 Ma) are only well preserved in the Sundgau region at
the southern end of the Upper Rhine Graben and again over
100 km further to the southwest in the Forét de Chaux area
adjacent to the Bresse Graben (Fig. 4). Only in these two
areas do the SFC Gravels form a more or less continuous
depositional surface. The gravels rest with an erosional
unconformity on Mesozoic and/or Tertiary strata (Liniger
1967). In the Sundgau area the SFC gravel sheet reaches a
thickness of 30 m (Giamboni et al. 2004b), while in the
Forét de Chaux thicknesses of up to 65 m are reported
(Chauve et al. 1979). Sedimentological features of the SFC
Gravels imply that they were deposited by a low-gradient
braided river system characterised by low sinuosity shifting
channels (Giamboni et al. 2004b). These observations
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Fault undefined
——— Trace of scheme section (Fig. 13)

[[__] sundgau Forét de Chaux Gravels

- alluvial sediments of Alpine provenance
(Dreyfuss & Kuntz 1969; Contini et al. 1973)
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indicate that the SFC Gravels were deposited on a broad
and gently inclined peneplane and were unable to infill a
paleorelief exceeding some 30-65 m. The fact that the SFC
Gravels were deposited during a closely constrained time
span (4.2-2.9 Ma; Petit et al. 1996; Fejfar et al. 1998) and
on a more or less flat surface (+65 m) makes them an
excellent marker horizon that permits to reconstruct the
Middle Pliocene paleo-topography and that possibly
records late-stage deformations (Giamboni et al. 2004a).
In the study area, located between the Sundgau and Forét
de Chaux areas, no coherent SFC gravel deposits are pre-
served (Fig. 4). Only isolated remnants of fluvial deposits
are reported throughout that area, particularly along the
present day valley of the Doubs River (Dreyfuss and
Glangeaud 1950; Goguel and Dreyfuss 1965; Dreyfuss and
Kuntz 1969; Dreyfuss and Théobald 1972; Contini et al.
1973; Campy 1984). These remnants consist of well-roun-
ded crystalline pebbles, which are commonly found in karst
fissures and caves, as colluvial slope deposits, and within
terraces of the Doubs River (Fig. 6b). The paleo-hydro-
graphic considerations outlined above (Fig. 5) suggest two
possible sources for these remnants: the Middle Pliocene
SFC Gravels or the Late Miocene Bois de Raube Formation.
The present-day drainage system of the Rhine-Bresse
Transfer Zone (Figs. 4, 5c¢) that evolved after the Paleo-
Aare was deflected into the Upper Rhine Graben during the
Late Pliocene is characterised by two major drainage
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Fig. 5 Neogene drainage systems of the northwestern Alpine foreland
(modified from Giamboni et al. 2004). Thick dashed line marks the major
drainage divide between North Sea and the Mediterranean Sea. a During
the Late Miocene sediments from the uplifted Vosges Mountains and
Black Forest (thick red lines) were shed into the area of the future Jura
Mountains. b During the Middle Pliocene the Paleo-Aare (thick orange
line) flowed from the Molasse Basin along the deformation front of the
Jura fold-and-thrust belt into the Bresse Graben and controlled the depo-
sition of the Sundgau and Forét de Chaux Gravels ¢ During the Late
Pliocene the Paleo-Aare was deflected into the Upper Rhine Graben.
The Doubs River that drains the Jura Mountains occupies its former lower
reach and drains into the Sadne River (thick blue line). BF Black Forest,
BG Bresse Graben, URG Upper Rhine Graben
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Fig. 6 a Middle Pliocene Forét de Chaux Gravels (SFC) exposed in
the Forét de Chaux (locality 8 in Fig. 10; Table 1). b Remnants of
Miocene and/or Pliocene fluvial gravels occurring in karst fissures or
reworked in colluvial and alluvial deposits along the Doubs Valley
(locality 3 in Fig. 10; Table 1)

basins, namely those of the Ognon and the Doubs rivers.
The Ognon River drains the southwestern Vosges Moun-
tains (Fig. 4). Herein its course is divided into three
segments. The upper segment straddles parallel to the
prominent NE-SW striking Ognon Normal Fault (Ruhland
1959; Théobald et al. 1977; OGF in Figs. 2, 4). The middle
river segment commences where the Ognon River finally
crosses the Ognon Normal Fault and from there on flows on
its hanging-wall (Figs. 2, 4). Along the lowermost river
segment, starting west of the village of Rigney (Fig. 4) the
river takes a more westerly course, flowing parallel to the
front of the thin-skinned Besancon Zone formed by
the Chailluz Thrust and the basement-rooted Avant-Monts
Fault (Madritsch et al. 2008). Northwest of the La Serre
Horst the Ognon debouches into the Sadne River (Fig. 4).

The Doubs River drains large parts of the Jura
Mountains (Figs. 2, 4, 5¢). Its lower reach leaves the fold-
and-thrust belt 20 km south of the city of Montbéliard via
the Pont-de-Roide water gap (Fig. 4). Near Montbéliard
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the Doubs bends sharply westward and cuts through the
autochthonous Mesozoic succession of the Montbéliard
Plateau (Fig. 3), before re-entering the fold-and-thrust belt
at the Clerval water gap (Fig. 4). From this point onward
the river flows through the Besangon Zone in a narrow
canyon sub-parallel to the deformation front of the
Faisceau Bisontin. After leaving the thin-skinned fold-and-
thrust belt downstream of Besancon the valley widens. The
Doubs finally flows into the Sadne 30 km southwest of the
city of Dole (Fig. 4). As the drainage basins of the Ognon
and Doubs developed in different tectonic settings, recon-
struction of their Plio-Pleistocene morphologic evolution is
likely to reveal potential controlling tectonic processes.

Methodology
Terrace mapping and digital elevation model analysis

In an effort to develop a robust and consistent database for
Plio-Pleistocene deposits covering the entire study area, the
terraces along the lower reaches of the Rivers Ognon and
Doubs were remapped. This involved a review of published
geological maps and subsurface information (Goguel and
Dreyfuss 1965; Dreyfuss and Kuntz 1969, 1970; Dreyfuss
and Théobald 1972; Contini et al. 1973; Chauve et al.
1979, 1983), own field observations and an analysis of the
digital elevation model of the Franche-Comté region
(horizontal resolution 50 m) using ArcGIS software.

In the field terraces were mapped on the basis of
1:25,000 topographic maps. Sedimentological investiga-
tions were mostly restricted to surface observations (size
and lithology of fluvial pebbles). Moreover, railroad con-
structions opened new large-scale outcrops, especially in
the lower Ognon Valley, that permitted to examine the
lithofacies architecture of the alluvial deposits.

Slope gradient analyses of the digital elevation data
further enhance the results of field mapping. A slope of 0—
2° was attributed to unaltered terrace surfaces. Alluvial
surfaces with higher inclinations were regarded as terrace
bodies degraded by surface processes and soil creep. Such
degraded alluvial surfaces were not further considered as
geomorphic markers of former riverbed elevations. Ter-
races considered juvenile were projected orthogonally onto
the course of the river and displayed as longitudinal river
profiles extracted from topographic maps.

In an attempt to better characterise the observed valley
morphology we calculated geomorphic indices from the
digital elevation model. The Valley-Width versus Valley-
Height ratio (V) was used to quantify the incision intensity.
It is expressed as

Vi = 2Viw/((Ewa — Esc) + (Erg — Ec))

where Vi, is the width of the valley floor, E. is the ele-
vation of the valley floor and E4 and E 4 are the elevations
of the left and right valley divides, respectively (Bull and
McFadden 1977). Low V; values indicate strong incision,
while high values characterise broad valleys.

Heavy mineral analysis

Samples for heavy mineral analyses were collected at 19
key locations. These include the Sundgau and Forét de
Chaux gravel surfaces as such, the remnants of fluvial
deposits of yet unknown origin and age preserved along the
Doubs Valley and alluvial sediments of the Ognon River
(Table 1). The latter presently drains the crystalline Vosges
Mountains and its foothills, consisting of Devonian to Late
Triassic sediments. These deposits are, therefore, repre-
sentative for a provenance similar to that of the Late
Miocene Bois de Raube Formation (Fig. 5a, c).

Heavy mineral analyses were carried out following the
guidelines by Boenigk (1983) and Hagedorn (2004). The
grain size fraction between 64 and 500 pm was obtained
from the dissolved samples by wet sieving. Density sepa-
ration was carried out manually using separatory funnels and
Bromoform (density 2.83 g/cm3) as separation liquid.
Meltmount (refraction index: 1.662) was used to embed the
heavy minerals onto thin sections. Quantitative heavy min-
eral counting using a polarisation microscope was per-
formed according to the line count method. Per sample a
minimum of 100 grains were counted.

Due to a high content in organic matter and carbonate
minerals as well as the occurrence of Fe-hydroxide crusts,
some samples were treated hydro-chemically before heavy
mineral separation (Table 1). Hydrogen peroxide (H,O,)
was used to destroy organic matter and clay minerals and to
disintegrate the samples prior to sieving. In addition, some
samples were treated with boiling HCI acid (conc.: 25%) to
dissolve carbonate minerals and Fe-hydroxide crust. Sam-
ples showing very high amounts of opaque minerals were
separated using an automatic magnetic separation device.
Possible effects of hydro-chemical treatment and magnetic
separation on the counting results were crosschecked with
untreated aliquots of the same sample.

Results

Terrace systems and morphology of the lower Ognon
and Doubs Valley

Ognon Valley

The terraces of the Ognon Valley are built up by a diverse
alluvial succession that reaches a thickness of up to 50 m in

@ Springer
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Ognon Terraces
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Fig. 7 Digital elevation model and map of the alluvial terraces along
the Ognon and Doubs Valley indicating the elevations of terraces
above the active river channel. AMF Avant-Monts Fault, AMZ Avant-
Monts Zone, BZ Besangon Zone, FB Faisceau Bisontin, FL Faisceau

the lowermost Ognon Valley near the village of Marnay
(Dreyfuss and Kuntz 1969; Chauve et al. 1983; Campy and
Contini 1981; Fig. 7). The basal sedimentary sequence
consists of a thick succession of clays of probable Pliocene
age that were deposited in a lacustrine environment
(Dreyfuss and Kuntz 1969; Chauve et al. 1983). These
homogeneous clays are overlain by a complex series of
gravels, sands, silts and clays that build up the Upper and
Lower Ognon terraces and indicate a more dynamic fluvial
depositional environment (Dreyfuss and Théobald 1972;
Chauve et al. 1983; Madritsch 2008).

The results of revised terrace mapping in the Ognon
Valley are shown in Fig. 7. Apart from the present-day flood
plain, up to five different terrace levels are distinguished on
the basis of their elevation above the active channel. Due to
the lack of sufficiently dense age information no temporal
correlation of these terrace levels along the river is
attempted in this study. Instead, we only examine the spatial
distribution of terraces along the longitudinal river profile
which yields information on its incision history (Fig. 8).

N 0S.L¥

, £ it i
] Sundgau Forét de Chaux Gravels
Doubs Terraces
> 100 m (minimum SFC Base)
Bl -50m
I 20-45m
[ ]5-15m

Lomont, LSH La Serre Horst, MP Montbéliard Plateau. The thick,
grey, dashed line marks the front of the thin-skinned Jura fold-and-
thrust belt

These observations are complemented by Valley-Height
versus Valley-Width ratios (Vi) that were calculated at
roughly 10 km intervals along the valley.

While the upper segment of the Ognon Valley straddles
the trace of the Ognon Normal Fault the middle and lower
segments exclusively occupy the hanging-wall of this fault
(Figs. 2, 4, 7). The upper valley segment is characterised
by a low sinuosity to straight channel pattern. The upper-
most section of this stream segment is deeply entrenched
into the Paleozoic rocks of the Vosges Mountains. Further
downstream the river occupies a broad plain characterised
by fluvio-glacial sediments (Thiébaut et al. 1974; Mercier
and Jeser 2004). The middle segment of the Ognon, which
commences after the river has ultimately crossed the
Ognon Normal Fault, is characterised by a high-sinuosity
channel that progressively incised into its substratum as
evidenced by a distinctive succession of up to five alluvial
terrace levels (Figs. 7, 8). Along this segment the depth of
the valley is about 60 m. Along the lower valley segment,
southwestward from Rigney, river incision was less intense
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Fig. 8 Longitudinal profile of
the Ognon River (vertical
exaggeration: 200). Terraces
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as indicated by the terrace distribution and the V; indices
(Figs. 7, 8).

The terrace distribution along the Ognon Valley is
asymmetric (Fig. 8). Systematically, more terrace levels
are preserved on the southern flank of the valley in com-
parison to the northern side (Campy and Contini 1981).

Lower Doubs Valley

The results of the morphological analysis of the lower
Doubs Valley are illustrated in Figs. 7 and 9. A well-pro-
nounced aggradational terrace succession is only preserved
between the water gaps of Pont-de-Roide and Clerval,
where the meandering river cuts through the autochthonous
Mesozoic series of the Montbéliard Plateau (Fig. 7). The
incision intensity along this river segment is moderate as
shown by high V; ratios (Fig. 9). The uppermost terraces
are most often bedrock strath surfaces on which remnants
of fluvial deposits are preserved. Comparison of the ele-
vation of these surfaces with that of the nearby SFC gravel
plain to the east in the Sundgau area (Figs. 7, 9) suggests
that they represent the minimum elevation of the former
base of the SFC-gravel plain. Below this erosional surface,
up to three aggradational terrace levels can be distin-
guished. The two upper levels at about 20—45 and 50-75 m
above the active channel (Figs. 7, 9) often consist of coarse
gravels. Contini et al. (1973) concluded from the pebble
spectra of these terrace deposits that they either represent
or were derived from the Middle Pliocene SFC Gravels.
The lowermost terraces along this segment of the Doubs
are located 5-10 m above the active channel and are
characterised by a larger percentage of limestone clasts
(Goguel and Dreyfuss 1965; Contini et al. 1973).

@ Springer

Downstream from the Clerval water gap (Figs. 7, 9) the
incision intensity changes drastically as illustrated by the
Vi ratio. Whilst the Doubs maintained a fairly high sinu-
osity, it deeply incised into the limestone bedrock and
carved out a narrow canyon. Strath terraces are commonly
preserved along this valley segment, whereas aggradational
terraces composed of coarse gravels occur only rarely.
Reports of fluvial deposits located more than 250 m above
the active river channel (Dreyfuss and Glangeaud 1950;
Goguel and Dreyfuss 1965) could be confirmed during this
study (Figs. 6, 9, 10). Spectacular paleo-meanders which
formed during river incision are best preserved near the
city of Besancon (Dreyfuss and Glangeaud 1950; Chauve
et al. 1983; Madritsch 2008). All preserved paleo-meanders
systematically face towards the south, indicating that they
were formed by combing during a progressive southward
shift of the river course (Holbrook and Schumm 1999).
Differential incision of the Doubs River along its course is
also evident from the elevation of terraces above the active
channel. Terrace elevations are significantly higher along
the section where the Doubs flows through the Besangon
Zone and where incision has been strongest (Fig. 9).

About 15 km downstream from the city of Besangon,
the Doubs leaves the thin-skinned Jura-fold-and-thrust belt.
From that point onwards it incises into the Middle Pliocene
Forét de Chaux Gravels and the underlying Jurassic lime-
stones. Along this sector the Vi ratios indicate moderate
incision intensity.

Provenance analysis

The regional comparative heavy mineral analyses carried
out during this study permit to determine the provenance of
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Fig. 9 Longitudinal profile of
the lower Doubs River (vertical
exaggeration: 200) starting from
the water gap of Pont de Roide
(Fig. 4). Terraces of the

northern and southern valley
flank (Fig. 7) were projected
orthogonally onto the profile.
Also shown are V; ratios
calculated at roughly 10 km
intervals along the valley.

CH Chaudanne wind gap,
MAC Malcombe paleomeander,
VEL Velotte paleomeander,
RDO Roche d’Or

WSW

Citadelle Anticline (Fig.14a)

L = - © @ 9 o o ® w NN e @ o= o - oo~ @
3“} o~ oy - uy P~ - - (=] o~ o - - wr o L =] - Lot I o ]
e
30
20 | |
10
0 s :
ESE
Deluz F500
Besangon Zone 450

Clerval Anticline (Fig. 14b)

'Y ¥ I
Sundgau 400

e Js)aW

350

‘I's

Forét de Chaux

paleomeander, SFC Sundgau-
Forét de Chaux Gravels

300
250

200

T
200 150

== SFC Gravels (northern flank)
== SFC Gravels (southern flank)

E Early Jurassic Marls

fluvial sediments preserved in the Doubs and Ognon
Valleys. Results are summarised in Fig. 10 and Table 1.
The most common heavy minerals detected are garnet,
epidote, hornblende, tourmaline and zircon. Also common
in some samples are anatase, augite and aluminium-rich
silicates typical for medium- to high-grade metamorphic
terrains that are given as Al-metamorphics in Fig. 10
(mostly staurolite and subordinately disthene and sillima-
nite, see Table 1). Apatite, rutile and other rare minerals
occur only in minor percentages. Unidentified heavy min-
eral fragments (fine grained aggregates or altered heavy
minerals) were also counted and summed up as alterite in
Table 1 and Fig. 10.

The samples from the Plio-Pleistocene terraces of the
Ognon River reveal two distinctly different heavy mineral
assemblages. Samples of the Upper Ognon terraces (sam-
ples 11, 15, 16, 19) are characterised by a very high per-
centage of stable heavy minerals (minimum of 50%,
sometimes more than 75%), namely zircon and tourmaline
as well as anatase and rutile. Unstable heavy minerals such
as epidote make up a subordinate fraction only. Garnet has
hardly ever been observed except in the Foucheres area
located southeast of Marnay where also significant amounts
of hornblende were found (sample 17, see Figs. 4, 10;
Table 1). Lower Ognon terrace sediments show different
and diversified heavy mineral spectra (e.g. sample 1214,
18). These samples are rich in unstable heavy minerals
(about 50%) and are characterised by large amounts of
hornblende (more than 25%). Most samples also contain
pyroxene (sample 12-13).

v Strath terrace (northern flank)

100 50 0
kilometer

= Aggradation terrace (northern flank)

Strath terrace (southern flank) = Aggradation terrace (southern flank)

|:| Early-Late Mesozoic Limestones

Systematic heavy mineral analyses of sediments from
different catchments of the southern Upper Rhine Graben
showed that heavy mineral assemblages such as those from
the Ognon Valley are typical of sediments derived from the
crystalline basement and Mesozoic cover of the Vosges
Mountains (Van Andel 1950; Hagedorn 2004; Hagedorn
and Boenigk 2008). A typical “Alpine” heavy mineral
assemblage (Boenigk 1987; Bonvalot 1974; Liniger and
Hofmann 1965), defined by the dominance of garnet, epi-
dote, hornblende and the occurrence of medium-grade to
high-grade metamorphic minerals (staurolite, kyanite), has
not been detected in any of the samples from the Lower
Ognon Valley.

Samples from gravels of the Sundgau and Forét de
Chaux areas (sample 1, 7-9) show similar heavy mineral
spectra, thus testifying to their genetic relation (Liniger and
Hofmann 1965; Bonvalot 1974; Petit et al. 1996). In both
areas high amounts of epidote, as well as the occurrence of
hornblende, garnet and staurolite define the characteristic
“Alpine” heavy mineral spectrum that is typical for the
Paleo-Aare braided river system (Liniger and Hofmann
1965; Hagedorn 2004).

Samples taken from remnants of fluvial deposits and
terrace sediments along the Doubs Valley (samples 2—6)
revealed a similar heavy mineral assemblage as those from
the Sundgau and Forét de Chaux Gravels. They are char-
acterised by a relatively high percentage of unstable min-
erals, particularly epidote, but also contain significant
amounts of hornblende and garnet. Most notably, staurolite
occurs in all of these samples.

@ Springer



S114 Int J Earth Sci (Geol Rundsch) (2010) 99 (Suppl 1):S103-S122
1 1
Il gamnet I tourmaline Ny
=3 epidote =3 zircon Ognon/ o GF
= fauf'teit?e[:t?fmd heavy minerals) B rutile 11 M P x
I hornblende I anatase ‘ ‘J B X
I pyroxene [ apatite V-4 2 " g
Al -metamorphics [ exotics 2. @ ;Q 5
(stauralite, I ) ite, titanite, ch id % = Montbéliard s
Ognon Terraces 7z B p ! z
- - T1 (> 60 m) 3;." F!ougamo:l w ad
-
I 72 (40-60 m) >
I 73 (25-40 m)
[ 14 (15-25 m)
75 (3-15m) - e

-

[ Sundgau Forét de Chaux Gravels
/ Doubs Terraces
> 100 m (minimum SFC Base
o  Sample point (Heavy Minerals) = ( )
>
-4 Major thrust / reverse fault I -50m
3 -=—= Major normal fault ] 20-45m
Fault undefined [C15-15m
v 3 (Deluz)

450

5 (Chaudanne) Sundgau—{ 400
i 350 2
Forét e =
de Chaux ,,_.,.,....--;-_---;l'i'éﬁ;_gﬂvﬂ‘ ba ___,f . :
o Ty Doubs =

- 250

e s

150 100 kilometer = 0
T [

6°E T°E

Fig. 10 Results of regional heavy mineral analyses. The thick, grey,
dashed line marks the boundary of the Jura fold-and-thrust belt. The
inset in the lower right shows a segment of the longitudinal Doubs
river profile starting at the water gap of Ponte-de-Roide. The
elevation of the base of the continuous gravel plain in the Sundgau
and Forét de Chaux areas and of gravel remnants detected along the

Unlike the samples from the Sundgau area, the samples
from the Doubs Valley are also rich in zircon and tour-
maline. These differences in heavy mineral spectra can be
explained by contributions from tributaries originating in
the Vosges Mountains to the SFC braided river system
(Théobald et al. 1976). The sedimentary load of these
tributaries was derived from the Triassic cover of the
Vosges Mountains, characterised by high amounts of stable
minerals such as zircon and tourmaline (Hagedorn 2004;
Hagedorn and Boenigk 2008; compare sample 10), diluting
the original “Alpine” heavy mineral spectrum of the
SFC-Gravels. These Vosgian tributaries already contrib-
uted to the Middel Pliocene Paleo-Aare and thus, are
probably responsible for the higher zircon content of
samples from the Forét de Chaux area (13-14%) as com-
pared to those from the Sundgau area (5%). Their con-
taminating effect increased further during the Late Pliocene
and Early Quaternary after the Paleo-Aare River had been
diverted into the Upper Rhine Graben and the early Doubs
River, influenced by Vosges tributaries entering it near the

@ Springer

Doubs Valley were projected orthogonally onto the profile. Refer to
text for further discussion. AMF Avant-Monts Fault, AMZ Avant-
Monts Zone, B Besancon, BG Bresse Graben, BZ Besancon Zone,
FB Faisceau Bisontin, M Montbéliard, MP Montbéliard Plateau,
OGF Ognon Fault

city of Montbéliard, reworked the SFC-Gravels in the study
area (Fig. 5c; Ziegler and Fraefel 2009). This interpretation
explains why the “Alpine” heavy mineral spectra of
samples from the Doubs Valley are characterised by higher
amounts of zircon and tourmaline as compared to samples
from the Forét de Chaux area further downstream.

In addition, the effects of weathering of fluvial remnants
must be taken into consideration, though these effects are
probably of minor importance only. Higher weathering
resistance of stable heavy minerals (Boenigk 1983) pre-
sumably led to a relative enrichment in reworked sedi-
ments. Systematic heavy mineral analyses of Sundgau
Gravel weathering profiles have shown that garnet is often
relatively depleted from the spectrum compared to the
amount of epidote when strong weathering occurred
(Boenigk 1982, 1987). In carbonate-rich sediments, how-
ever, weathering of garnet is reduced (Sindowski 1949).
This is compatible with the fact that the carbonate-rich
samples from the Doubs Valley (e.g. sample 3-5; see
Fig. 10; Table 1) show higher amounts of garnet in
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comparison to the samples taken from the Sundgau and the
Forét de Chaux areas which are poor in carbonate.

In summary, heavy mineral analyses indicate that the
fluvial deposits of the Ognon Valley were exclusively
sourced by the Vosges Mountains. They clearly differ from
the samples of the Doubs Valley. Despite some differences,
similarities between the heavy mineral spectra of the latter
samples and those from the Middle Pliocene SFC Gravels
are obvious, particularly concerning the high amounts of
epidote and the occurrence of staurolite. The fluvial rem-
nants from the Doubs Valley bear a distinct signature of
Alpine provenance and were by no means exclusively
derived from the Vosges Mountains. Thus, the results
clearly indicate that these deposits are not directly related to
the Late Miocene Bois de Raube Formation but represent
SFC Gravels that were reworked and contaminated by the
early Doubs River during the Late Pliocene-Pleistocene.

Discussion

Paleo-topographic reconstruction of the Sundgau-Forét
de Chaux gravel base and implications
for post-Pliocene rock uplift

The results of the heavy mineral analyses permit attributing
the remnants of fluvial deposits along the Doubs Valley to
the eroded Middle Pliocene Sundgau-Forét de Chaux
(SFC) Gravels. The elevation of these remnants marks the
minimum altitude of the base of the SFC gravel sheet and,
therefore, the Middle Pliocene paleo-topography. The inset

in Fig. 10 shows a segment of the longitudinal river profile
of the Doubs that connects the continuous SFC gravel
plains of the Sundgau and Forét de Chaux areas. The base
of the SFC gravel plain, as well as the elevations of SFC
remnants identified by heavy mineral analyses, was
orthogonally projected onto the longitudinal river profile.
The stippled line marks the presumed undeformed base of
the former SFC gravel plain linking the Sundgau and the
Forét de Chaux areas.

Remnants of SFC Gravels identified in the Doubs Valley
are located up to 170 m above the extrapolated regional
gravel base. The maximum thickness of the SFC Gravels
amounting to only 30-65 m cannot account for this ele-
vation difference. This indicates that erosion of the SFC
Gravels in the area between the Sundgau and the Forét de
Chaux resulted from relative rock uplift, as already pro-
posed by Campy (1984). Biostratigraphic constraints on the
age of deposition of the SFC Gravels (4.2-2.9 Ma; Petit
et al. 1996; Fejfar et al. 1998) indicate that this uplift
occurred during Late Pliocene to Pleistocene times, after
thin-skinned deformation of the Jura fold-and-thrust belt
has presumably ceased. Furthermore, these age constraints
indicate a minimum Late Pliocene to recent uplift rate of
0.05 £ 0.02 mm/year. This rate is in good agreement with
result from nearby areas (Miiller et al. 2002; Giamboni
et al. 2004b; Ustaszewski and Schmid 2007).

Based on the highest elevations at which SFC gravel
remnants occur and on the results of heavy mineral anal-
yses, we reconstructed the Middle Pliocene paleo-topog-
raphy of the RBTZ using an ArcGIS kriging interpolation
(Fig. 11). Taking into account sedimentological and

Fig. 11 Paleo-topographic

reconstruction of the eroded
Paleo-Aare channel linking the
Sundgau and Forét de Chaux
gravel sheets as deduced from
the results of heavy mineral
analyses. AMF Avant-Monts
Fault, AMZ Avant-Monts Zone,
BG Bresse Graben, BZ
Besangon Zone, CH Chailluz
Thrust, FB Faisceau Bisontin,
FL Faisceau du Lomont, FQ
Faisceau de Quingey, MP
Montbéliard Plateau, LSH La
Serre Horst, OGF Ognon Fault,
URG Upper Rhine Graben
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geomorphic observations in neighbouring areas (Liniger
1966; Bonvalot 1974; Giamboni et al. 2004a) we consid-
ered the undeformed SFC gravel sheet to reflect a rather
flat, i.e. low gradient surface. Well constrained data points
for the interpolation are provided by the base of the
Sundgau and Forét de Chaux gravel sheets and the elevated
SFC remnants preserved along the Doubs Valley. At any
given point, the most elevated remnants determine the
minimum elevation of the erosional gravel base.

As SFC remnants are scarce in the area, we also consid-
ered the results of heavy mineral analysis to better constrain
the paleo-geographic extent of the SFC-braided river system.
The reconstructed Paleo-Aare channel in which the SFC
Gravels were deposited follows the ENE-WSW striking
structural grain of the region and was confined by structures
of the thin-skinned Jura fold-and-thrust belt (Fig. 11).

Whilst the southeastern boundary of the channel is well
defined and coincides with the deformation front of the
Faisceau Bisontin, its precise width and extent to the
northwest are less well constrained. The model shown in
Fig. 11 assumes that the width of the braided Paleo-Aare
River was more or less constant. In any case, the Paleo-
Aare channel did not reach beyond the décollement related
Chailluz Anticline into the Lower Ognon Valley. This is
well constrained by the observation that alluvial deposits
from the Lower Ognon Valley are devoid of Alpine-
derived heavy minerals (Fig. 10). Hence, the Ognon Valley
formed a separate drainage basin that was only sourced by
the Vosges Mountains and their foothills already in Middle
Pliocene times. This is in agreement with regional paleo-
geographic reconstructions (Sissingh 1998). Moreover, no
reworked SFC Gravels were shed into the Ognon Valley
during the post-Pliocene uplift of the area. Therefore, the
Chailluz Aanticline most likely formed a pre-existing
structural divide between the drainage basins of the Paleo-
Aare and the precursor of the Ognon River during the
Middle Pliocene. Some reworked material of the SFC
gravel plain may have been transported around the SW
plunge of the Chailluz Anticline and shed into the lower-
most Ognon Valley, leading to the deposition of fine
grained gravels in the Fouchéres area southeast of Marnay
(Figs. 4, 10). Dreyfuss and Kuntz (1969) interpreted these
sediments as being related to the SFC Gravels based on the
presence of Alpine detritus (Fig. 4). However, this obser-
vation could not be confirmed by our heavy mineral anal-
yses (Fig. 10; Table 1, samples 2, 7, 9, 17).

Response of Pleistocene to recent drainage basins
Ognon Valley

The morphologic and sedimentological record of the
Ognon Valley points to the presence of a complex-response
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terrace system which is characterised by alternating phases
of sediment aggradation and degradation (Bull 1990). Such
a scenario is also indicated by the results of the heavy
mineral analyses. Whilst no traces of Alpine-derived
material were detected, suggesting that all the terrace
sediments along the valley were derived from the Vosges
Mountains, heavy mineral data from different terrace levels
indicate slight source area variations. These variations
possibly relate to different aggradation phases that were
interrupted by phases of moderate river incision and pos-
sibly to progressive unroofing of the Vosges Mountains
(Madritsch 2008).

Tectonic effects on the valley evolution may be deduced
from the terrace distribution, the incision pattern and the
drainage geometry. A relation of these parameters with
the prominent Ognon Normal Fault is evident (Figs. 7, 8).
The V¢ ratio rises significantly once the river finally crosses
this fault and moderately incises into its hanging wall
forming up to five terrace levels. This suggests a late-stage
mild inversion of the Ognon Normal Fault.

As inferred from the independent investigations of the
northern and southern valley flanks, the distribution of
terraces along the Ognon Valley is asymmetric (Figs. 7, 8).
Campy and Contini (1981) who also made this observation
interpreted it as resulting from a northward-directed lateral
shift of the Ognon River in response to tectonic uplift along
the southward adjacent front of the Jura fold-and-thrust
belt. Presumably, this shift caused the preferential erosion
and development of terraces along the northern and
southern valley flanks, respectively (Campy and Contini
1981; Campy 1984). Therefore, the Ognon Valley was only
marginally affected by the processes that led to the more or
less contemporaneous degradation of the SFC-Gravels in
the lower Doubs Valley.

Lower Doubs Valley

The incision pattern of the Doubs Valley is clearly related
to the outlines of the tectonic units (Figs. 7, 9). Upon re-
entry of the Doubs into the Jura fold-and-thrust belt at the
Clerval water gap its incision intensified significantly
(Figs. 7, 9). As apparently hardly any sediment aggradation
occurred during Late Pliocene and Pleistocene, strath ter-
races, such as paleo-meanders predominate. The symmetric
orientation of paleo-meanders along the valley indicates
that the Doubs River shifted slightly southward during its
incision. This may imply a gentle southward tilt of the
Doubs Valley. During its incision, the river reworked the
Late Pliocene SFC gravel plain, the erosional base of
which is marked by SFC-gravel remnants. Some of these
remnants were detected on the crests of anticlines and are
located up to 250 m above the present valley floor (e.g.
Deluz; Chaudanne, Fig. 9).
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Fig. 12 Examples of possibly erosion-related late-stage folding along
the Doubs Valley (see Fig. 7 for location). a The Clerval Anticline is
dissected by the Doubs in an antecedent manner. Coarse SFC Gravels,
most likely reworked by the Doubs, are found to the north and south
of the anticline, suggesting that fold growth occurred after the
deposition of the gravels and establishment of Doubs River course.
b Pleistocene growth of the Citadelle Anticline is evidenced by
differential uplift of paleo-meanders along its axis (modified after
Madritsch 2008). Note that Middle Pliocene Sundgau-Forét de Chaux
(SFC) Gravels were detected in the Chaudanne wind gap on the crest
of the anticline (see also Fig. 9). CH Chaudanne wind gap, FB
Faisceau Bisontin, FL Faisceau du Lomont, MAC Malcombe paleo-
meander, RDO Roche d’Or paleo-meander, VEL Velotte paleo-
meander

Folding continued during the Pleistocene incision of the
Doubs River. The Clerval Anticline (Fig. 12a) is dissected
by the Doubs in an antecedent manner. Coarse SFC
Gravels, most likely reworked by the Doubs, are found to
the north and south of the anticline, suggesting that fold
growth continued after the deposition of the gravels and
establishment of the Doubs River course. Along the

Citadelle Anticline active folding is recorded by differen-
tially uplifted paleo-meanders (Dreyfuss and Glangeaud
1950; Madritsch 2008; Fig. 12b). In this area, the incision
of the meandering river was apparently structurally focused
as its course was locked between Citadelle Anticline and
the fault related folds of the Faisceau Bisontin. This pro-
cess was further amplified where the river reached the
easily erodable Late Triassic to Early Jurassic marls and
clays in the anticlinal cores. This prevented its deflection
from the growing fold.

Tectonic implications

Based on the erosion and preservation pattern of the SFG
Gravels and the variable geomorphic evolution of the
Ognon and Doubs drainage basins a zone of Plio-Pleisto-
cene differential rock uplift can be identified in the area of
the RBTZ (Fig. 11). This zone can be correlated to struc-
tural units and is thus partly controlled by tectonic
processes.

To the northeast and southwest the uplifted zone is
bounded by the Upper Rhine and Bresse Grabens, respec-
tively. Whilst on the flanks of these grabens the SFC
Gravels are still well preserved they were eroded
throughout the RBTZ (Fig. 4). Thus, the central RBTZ was
relatively uplifted during the latest Pliocene and Pleisto-
cene with respect to the Upper Rhine and Bresse grabens,
parts of which subsided during this time interval (Ziegler
and Dézes 2007). The NW to SE extent of the uplifted area
is defined by the evolution of the Ognon and Doubs Valley
along a schematic NW-SE trending cross-section through
the Besangon Zone (Fig. 13), the part of the Jura fold-and-
thrust belt that encroached onto the pre-existing normal
fault system of the RBTZ and the underlying Burgundy
Trough, and its foreland (Madritsch et al. 2008; Figs. 2, 3).
The section shown in Fig. 13 is roughly parallel to the
structural transect presented in Fig. 3 and also to the ori-
entation of the present-day maximum horizontal stress
trajectories (Becker 2000; Kastrup et al. 2004; Reinecker
et al. 2005).

During the Middle Pliocene (Fig. 13a) the Lower Ognon
Valley and the precursor of the Doubs Valley were char-
acterised by sediment aggradation. The Ognon Valley
developed as a lacustrine basin along the southwestward
adjacent Ognon Normal Fault, the décollement related
Chailluz Anticline and the basement-rooted Avant-Monts
Fault (Madritsch et al. 2008). Fluvial sediments were later
shed into this basin from the foothills of the Vosges
Mountains. South of the Chailluz Anticline, the Paleo-Aare
occupied the area of the future Doubs Valley and deposited
the Middle Pliocene SFC Gravels (Figs. 11, 13a). The
observation that the Chailluz Anticline formed a structur-
ally controlled drainage divide between the Lower Ognon
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Fig. 13 Schematic cross-
section (not to scale) through
the central part of the study area
illustrating its Plio-Pleistocene
tectono-geomorphic evolution
(see Fig. 4 for approximate
location). a Middle Pliocene
aggradation of the Sundgau-
Forét de Chaux (SFC) Gravels.
The apparently pre-existing

Middle to Late Pliocene
NNW
Ognon valley

foothills into lacrustine basin

Chailluz Anticline

Alluival sedimention from the Vosges

Faisceau Bisontin SSE

Paleo-Aare channel
Braided river_system
Depostion of SFC gravels

main structures related to the
thin-skinned Jura fold-and-

thrust belt define drainage basin Sediment Aggradation

Sediment Aggradation

boundaries. b Late Pliocene
contractional thick-skinned

(@)

deformation contributes to
differential uplift of the
Besancon Zone and erosion of
the SFC Gravels. The Ognon
River migrates northwestward

Ognon valley
Formation of asymmetric

Late Pliocene - Middle Pleistocene
NNW

Chailluz Anticline

complex-response terraces

in response to relative uplift to
the south (Campy and Contini
1981). ¢ Locally sustained

active folding within the Jura 7
fold-and-thrust belt apparently P LENE T
occurs in relation to enhanced —

Faisceau Bisontin SSE
Doubs valley

Degradadtion of SFC-gravel

plane and Doubs incision

+AFQ.++0+

¥
River deflection .«

incision of the Doubs River Moderate Incision

m River deflection ?
Erosion & Strong Incision

Differential rock uplift of the RBTZ area (tilting?)

Formation of asymmetric

(b)

Middle Pleistocene to recent

NNW Chailluz Anticline Faisceau Bisontin SSE
Ognon valley Doubs valley

complex-response terraces /=

Erosion enhanced
active folding?

River deflection <=

Sediment Aggradation
& Moderate Incision

Erosion & Strong Incision
Differential rock uplift of the RBTZ area (tilting?)

(c)

[ Lower Ognon deposits (Middle-Late Pleistocene)

[ Mesozoic undiff. (Burgundy Platform)

] Upper Ognon deposits (Pliocene- Middle Pleistocene?) [II] Mesozoic undiff. (Jura fold & thrust belt)
Il Lacrustine deposits (Late Miocene - Early Pliocene?)  [El4] Permo-Carboniferous

|:| Sundgau-Forét de Chaux gravels (MiddlePliocene)

Valley and the Paleo-Aare gravel plain (Fig. 11) leads to
the hypothesis that the Chailluz Anticline essentially pre-
dates the onset of the Middle Pliocene SFC Gravel depo-
sition and began to grow already during the main phase of
thin-skinned Jura deformation (10.5-4.2 Ma; Ustaszewski
and Schmid 2006; Madritsch et al. 2008). This probably
also applies for the deformation front of the Faisceau Bi-
sontin that formed the southern boundary of the SFC gravel
plain (Fig. 13a).

At around 2.9 Ma (Late Pliocene Fig. 13b) the Paleo-
Aare was deflected into the Rhine Graben. The study area
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Crystalline Basement

was, thus, cut off from Alpine sediment supply and depo-
sition of SFC Gravels ceased. The former valley of the
Paleo-Aare then became occupied by the precursor of the
Doubs River (Figs. 5b, 7). At the same time, the RBTZ was
relatively uplifted with respect to the adjacent Upper Rhine
and Bresse Grabens, leading to differential erosion of the
SFC Gravels (Figs. 4, 13b).

While the degradation of the Middle Pliocene SFC
gravel sheet can be partly explained by a lowering of the
erosional base level in response to subsidence of the Upper
Rhine and Bresse Grabens (Ziegler and Dezes 2007) it
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also coincided with the onset of thick-skinned tectonics
throughout the RBTZ, associated with compressional to
dextrally transpressional reactivation of various normal
faults, possibly including the underlying Permo-Carbonif-
erous Burgundy Trough System (Giamboni et al. 2004a;
Ustaszewski and Schmid 2007; Madritsch et al. 2008).
Hence, basement-rooted inversion tectonics presumably
contributed to the differential post-Pliocene rock uplift of
the RBTZ and related erosion of the SFC Gravels. This
hypothesis is supported by morphologic observations along
the Ognon Valley. The Ognon River shares the same base
level as the Doubs River, namely the Sadne River occu-
pying the Bresse Graben (Fig. 4). Nevertheless, during the
Late Pliocene and Pleistocene the Ognon drainage basin
was characterised by only moderate river incision and
ongoing sediment accumulation and subsidence whilst in
the adjacent Doubs Valley the SFC gravel sheet was
degraded (Fig. 13b). The asymmetric terrace distribution
along the Ognon Valley is more likely due to thick-skinned
inversion tectonics than to the propagation of the thin-
skinned thrust belt (Fig. 13b). Late-stage inversion of the
Avant-Monts Fault, which underlies the décollement rela-
ted Chailluz Anticline, is constrained by reflection-seismic
data (Madritsch et al. 2008), whilst Pleistocene inversion of
the Ognon Normal Fault is inferred from the incision of the
Ognon River (Figs. 7, 8). Regional tilting caused by
reverse faulting along the thick-skinned Avant-Mont Fault
could also explain the apparently diverging migration of
the Ognon and Doubs to the north and south, respectively
(Fig. 13b), a feature that is difficult to explain by invoking
ongoing thin-skinned fold and thrust belt propagation.
Deformation within the Besangcon Zone continued
beyond 2.9 Ma as documented by remnants of Middle
Pliocene SFC Gravels that are involved in folding at
several locations along the Doubs Valley (Fig. 12).
These observations contrast with the northwestern front
of the Jura Mountains where such late-stage deformation
was only recorded outside the fold-and-thrust belt proper
(Niviere and Winter 2000; Giamboni et al. 2004a). In the
study area, reconstruction of the river incision and
deformation history reveals that along the Doubs Valley,
folding occurred simultaneously with focused Pleistocene
river incision (Dreyfuss and Glangeaud 1950; Madritsch
2008). Under such spatial and temporal conditions river
incision can theoretically modulate, and eventually
enhance deformation according to recent mathematical
coupled deformation—surface process models (Simpson
2004; Zeilinger et al. 2005). Thereby, syn-kinematic
erosional breaching of the elastic beam controlling the
geometry of an evolving thin-skinned flexural-slip fold
causes strain concentration that typically leads to the
development of doubly plunging anticlines, such as the
Clerval and Citadelle Anticline. Hence, the probable

positive feedback between folding and river incision
throughout the Besangon Zone would imply that Pleis-
tocene shortening of the Mesozoic cover sequence is, at
least locally, still decoupled from the basement and that
ongoing décollement related deformation in this part of
the fold-and-thrust belt cannot be excluded (Fig. 13c).

In principle, the apparent back-stepping of the active
fold-and-thrust belt front (Fig. 13c) could be interpreted in
terms of the critically tapered wedge theory and the related
cyclic evolution of fold-and-thrust belt wedges (Davis et al.
1983; DeCelles and Mitra 1995). Regional Plio-Pleistocene
uplift and erosion may have transferred the critically
tapered wedge of the thin-skinned Jura fold-and-thrust belt
that had stalled around the Early Pliocene into a sub-crit-
ical stage, initiating renewed out-of-sequence deformation
within the fold-and-thrust belt. Analogue models support
such a hypothesis (Smit et al. 2002). However, the seis-
micity of the region (Baer et al. 2005, 2007) implies that at
present deformation in the RBTZ area is thick-skinned and
also involves the underlying basement (Figs. 2, 3). The
critically tapered wedge theory s. str. is, therefore, not
applicable unless one also considers the basement as being
part of the deforming wedge (Lacombe and Mouthereau
1999; Mosar 1999). The active shortening of the cover
sequence is more likely caused by basement fault reacti-
vation in the Molasse basin or the Rhine-Bresse Transfer
Zone itself (Pfiffner et al. 1997; Mosar 1999; Ustaszewski
and Schmid 2007; Roure 2008; Madritsch et al. 2008)
rather than being rooted in the Central Alps as was the case
during Late Miocene-Early Pliocene formation of the thin-
skinned Jura fold-and-thrust belt (e.g. “distant push”;
Laubscher 1961).

Conclusion

Paleo-topographic reconstruction of the Middle Pliocene
Sundgau-Forét de Chaux Gravels indicates regional Late
Pliocene and Pleistocene relative uplift of the northwestern
front of the Jura Mountains. The uplifted area includes the
most external segment of the Jura fold-and-thrust belt and
its foreland comprising the intra-continental Rhine-Bresse
Transfer Zone.

Relative uplift of this area, amounting to a maximum
of 170 m (Deluz) translates into a minimum uplift rate
of 0.05 £ 0.02 mm/year. This is in good agreement with
the results of geomorphic studies in adjacent areas. The
Plio-Pleistocene evolution of the Ognon and Doubs River
drainage basins indicates that their uplift relative to the
Upper Rhine and Bresse grabens was at least partly
driven by tectonic contraction post-dating the main
deformation phase of the thin-skinned Jura fold-and-
thrust belt.
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Two different types of post-Pliocene deformation were
identified. First, the basement-involving thick-skinned
deformation that resulted in partial compressional to trans-
pressional inversion of the Rhine-Bresse Transfer Zone, and
which is apparently still active as indicated by the seismicity
of the region. Second, there are geomorphic indications for
locally still active folding that is related to, and possibly
influenced by focused Pleistocene river incision occurring in
response to regional rock uplift. The apparent positive
feedback between folding and Pleistocene incision suggests
that the Mesozoic cover sequence still undergoes active
shortening in response to regional horizontal compression,
with deformation being decoupled from the immediately
underlying basement. Hence, these observations suggest
Pleistocene deformation along the same décollement hori-
zon that was active during the Late Miocene—Early Plio-
cene development of the thin-skinned Jura fold-and-thrust
belt. As a consequence, apparently a-seismic shallow fold-
ing and thrusting is locally superimposed on seismogenic
inversion tectonics rooted in the basement.

Our results show a variety of positive feedback mech-
anisms between deformation-related uplift and erosion
during the Plio-Pleistocene evolution of the Jura fold-and-
thrust belt and its foreland. Uplift and erosion, at least
partly in response to basement-involved inversion tecton-
ics, was apparently accompanied by localised resumption
of active folding within the Jura fold-and-thrust belt.
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