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[1] Although the Upper Rhine Graben (URG) has been studied extensively for years, the
origin of some of its first‐order structures is still under debate, particularly the relatively
young uplift of the Vosges Mountains (VM) and Black Forest Mountains (BFM). Their
uplift appears to be temporally related to the change of the URG into a continental
transform, the rapid subsidence of its deep northern basin, and the onset of erosional and
nondepositional phase south of the Northern Basin. Recent observations from newly
released seismic reflection data, coupled with older geologic and seismic observations, are
used to explain this correlation. We suggest that when the URG turned into a continental
transform during the early Miocene, not only was its northern basin transtensionally
subsiding as previously suggested, but the VM and BFM were transpressionally uplifted.
Transpression became weaker with growing distance from the Alpine front, and north of
Baden‐Baden the transpression is expressed only by down‐buckling of the sediments,
forming a deep, elongated syncline. The largest uplifts and erosion associated with this
event occurred along both boundaries of the southern URG. However, the center of the
graben was also affected to some extent, causing widespread erosion of pre‐early Miocene
sediments and subsequent nondeposition. The arcuate Vosges and Black Forest fault
systems, which formed the boundary faults of the URG during the Oligocene, became
mechanically unfavorable during the Miocene transpressional regime. Instead, more linear
normal faults took over as the dominant boundary faults, forming the western and eastern
Rhine Fault systems and assuming a strike‐slip component of motion.

Citation: Rotstein, Y., and M. Schaming (2011), The Upper Rhine Graben (URG) revisited: Miocene transtension and
transpression account for the observed first‐order structures, Tectonics, 30, TC3007, doi:10.1029/2010TC002767.

1. Introduction

[2] The Upper Rhine Graben (URG) (Figure 1) is a major
structural element of the Central European Rift System
[Ziegler, 1992, 1994]. The geology of the URG, which is
situated in the heart of one of the world’s most scientifically
advanced regions, has been investigated for over a hundred
years [e.g., Sittler, 1969; Illies, 1972, 1974; Teichmüller and
Teichmüller, 1979; Pflug, 1982; Hüttner, 1991; Sissingh,
1998, 2003; Lutz and Cleintuar, 1999; Schumacher,
2002]. Nevertheless, key elements in its presently
observed structure are not well accounted for, or are still
under debate. Most notable of these is the basic rift struc-
ture, namely the occurrence of elevated shoulders on both
sides of the southern and central parts of the rift, and to a
lesser extent in its northern part. It is now commonly
accepted that the Vosges Mountains (VM) and Black Forest

Mountains (BFM), which constitute the central part of these
elevated shoulders, are not part of the original rift structure.
They developed much later, requiring an explanation for
their late uplift, and their rather limited extent along the
graben flanks. Other unresolved issues regarding the URG
include the debate on how much uplift was involved in the
well documented Miocene erosion inside the graben [e.g.,
Roll, 1979]. Some other observations from the URG have
been hardly discussed, including the origin of the long and
deep linear sedimentary basin, which extends between
Baden‐Baden and Heidelberg. Also, along parts of both
the eastern and western boundary fault systems, the main
boundary fault is thought to consist of two master faults
[Illies, 1977], rather than a conventional single, en echelon
boundary fault system. This unusual characteristic has long
been known, but otherwise received little attention.
[3] Toward the end of the last century, following the

works of Sittler [1969, 1974] and Illies [1972, 1974, 1975,
1977, 1978], the geology of the URG was considered to be
well known and the main effort shifted toward studying its
deep structure mostly using seismic methods [e.g., Brun and
Wenzel, 1991; Prodehl et al., 1995]. However, in recent
years a renewed interest in the graben is evident, gaining
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momentum by the recent release of most of the more
modern seismic data acquired by oil companies in both its
French and German parts. Although the renewed interest
in the URG added a great deal of information, and new
attempts were made to explain some of the observations
from the graben, most of the unresolved issues are still
open. In particular, there is still no satisfactory model,
which is consistent with the various first‐order observa-

tions from the URG and accounts for its Early Miocene to
Recent evolution.
[4] This paper discusses several of these well known

observations that need to be part of, and consistent with, any
model that attempts to account for the present structure of
the URG. It then presents a very simple model that was
previously proposed for the deep northern basin of the URG,
to account for the other main features of the graben. Much
of the data on which this work is based was described

Figure 1. Map showing the main features of the Upper Rhine Graben. Sediment thickness is following
Doebl and Olbrecht [1974] and Edel et al. [2007]. Also shown are the locations of seismic sections shown
in Figures 4, 5, and 6. LRG, Lower Rhine Graben; BG, Bresse Graben; RF, Rhine Fault (east and west);
BFF, Black Forest Fault; VF, Vosges Fault.

ROTSTEIN AND SCHAMING: TRANSPRESSION IN THE UPPER RHINE GRABEN TC3007TC3007

2 of 14



previously in a series of papers that discussed various parts
of the graben [Rotstein and Schaming, 2004, 2008; Rotstein
et al., 2005a, 2005b, 2005c], while the present work is a
synthesis of these results into a unified, regional tectonic
model. Thus, these previous papers show a great deal more
seismic data that is directly relevant to the present work,
while here we present only a few examples.

2. Geological Setting

[5] The URG is a dominant geological and geomorpho-
logic structure that has an approximately NNE‐SSW trend
and extends for some 300 km, from near Basel in the south,
to near Mainz in the north (Figure 1). Extension and sub-
sidence in the graben started during late Eocene, first mostly
in the southern part in response to NNE trending Alpine
compression [e.g., Illies, 1977; Villemin and Bergerat,
1987; Dèzes et al., 2004]. The main rifting phase ended in
mid‐Rupelian [Sissingh, 1998, 2003; Schumacher, 2002],
but localized extension and subsidence continued into the
Miocene, mostly in the northern part [Schumacher, 2002]
(Figure 2). The internal structure of the URG was partly
controlled by structures inherited from the Variscan orogeny
and the subsequent Permo‐Carboniferous wrench tectonics
that formed several NE to ENE trending grabens, which
crosscut it [Boigk and Schöneich, 1970; Ziegler et al., 2004;
Edel et al., 2007]. Traditionally, the graben has been divided
into southern, central and northern geomorphologic seg-
ments, trending N15°E, N30°E, and N15°W, respectively
[Illies, 1977; Schumacher, 2002]. However, more recently,
Rotstein et al. [2005a, 2006] argued that kinematically, the
graben is divided only into a N15°W trending northern
segment and a combined central and southern segment with
the main faults trending N15°E. Also recently, attempts
were made to use rift units, which are the classical building
blocks of continental rifts [Rosendahl, 1987], to describe the
URG [Derer, 2003; Derer et al., 2005; Rotstein et al.,
2006]. These use both the arc shape of some of the
boundary faults, as well as the observation that the URG is
asymmetrical in cross section and the asymmetry shifts sides
along the graben as shown by Brun and Wenzel [1991].
[6] URG basement rocks are exposed on the flanks of the

graben, mostly in the Black Forest and the Vosges Moun-
tains but also in the Odenwald. They include a variety of
intrusive, metamorphic and Cambrian to Visean sedimen-
tary and volcanic rocks of the Variscan Internides

[Weidenbach and Vollrath, 1954; Fluck et al., 1987; Piqué
et al., 1994]. Superimposed on this basement complex occur,
in deep troughs, thick Permo‐Carboniferous sediments con-
taining rhyolites that appear in both the VM and BFM, as
well as on the graben flanks farther north. The deeply trun-
cated Variscan basement and Permo‐Carboniferous series are
unconformably covered by Mesozoic platform sediments.
Tertiary synrift sediments, consisting mostly of marls, with
some shales and sandstones, rest unconformably on the
Mesozoic sediments. In the lower part of the Tertiary section,
particularly in the southern URG, thick evaporites were
deposited and occasionally developed into salt diapirs [e.g.,
Lutz and Cleintuar, 1999]. Thick Miocene‐Pliocene shales
and sands were deposited only in the northern URG while the
southern parts of the graben were exposed to erosion at that
time [Villemin et al., 1986; Dèzes et al., 2004] (Figure 2).
During the Miocene (16 Ma [Wimmenauer, 2003]), a vol-
canic episode occurred in the southern URG, giving rise to
the Kaiserstuhl volcano (Figure 1). Quaternary deposits,
consisting of sands, gravels and shales, are found throughout
the graben, but do not exceed a thickness of 300 m [Bartz,
1974].

3. Stress History

[7] The stress history of the URG since the Paleogene is
related to major tectonic events in the Alpine and Pyrenean
collision zones [Illies, 1978], and is characterized by a major
change in the Early Miocene. The region experienced two
main and well documented stress regimes although brief
other regimes have also been proposed [Villemin and
Bergerat, 1987; Schumacher, 2002]. The rifting phase
(Figure 3, left) was associated with a vertical maximum
compression (s1) and an E‐W [Villemin and Bergerat,
1987; Larroque and Laurent, 1988], ESE‐WNW [Illies,
1977; Schumacher, 2002], or ENE‐WSW [Behrmann et al.,
2003] oriented horizontal minimum compression (s3). The
most significant change in the URG stress regime was the
early Miocene shift of s1 from vertical to a horizontal
position with a NW‐SE trend, while s3 remained horizontal
but rotated accordingly [Bergerat, 1987; Larroque et al.,
1987; Villemin and Bergerat, 1987; Schumacher, 2002]
(Figure 3, right). Under this new stress regime, which per-
sisted to the present [Ahorner, 1975; Bonjer et al., 1984;
Larroque et al., 1987; Müller et al., 1992; Bonjer, 1997;
Plenefisch and Bonjer, 1997], the evolution of the URG was

Figure 2. Simplified N‐S geologic cross section of the URG [after Illies, 1974] (with permission; http://
www.schweizerbart.de/). Numbers are defined as follows: 1, Upper Pliocene–Pleistocene; 2, Burdigalian‐
Aquitanian; 3, Niederroeden beds; 4, Grey beds; 5, Pechelbronn beds; 6, Lymnaea maris; 7, Lutetium.
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dominated by a strike‐slip movements, thus characterizing it
as a continental transform with a sinistral, N‐S trending
motion [e.g., Illies, 1978; Schumacher, 2002]. This impor-
tant change is generally attributed to the Early Miocene
[Laubscher, 1992, 2003; Schumacher, 2002; Ziegler and
Dèzes, 2007], although several other ages have also been
proposed [Illies, 1977; Giamboni et al., 2004].

4. Rift Structure

[8] The thickness of rift sediments in the URG displays
the internal structure of the graben (Figures 1 and 2) [Doebl
and Olbrecht, 1974; Doebl and Teichmüller, 1979]. The
Heidelberg‐Mannheim Basin, called also the Northern Basin
(NB), recently described using seismic reflection and well
data [Derer, 2003; Derer et al., 2005], is presently the
deepest basin inside the URG with up to over 3200 m of rift
sediments. The NB sediments are mostly of Miocene and
Pliocene age (Figure 2), indicating that it mainly developed
after the main phase of extension and basin formation in the
rest of the URG subsided [e.g., Schumacher, 2002]. It is
delimited by distinct normal faults [e.g., Derer, 2003;
Rotstein et al., 2005a] but typical divergent, syntectonic
sedimentation next to the main fault is not evident in this
westward tilted graben segment (Figure 4a) [Derer et al.,
2005]. Farther south, a linear and narrow basin extends
along the eastern margin of the rift for about 80 km, and is
approximately as deep as the NB (Figure 1). It was named
by Schumacher [2002] the “Strasbourg Basin” and is named
here the Heidelberg‐Baden‐Baden Basin. The sediments in
this deep basin consist mainly of pre‐Miocene rift sediments,
and are therefore mostly older than the NB sediments. Also,

the Heidelberg‐Baden‐Baden Basin is characterized by a
deep syncline along its entire length (Figures 4b and 4c)
[Breyer and Dohr, 1967; Breyer, 1974a; Rotstein et al.,
2005a]. A distinct boundary fault is evident along the east-
ern flank of the syncline, but the depocenter is not adjacent
to this fault as is typical for divergent, synsedimentation in
tilted block morphology. Instead, the depocenter is located
further west in the center of the syncline, across which the
thickness of the sediments is rather constant. The different
age of the sediments as well as their different internal
structures suggest that the evolution of the NB and the
Heidelberg‐Baden‐Baden basins differs substantially.
[9] The Southern URG is not as deep, and includes a

series of fault controlled basins, the deepest of which is the
1600 m deep Mulhouse Salt Basin, north of the city of
Mulhouse. Miocene and Pliocene sediments are missing in
the central and southern URG, and a widespread erosional
unconformity is apparent all the way from the Jura Moun-
tains to the NB, with overlying Pliocene‐Pleistocene sedi-
ments (Figure 2) [Roll, 1979; Lutz and Cleintuar, 1999;
Ziegler and Dèzes, 2007; Wirsing et al., 2007]. Presently,
although the erosional phase was clearly documented in
numerous studies, the size of the associated uplift inside the
graben is not well controlled. Estimates as high as 1000–
1500 m were proposed [Sittler, 1985; Lutz and Cleintuar,
1999], but these are based on indirect evidence, rather
than on seismic reflection sections. The best estimate from
the axis of the graben is based on seismic data from the
southern edge the NB where Roll [1979] documented an
erosion of several hundred meters.
[10] The URG is dominated by a series of large normal

faults, as expected in an extensional environment. However,

Figure 3. Schematic presentation of the two main phases in the stress history of the URG. (left) In the
rifting stage s1 is vertical and s3 is oriented approximately E‐W. (right) Starting in the early Miocene, s1
became horizontal in a NW‐SE direction and s3 remained horizontal but rotated to a NE‐SW direction,
resulting in N‐S directed transform motion in the URG. NB, Northern Basin.
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numerous studies have shown that synclines characterize not
only the eastern boundary between Baden‐Baden and Hei-
delberg, but most of the URG boundary with both the VM
and BFM. In a series of ten cross sections from the south-

ernmost part of the BFM to north of Baden‐Baden, Breyer
[1974b] showed that synclines next to the main boundary
faults characterize much the boundary of the URG with the
BFM. The configuration of these synclines is clearly imaged

Figure 4. (a) Seismic reflection section across the eastern boundary fault in the NB, showing simple
basin geometry, with horizontal sediments (modified from Rotstein et al. [2005a]). For location see
Figure 1. (b) Seismic reflection section across the linear syncline that extends between Baden‐Baden and
Heidelberg. G, Melleta Fish seismic marker of Oligocene age; Q, Plio‐Pleistocene erosional unconformity
[after Rotstein et al., 2005a]. For location see Figures 1 and 4c). (c) Two‐way travel time map to the
Melleta Fish seismic marker, of part of the elongated syncline between Baden‐Baden and Heidelberg, and
location of the seismic line shown in Figure 4b (modified from Rotstein et al. [2005a]).
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by seismic lines [Erlinghagen and Dohr, 1974; Rotstein
et al., 2005a], and in detailed cross sections [Breyer and
Dohr, 1967]. They appear to be open, asymmetric syn-
clines with the steeper slope immediately next to the eastern
Rhine Fault (Figure 5), although some of the other normal
faults along the boundary are also associated with similar
synclines [Wirth, 1962]. A generally similar structure is
observed adjacent to the western Rhine Fault zone along the
boundary with the VM (Figure 6). The sediments that are
involved in these folds include according to Rotstein et al.
[2005a] and Rotstein and Schaming [2008] late Oligocene
synrift series, suggesting that their deformation may be

contemporaneous with the early Miocene change in the
regional stress regime. On the western side of the graben,
where mostly monoclines were previously observed, these
were attributed to forced folding above synrift normal faults
[Maurin, 1995; Maurin and Nivière, 2000; Le Carlier de
Veslud et al., 2005; Ford et al., 2007]. However, all along
the eastern side, as well as on parts of the western side of the
graben, it is apparent that post rifting, Oligocene–early
Miocene sediments with constant lateral thickness were
affected by obviously younger folding. Also, in the eastern
side these are mostly full synclines, rather than monoclines
(Figure 5), which are not consistent with the forced folding

Figure 5. Two typical seismic sections from the eastern side of the URG next to the BFM. (a) Section
crossing the Black Forest Fault (BFF) [after Rotstein et al., 2005a]. (b) Section crossing the Rhine Fault
(RF), further inside the graben showing compression. Note that along the southern BFM seismic data is
scarce. For locations see Figure 1. For marker identification see Figure 4b.
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Figure 6
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hypothesis. The same conclusion was also reached by
Laubscher [2001] who noted that downfolding led to the
common assumption that it is related to rollover and drag
faults, but attempts to model them as such have failed.

5. Rift Shoulders Morphology

[11] Rift shoulders are uplifted in response to the flexural
isostatic adjustment of the lithosphere due to extension with
a deep necking level [van Wees and Cloetingh, 1996]. With
time rift shoulders loose their topographic prominence due
to erosion and to the cooling of the lithosphere. The flanks
of the URG are quite unusual in this respect. The NB, in
which the alluvial plain is at an elevation of about 100 m, is
the deepest basin in the URG, and also where most of the
Miocene to Recent extension occurred. Its shoulders peak at
400–700 m, only slightly above the regional elevation away
from the graben. In contrast, the southern URG, where
synrift sedimentation ended during the late Oligocene–early
Miocene [Schumacher, 2002], is flanked by the prominent
VM and BFM. These mountains peak at 1400–1500 m,
while the URG basin in between is at an elevation of 130–
230 m. In an E‐W section the southern URG has typical rift
morphology, with steep slopes facing the rift, and a gradual
drop in elevation away from it [see, e.g., Hinsken et al.,
2007]. However, quantitative modeling suggested that the
original rift shoulder uplifts associated with the Eocene
rifting, were mostly eroded, and that the present VM and
BFM are the result of a second, younger tectonic phase
[Villemin et al., 1986]. This scenario is supported by the
recent results of thermochronological studies that indicate
rapid late‐stage cooling from the late Miocene onward,
resulting from increased erosion due to uplift [Timar‐Geng
et al., 2006]. Presently, it is commonly accepted that the
VM and BFM were uplifted during the early Miocene, most
probably in Burdigalian [e.g., Ziegler et al., 2002; Dèzes
et al., 2004; Ziegler and Dèzes, 2007]. Pliocene [Illies,
1977] and younger [Duringer, 2001] ages were also pro-
posed, but are not compatible with the southward shedding
of the Serravallian–early Tortonian Jura Nagelfluh and its
equivalents from the VM and BFM into the area of the Jura
Mountains [Ziegler and Fraefel, 2009].
[12] Several additional observations from the flanks of the

URG might be of help in trying to account for their rather
unusual uplift history. First, we note that in both mountain
ranges the highest parts are close to their southern end, and
that their heights drop gradually toward the north. Second,
the northern edge of the BFM appears to coincide with the
southern edge of the prominent Heidelberg‐Baden‐Baden
elongated syncline inside the graben, possibly suggesting
that there is an inherent relation between them.

6. Boundary Faults

[13] The URG is characterized by prominent eastern and
western boundary fault systems (Figure 1). As shown by

Rosendahl [1987], the border faults of continental rifts,
which separate the sediment filled graben and the uplifted
graben shoulders, consist of a series of normal faults that in
a map view typically display an arcuate shape. These arcuate
faults are usually laterally continuous along the rift and are
also often the external faults in a series of semiparallel faults
that extend into the graben. Usually, the inner faults in these
systems do not form continuous, or en echelon systems that
extend for a large distance along the rift. The URG appears
to be somewhat different in this regard, having along large
parts of its western and eastern boundaries, two sets of
dominant fault zones. These are the Vosges and (western)
Rhine Fault zones along much of the eastern boundary of
the VM, and the Black Forest and (eastern) Rhine Fault
zones along the boundary with the BFM (Figure 1) [Sittler,
1969; Brun and Wenzel, 1991; Schumacher, 2002]. The role
of the arc shaped Vosges and Black Forest Fault systems as
classical rift boundary faults appears to be evident, marking
the initial breakaway of the graben. In contrast, the role of
the western and eastern Rhine Faults is not as clear. As
expected in a rift environment, each of these Rhine Fault
systems has a large normal component [Brun and Wenzel,
1991; Rotstein et al., 2005a; Rotstein and Schaming,
2008], but otherwise they are quite different from the
Vosges and Black Forest faults. They are semilinear and
appear to be laterally continuous along the graben, with an
en echelon arrangement (Figure 1). Thus, they are quite
similar to faults that have both a normal and a strike‐slip
component as, for example, faults in the Dead Sea Rift.
[14] We note that although the two faults arrangement

characterizes large parts of the URG, in other parts of the
graben only a single, linear boundary Fault System is
apparent. The areas where the two faults (Vosges and Rhine
Faults on the west and Black Forest and Rhine Faults on the
east) diverge are those in which the Vosges and Black Forest
fault zones have an arcuate shape in a map view. These
include mostly parts of the VM and BFM, and the Saverne
block west of Strasbourg, where the Rhine fault delimits the
deeper parts of the basin rather than forming part of the
boundary zone itself. In areas where the Vosges and Black
Forest Fault zones are approximately linear, only a single
boundary fault is observed: for example, east and northeast
of Strasbourg, as well as segments of the eastern and
southern boundaries of the VM (Figure 1).

7. Discussion

[15] Although the URG has some of the characteristics of
a typical intracontinental rift, it is also associated with a
series of features indicating that it underwent a complex
tectonic history. Several of the features that characterize the
URG appear to be temporally related, all occurring in the
early Miocene: (1) change of the URG from an extensional
to a strike‐slip feature, commonly referred to as a conti-
nental transform; (2) renewed uplift of the shoulders of
the southern URG; (3) rapid subsidence of the NB; and

Figure 6. (a–c) Three typical seismic sections from the boundary between the URG and the VM. Above the sections are
the topographic profiles along the lines. Note the monocline and the uplift and erosion of the sediments at the boundary
fault. Also, what may appear as divergent sedimentation away from the boundary fault in Figure 6b is actually the result
of numerous small faults. The premarker Q sediments are laterally constant in thickness. RF, Rhine Fault (western). Figures 6b
and 6c are from Rotstein and Schaming [2008]. For locations see Figure 1. For marker identification see Figure 4b.
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(4) onset of the erosional and nondepositional phase in the
central and southern parts of the URG.
[16] Several attempts have been made to correlate pairs of

these observations, but there was never an attempt to cor-
relate all of them together. Nevertheless, since all four
events appear to be both spatially and temporally related, it
is likely that they can be explained by a single mechanism
that triggered the rest of them. If so, this mechanism can
also, possibly, explain some of the unusual features of the
URG, such as its complex boundary fault systems, and the
Heidelberg‐Baden‐Baden syncline.
[17] The observation that drew most attention in recent

years was the renewed uplift of the VM and BFM, which was
accompanied by uplift of the intervening graben, causing
widespread erosion [Illies, 1977; Roll, 1979; Sissingh, 1998;
Schumacher, 2002]. This uplift of the southern URG and its
shoulders was attributed to an Alpine forebulge [Sinclair
et al., 1991; Laubscher, 1992], or to a mantle diapir centered
at the Kaiserstuhl volcano [Illies, 1972; Villemin et al., 1986;
Ziegler, 1992]. However, Gutscher [1995] noted that the
dome shape of this proposed uplift is not consistent with the
surface and Moho topographies of the adjacent regions, and
explained it as an Alpine related lithospheric flexural bulge.
Alternatively, Ziegler [1994], Ziegler et al. [2002], Dèzes
et al. [2004] and most recently Ziegler and Dèzes [2007]
proposed that the Vosges–Black Forest Arch developed by
lithospheric folding in response to the buildup of collision
related compressional stresses [see also Bourgeois et al.,
2007]. This concept is compatible with the Moho topogra-
phy that describes a gentle SW‐NE trending anticline ex-
tending from the northern parts of the Massif Central across
the URG to the Bohemian Massif. This debate, indicate that
the uplift mechanism of the URG shoulders is not yet
resolved.
[18] Large‐scale Miocene uplift of the VM and BFM

implies that the original shoulders of the URG were low
standing toward the end of the Oligocene. This was also
shown by the quantitative analysis of Villemin et al. [1986],
and by sedimentological studies [Duringer, 2001]. Renewed
lithospheric, or any other regional uplift, have affected the
sediments inside the URG as well, and not only its eroded
shoulders. Moreover, being at the center of this uplift, the
sediments in the rift may have been elevated more than its
shoulders. This scenario can be avoided by large‐scale and
contemporaneous renewed normal faulting on the boundary
faults, which would lower the rift sediments with respect to
the shoulders, and create the present morphology. Such a
scenario, which is consistent with the extension that is
inherent in a regional uplift, has never been documented. Its
absence was explained by Ziegler and Dèzes [2007] by the
noncylindrical nature of the lithospheric folding and by
the resulting continued transtensional movements along the
URG border faults. Questions regarding the regional uplift
hypothesis arise also from the longitudinal cross section
(Figure 2), which shows that south of the fault controlled
NB the contacts between the sedimentary packages are
regionally flat, and fail to indicate doming.
[19] The well documented, widespread erosion in the

URG south of the NB is the main direct evidence that is
used to support a regional uplift. The largest documented
erosion in the center of the graben is on the southern slope
of the NB, and is in the order of several hundred meters

[Schad, 1964; Roll, 1979]. However, since that much ero-
sion is not documented elsewhere along the axis of the
graben, this intense erosion appears to be quite local and
may require an alternative explanation. For example, con-
sidering the large amount of the Neogene subsidence in the
NB, the erosion can possibly be also explained by a classical
rift margin uplift of the subsiding NB. We note that where a
large uplift did occur, such as in the northern [Schad, 1964],
eastern [Rotstein et al., 2005a] and western [Rotstein and
Schaming, 2008] margins of the central and southern
URG, its associated erosion is easily identifiable in the
seismic sections. Deep inside the central and southern URG
the seismic data show evidence for erosion, but it is clearly
much less prominent than along the margins (Figures 5 and 6).
Thus, although it is rather obvious the sediments throughout
the entire southern URG were uplifted in what may be
termed a “regional uplift,” there is no evidence that this
uplift is related to a regional lithospheric folding that
included also the rift’s margins.
[20] Another pair of early Miocene events that were pro-

posed to be tectonically related is the onset of transform
motion in the URG and the extension, subsidence and rapid
sedimentation in the NB. The NNW‐SSE trending NB
deviated from the N‐S trend of the transform motion,
resulting in releasing bend geometry and in transtensionally
driven subsidence of over 2000 m since early Miocene
[Illies, 1978; Schumacher, 2002]. The same investigators
also noted that in some other parts of the URG, easterly
deviations from the N‐S trend of the transform motion
occurred, and must have been associated with local trans-
pression. However, they were short of using transtension
and transpression to explain the other early Miocene tec-
tonic events in the URG. We suggest that this Miocene
strike‐slip motion played a much more important role in the
tectonics of the region than previously realized. Not only
can it explain the origin of the NB, but it can also explain
the renewed uplift of the VM and BFM, and account for
much of its present‐day structure and morphology. At the
same time that the NB was subsiding due to transtension,
other large parts of the URG along its active faulted
boundaries must have been uplifted by transpression. This is
implied kinematically by the NNE‐SSW trend of the
boundary faults in the central and southern parts of the
graben (Figure 3).
[21] Transpression is a well known phenomenon. Where it

is associated with restraining bends in continental trans-
forms, it results in particularly prominent features such as
the San Gabriel Mountains along the San Andreas Fault in
California [e.g., Rust, 1998], or the Lebanon and Anti‐
Lebanon Mountains in Lebanon and Syria [e.g., Butler et al.,
1998], where the Dead Sea Transform assumes a more
easterly trend. Although the transform nature of the URG
since the early Miocene is well established, little is known
about the magnitude of related horizontal offsets, which
presumably were small and in no way comparable to that of
the San Andreas or even to that of the Dead Sea Fault.
However, even without large lateral displacements when the
pole of rotation is close, implying that the relative motion is
reduced laterally, the interaction may be “extremely efficient
at uplifting rocks quickly” [Fossen and Tikoff, 1998]. For
this to take place, a bend in the fault is not needed, and the
fault may be linear, provided that the direction s1 implies a
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significant component of compression across it, as is the case
in the Miocene URG. Thus, even though the Miocene URG
is definitely not comparable to the large present‐day trans-
forms, there is no a priori reason to exclude transpression
from playing a significant role in its development. The
expected extent and amplitude of the transpressionally
derived structures in the URG may be inferred from a
comparison with the NB. The 15° westerly deviation of the
NB from the N‐S trend of the transform motion resulted
in Miocene subsidence of the NB by more than 2000 m.
Similarly, the approximately 15° easterly deviation from
N‐S, of most of the boundary faults in the rest of the graben,
must have resulted in transpressional structures with ampli-
tudes that are as large as that of the NB. Moreover, the
regional stress regime reflects Alpine events, and the central,
and in particular the southern part of the URG, are closer to
the Alps than the NB. Thus, these areas might have experi-
enced larger stresses than in the NB, leading to even more
prominent structures.
[22] A number of observations from the boundaries

between the URG and both the BFM and VM suggest that
transpression, which is required kinematically in the early
Miocene stress environment, indeed occurred. For example,
a striking example of compression is from the southern part
of the BFM, where Laubscher [2001] found that the
boundary with the URG is characterized by thrusting. He
interpreted it as indicating transpression. He also described a
similar sedimentary folding next to the boundary fault, as
we describe here, and noted that it is the result of down‐
buckling. Similar folds associated with the rift boundary
fault in this area were also shown by Gürler et al. [1987].
Additional evidence for thrusting along the boundary of
the BFM is from a quarry near Baden‐Baden [Illies and
Greiner, 1978] and well data [Wirth, 1950; Hauber, 1993].
Two older seismic sections from the boundary between the
URG and the BFM show a large uplift and erosion next to
the boundary faults [Erlinghagen and Dohr, 1974], as did
the ten geological sections from along the entire western
boundary of the BFM [Breyer, 1974b]. More recently, a
large number of newly released seismic reflection lines from
the URG, enabled a more systematic and detailed exami-
nation of the boundaries of the URG [Rotstein et al., 2005a;
Rotstein and Schaming, 2008]. They showed that along
the boundary of the URG with both the VM and BFM, the
sediments adjacent to the main faults are uplifted with
respect to the sediments in the center of the graben. These
uplifts, which are clearly larger than elsewhere inside the
URG, are evidenced by the erosion of the sediments that,
at places, is larger than 1000–1500 m, supporting the
central role of the transpression in the tectonics of the
URG (Figures 5 and 6). Rotstein and Schaming [2008] also
showed, as expected in a transpressional environment, that
the amount of transpressionally driven uplift along the
boundary changes over short distances, with changes in the
direction of the boundary fault. For example, south of
Colmar where the trend of RF is known to be N‐S, in the
direction of the transform motion, the original listric shape
of the RF is preserved, with a large throw and with little
other deformation. In contrast, north of Colmar where the
boundary trends N15°E, considerable deformation is
apparent along the boundary, and the Tertiary rift sediments
are uplifted by at least 1500 m, and eroded (Figure 6). These

studies, which also showed that the URG boundaries north
of the BFM and VM are not characterized by similar uplift
and erosion, concluded that the boundaries of the URG with
the two mountain ranges were associated with marked
transpression. They noted that apart from the uplift and
erosion, also the down‐buckling of the sediments along the
boundaries characterize the transpression in the URG, as
noted previously by Laubscher [2001] in the southeast
corner of the graben. These open synclines and monoclines
not only extend along large parts of the boundaries, they
also reach large amplitudes. Therefore, they are significant
tectonic features that although known for a long time, were
not recognized as such.
[23] Rotstein et al. [2005a] documented an early Miocene

transpression along the boundary between the URG and the
BFM, but were short of suggesting that it caused the early
Miocene uplift of the BFM. On the other side of the URG,
Rotstein et al. [2005b] speculated that the VM were uplifted
in the early Miocene by transpression, but had only limited
direct evidence for it. More recently, Rotstein and Schaming
[2008] used the newly released seismic data from the eastern
boundary of the VM to show similar transpressional features
that were previously known only from the BFM. In partic-
ular, they showed direct evidence that the sediments next to
the boundary with the VM were elevated and eroded,
serving as a key to understanding the entire system. They
interpreted it as an indication that the uplift of the VM was
driven by transpression. The similar observations of uplift,
erosion and folding in the sediments next to the boundaries
with both the VM and BFM set the stage for suggesting that
not only the VM, but rather both shoulders of the southern
URG were elevated by transpression. Since the uplift of
each of the two flanks was due to similar but separate
processes on its boundary faults, the two were not neces-
sarily part of a regional uplift. Therefore, and although the
sediments between the BFM and VM were clearly uplifted
and eroded uplift in the center of the URG that was as large
as that of the margins, is also not likely. This result is also
consistent with the observation that while the VM and BFM
were uplifted, the rift segment between them remained in a
“quasi neutral position during this time” [Illies, 1975].
Limited compression must have been transmitted into the
rift from both sides, resulting in uplift and widespread ero-
sion of preuplift/pre‐early Miocene sediments. However, the
lack of post early Miocene sediments between the VM and
BFM is likely to be mostly explained by nondeposition.
Schematic characteristics of the BFM and the URG part next
to them are shown in Figure 7. The URG sediments are
down‐buckled by several hundred meters, and the BFM and
the sediments immediately next to it are uplifted at the
boundary. This uplift and associated erosion prevented the
accumulation of early Miocene and younger sediments in
the accommodation space caused by the down buckling of
the sediments. The entire BFM may also be somewhat fol-
ded [Ortlam, 1974]. Across the rift, at the VM boundary,
this picture is more consistent with the northern VM that
experienced less transpression, while next to the higher part
of the VM in the south, the uplifted sediments form a
monocline, rather than a syncline (Figure 6) [Rotstein and
Schaming, 2008]. Unfortunately, seismic data from the
URG boundary with the high BFM is scarce.
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[24] We note that since the seismic method is not effective
on the rift shoulders, it is not possible to directly document
transpressional characteristics there. Nevertheless, we sug-
gest that although the VM and BFM are more rigid and
heavy than the extruded rift sediments, they were uplifted as
well. Should they not have been uplifted, and considering
the dips of the boundary faults, it means that the rift sedi-
ments were thrusted over the rift shoulders. Very large
thicknesses of such overthrusted sediments would have left
evidence on the rift shoulders. Also, the temporal coinci-
dence of a regional lithospheric uplift, which is the com-
monly used alternative model for the shoulder uplift, with an
unrelated uplift and extrusion of the sediments next to the
boundaries of the southern URG is, of course possible, but
seems unlikely. We note that in some recent papers the
important role of early Miocene transpression in the URG
has been recognized. In particular, Ziegler and Dèzes [2007]
and Ziegler and Fraefel [2009] acknowledge that trans-
pression was an important element in the development of the
URG. They suggest that the early Miocene uplift of the
Vosges–Black Forest Arch was in response not only to
lithospheric folding, but also to accompanying transpres-
sional deformation and uplift of the southern parts of the
URG.
[25] Down‐buckling of the sediments due to transpression

can also account for the deep Heidelberg‐Baden‐Baden
sedimentary basin. This basin fills the gap between the
BFM, where transpression resulted in rift shoulder uplift,
and the NB that at the same time was characterized by
transtensionally driven subsidence. The trend of this part of
the boundary is not much different than further south
[Rotstein et al., 2006]. Thus, a deep syncline, which affects
themostly pre‐Miocene rift sediments, can hardly be explained
by anything else but transpression. However, it is not evi-
dent why the response to transpression in this boundary
segment did not involve shoulder uplift as it did along the
BFM. Possibly, the observation that north of the BFM
transpression resulted only in folding reflects the decaying
stress away from the Alpine system. Northward decay of the
stress can also be used to explain why the strongest trans-
pression, manifested by the highest peaks of the VM and
BFM, is near their southernmost end and their height
declines northward. Such a scenario is also consistent with
the laterally decaying stresses required for efficient uplift
of the BFM, according to the modeling (type A transpres-
sion in the work by Fossen and Tikoff [1998]).

[26] As recently discussed for the boundary faults of the
VM [Rotstein and Schaming, 2008], we suggest that the
arcuate Black Forest Fault System probably represents
the original breakaway faults of the URG from the BFM.
However, when transform motion became dominant, these
arc shaped faults were deactivated while, the Rhine Faults,
which were existing, inner and more linear normal faults,
became more active. Thus, while both the Vosges and Black
forest Fault Systems appear to be almost purely normal
faults, the Rhine Fault Systems on both sides of the URG
are likely to have also strike‐slip components. In contrast,
where the original boundary was approximately linear, for
example in the NB, this arrangement had no mechanical
advantage, and only a single boundary fault is present.
[27] The presently available evidence for late Tertiary

compression and uplift of the URG shoulders appears to be
compelling, and transpression and transtension are thought
to characterize the URG even at present [Buchmann and
Connolly, 2007]. Nevertheless, for many years Miocene
transpression was not identified as an important process in
the evolution of the URG. Transpressional deformation in
the URG is mostly limited to the immediate vicinity of the
main boundary faults, and is less apparent deeper inside the
graben, or on its shoulders. Also, as noted by Laubscher
[2001], the down‐buckling that characterize transpression
in the URG does not appear to be similar to the more
common “squeezing out” of the graben content that char-
acterize inversion tectonics. There also might be a funda-
mental difference between the transpression in the URG,
and a classical transpression in a restraining bend. In the
latter, the energy and deformation is concentrated in the
bend area only. As a result, strong deformation is expected
there, which may also extend laterally away from the fault to
a larger distance (Figure 8). In contrast, in the URG the
Miocene transpression must have been distributed over the
entire length of linear boundaries, and the amount of energy
involved in the compression per unit length of the fault was
smaller, limiting the deformation to the fault area only.
[28] Finally, the part of the URG boundaries, which may

be the most interesting tectonically appears to be the
SW‐NE trending southern boundary of theVM. This segment
trended normal to the NW‐SE directed principal stress
component controlling the transform motions. Therefore, in
this area the transpression must have been the largest, pos-
sibly accounting for the particularly large width of the
southern part of the VM. Unfortunately, there are no seismic
lines that crossed this part of the boundary of the graben,

Figure 7. Schematic cross section across the BFM and the eastern part of the southern URG (BFM part
after Ortlam [1974] (with permission; http://www.schweizerbart.de/)). Q is the Plio‐Pleistocene uncon-
formity. The boundary of the URG with the VM is the mirror image of this image.
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and little is known about its configuration [Rotstein et al.,
2005b].

8. Conclusions

[29] Upon the early Miocene buildup of the NNW
directed stress field in the area of the URG, the southern,
NNE striking part of the URG was transpressionally
reactivated while its northern NNW striking part was trans-
tensionally reactivated. This resulted in the transtensional
subsidence of the deep NB and the transpressional uplift of
the VM and the BFM. Transpression in the southern URG
was most intense in the vicinity of the main boundary faults,
but its effects also spilled into the central part of the graben
but were much less intense. However, this compression
away from the boundaries may have been sufficient to cause
the observed uplift and widespread erosion of the preuplift
sediments, followed by nondeposition. Presently, since
lithospheric folding is hard to prove or disprove, it is
impossible to rule out that observed structure of the southern
URG is the combined result of early Miocene transpression
and lithospheric folding. However, the observation that by
far the largest uplifts were along the boundaries with the
VM and BFM suggest that a regional uplift alone cannot
account for the observed structure. Strong effects of the
transpression not only did not extend deep inside the rift, but
also did not extend deep inside the rift shoulders, which
were passively elevated by the transpression across the
boundary faults. Since the regional stress was caused by
Alpine events, its magnitude can be expected to diminish
away from the Alps, resulting in lesser deformation in the
central and northern URG. Finally, we note that whereas the
more apparent transpression is usually associated with a
restraining bend, the URG fault system is more linear, and
transpression there had very different characteristics that
made it more difficult to identify. Unlike simple inversion in
rifts that attracted a great deal of attention, partially because

it is easily identified in seismic sections, transpression in
mature rifts have not been studied much. Yet, statistically,
such intermediate stress rotations are likely to be as abun-
dant as rotations of the stress into a full inversion. Their
newly acquired strike slip component is often hard to
identify in seismic data, but understanding these processes
can have considerable economic implications. The URG,
about which so much is known, appears to be an excellent
place to study grabens that underwent rotations of the
regional stress, which resulted in transpression on their main
faults.
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