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Abstract

Radiogenic strontium isotopes (¥Sr/%Sr) of vein carbonates play a central role in the tectono-
metamorphic study of fold-and-thrust belts and accretionary wedges and have been used to
document fluid sources and fluxes, for example, along major fault zones. In addition, the
878r/36Sr ratios of vein carbonates can trace the diagenetic to metamorphic evolution of pore
fluids in accreted sediments. Here we present Sr/%Sr ratios of vein carbonates from the
Infrahelvetic flysch units of the central European Alps (Glarus Alps, Switzerland), which were
accreted to the North Alpine fold-and-thrust belt during the early stages of continental colli-
sion. We show that the vein carbonates trace the Sr isotopic evolution of pore fluids from an
initial seawater-like signature towards the Sr isotopic composition of the host rock with increas-
ing metamorphic grade. This relationship reflects the progressive equilibration of the pore fluid
with the host rock and allows us to constrain the diagenetic to low-grade metamorphic con-
ditions of deformation events, including bedding-parallel shearing, imbricate thrusting, folding,
cleavage development, tectonic mélange formation and extension. The strontium isotope sys-
tematics of vein carbonates provides new insights into the prograde to early retrograde tectonic
evolution of the Alpine fold-and-thrust belt and helps to understand the relative timing of
deformation events.

1. Introduction

Deformation at convergent plate margins depends on the presence of fluids and their strength-
reducing effect. The build-up of pore fluid overpressures reduces the effective normal stresses,
which brings the rock closer to failure and allows deformation at low differential stresses (e.g.
Hubbert & Rubey, 1959). Such stress and strength conditions facilitate the formation of mineral
veins and are common in fold-and-thrust belts and accretionary wedges (e.g. Fisher & Byrne,
1987; Dahlen, 1990; Labaume et al. 1991; Sample & Kopf, 1995; Lacroix et al. 2011;
Mittempergher et al. 2017; Ujiie et al. 2018).

Mineral veins are central to studying the tectonometamorphic evolution of convergent mar-
gins. From a mechanical perspective, mineral veins provide information on fracture modes,
which can be used to constrain fault kinematics and the state of stress during fracturing (e.g.
Sibson, 1998; Bons et al. 2012). Recently, this aspect has received renewed attention as mineral
vein formation in accretionary settings can be linked to stress changes over the earthquake cycle,
which allows the constraint of the effective confining pressures (e.g. Sibson, 2013; Takeshita
et al. 2014; Dielforder et al. 2015; Cerchiari et al. 2020). From a geochemical perspective, mineral
veins can provide information, for example, on fluid sources, fluid-rock interaction, vein for-
mation temperatures and absolute ages of veins (e.g. Vroliijk et al. 1988; Sharp & Kirschner,
1995; Tarantola et al. 2007; Sample et al. 2017; Beaudoin et al. 2018).

Over the past decades, vein formation has been successfully studied by stable isotope (8!°C,
8'%0) and radiogenic strontium isotope (¥’Sr/%¢Sr) analysis of vein carbonates (e.g. Dietrich et al.
1983; Burkhard et al. 1992; McCaig et al. 1995; Travé et al. 1997; Hilgers & Sindern, 2005;
Sample, 2010; Lacroix et al. 2011). Stable isotope analysis makes use of the temperature-depen-
dent isotopic fractionation between the fluid and solid (e.g. water—calcite) and can provide infor-
mation on processes such as the rock-buffering of fluids, carbonate diagenesis or the
recrystallization of carbonates during metamorphism (e.g. Burkhard et al. 1992; Voigt et al.
2015; Sample et al. 2017). By comparison, the temperature-dependent isotopic fractionation
of Sr is very small, and this small source of bias is eliminated by normalizing 8Sr/%¢Sr ratios
to a constant 36Sr/®8Sr ratio of 0.1194 (Nier, 1938; Krabbenhoft et al. 2009). The 87Sr/%6Sr ratios
of vein carbonates and host-rock cements can therefore be used as a tracer. In this respect, the Sr
isotope systematics of carbonates has been used to constrain fluid sources, for example, along
large thrust faults in the Pyrenees and European Alps and in the foreland of the Rocky
Mountains (e.g. Burkhard et al. 1992; McCaig et al. 1995; Machel et al. 1996). These studies
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documented the influx of external fluids based on 8’Sr/%Sr ratios
that are clearly distinct from the Sr ratio of the host rock and
require an external source.

The ¥Sr/36Sr ratios of vein carbonates also trace the Sr isotopic
evolution of intraformational pore fluids. Fold-and-thrust belts
and accretionary wedges typically incorporate calcareous and sil-
iciclastic marine sediments that comprise a mixture of Sr reser-
voirs. The Sr reservoirs interact with the pore fluid during
diagenesis and metamorphism, which might be reflected in the
87Sr/%Sr ratios of different generations of veins carbonates. For
example, Travé et al. (1997) analysed two groups of mineral veins
from a small thrust fault developed within Eocene marlstones of
the South Pyrenean foreland basin. While the first group of mineral
veins showed 8’Sr/%Sr ratios similar to Eocene seawater, the second
group showed more radiogenic (that is, higher) #’Sr/36Sr ratios closer
to the signature of the host rock. Travé et al. (1997) suggested that
the difference in the Sr ratios might indicate the evolution of the pore
fluid from a seawater-derived fluid towards a diagenetic fluid that
interacted with the host rock. However, the impact of external meta-
morphic fluids could not be excluded. Dielforder et al. (2015) ana-
lysed three groups of mineral veins that formed successively within
marine marlstones of the Alpine fold-and-thrust belt. Similar to the
veins from the Pyrenees, the 8Sr/*6Sr ratios of the three vein groups
documented an increase in the Sr ratios from a seawater-like signa-
ture towards the isotopic composition of the host rock. Dielforder
et al. (2015) interpreted this trend to reflect the diagenetic to low-
grade metamorphic Sr isotopic evolution of the pore fluid that
was essentially undisturbed by external fluids.

The finding that vein carbonates may record a systematic Sr iso-
topic evolution of pore fluids is promising, because it could help to
relate deformation events within the larger-scale diagenetic to low-
grade metamorphic evolution of fold-and-thrust belts and accre-
tionary wedges. However, the longer-term and larger-scale isotopic
evolution of pore fluids in accretionary settings remains insufficiently
understood, also because many studies have focused on specific out-
crops and/or distinct tectonic structures. Moreover, the Sr isotopic
contrast and interaction between initial seawater-derived fluids,
carbonates and the siliciclastic components of accreted sediments
has not been systematically explored. The absolute differences in
87Sr/36Sr ratios of vein carbonates discussed, for example, by Travé
et al. (1997) and Dielforder et al. (2015) are more subtle than those
discussed with respect to the influx of external fluids (e.g. McCaig
et al. 1995; Machel et al. 1996), and may have been overlooked in
the past as scatter in a series of values close to host-rock values.

In this study, we address the Sr isotopic systematics of vein car-
bonates from marine foreland basin sediments of the North Alpine
fold-and-thrust belt extending the dataset of Dielforder et al.
(2015). Our analysis involves several kinds of mineral veins that
formed at different stages and in different structural contexts of
the prograde to early retrograde tectonometamorphic evolution
of the fold-and-thrust belt. In the following, we first provide a geo-
logical overview and introduce the different sampling sites located
along a 30 km long transect across the fold-and-thrust belt (Section
2 below). Subsequently, we discuss the ¥Sr/%Sr ratios in terms of
pore fluid evolution and in terms of the structural and tectonic evo-
lution of the marine foreland basin sediments (Section 5 below).

2. Geological background

2.a. Geology of the study area

The European Alps are a collisional orogen resulting from the sub-
duction of the Alpine Tethys and the subsequent collision of the
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Adriatic microplate (upper plate) with southwestern Eurasia
(‘Europe’, lower plate) (e.g. Frisch, 1979; Schmid et al. 1996).
Continental collision commenced in middle Eocene time with
the partial subduction of the European continental margin and
associated development of the North Alpine fold-and-thrust belt
(e.g. Pfiffner, 1986; Schmid et al. 1996; Ford & Lickorish, 2004;
Kempf & Pfiffner, 2004; Handy et al. 2010).

The study area is located in the central European Alps (Glarus
Alps, Switzerland) and provides detailed insights into the evolution
of the fold-and-thrust belt, which involved: (1) the Penninic—
Austroalpine wedge that formed during the subduction of the
Alpine Tethys, (2) the Infrahelvetic flysch units and Subalpine
Molasse, (3) the Upper Helvetic nappes, and (4) the European crys-
talline and sedimentary basement (Fig. 1). The Infrahelvetic flysch
units (IFUs) comprise three thrust slices of Upper Cretaceous
(Cenomanian-Campanian) to Oligocene passive margin and
marine foreland basin sediments, that is, the Ultrahelvetic, South-
Helvetic and North-Helvetic flysch units (Milnes & Pfiffner, 1977;
Sinclair & Allen, 1992; Jeanbourquin, 1994; Lihou, 1995, 1996b)
(Fig. 1). These flysch units were scraped off from the subducting
European continental margin and accreted in-sequence to the
Penninic-Austroalpine wedge (Pfiffner, 1986; Dielforder et al.
2016). Remnants of the Upper Penninic sediments are preserved
in the northern part of the study area (Fig. 1). The subalpine
Molasse comprises shallow marine to continental sediments that
were deposited in the foreland basin from middle Oligocene time
onwards, when the basin became filled (Sinclair & Allen, 1992).
The Molasse sediments were incorporated into the fold-and-thrust
belt after the accretion of the IFUs (Pfiffner, 1986; von Hagke et al.
2012; Mock et al. 2020).

The Upper Helvetic nappes represent the Palaeozoic to
Mesozoic sedimentary cover of the European continental margin
and were first underthrust and then underplated by duplex accre-
tion to the base of the Alpine wedge. Subsequently, the nappes were
thrust along large out-of-sequence thrusts on top of the accreted
flysch units and Molasse sediments (see Glarus thrust in
Fig. 1c). Thrusting of the Upper Helvetic nappes terminated
around late Oligocene to early Miocene time and caused peak
metamorphism in the fold-and-thrust belt, which reached zeo-
lite-facies conditions in the north (c. 160-180 °C) and sub-greens-
chist-facies conditions in the south (c. 300-350 °C) (Hunziker et al.
1986; Pfiffner, 1986; Frey, 1988; Rahn et al. 1995; Ebert et al. 2007;
Lahfid et al. 2010; Akker et al. 2021b). Subsequently, deformation
relocated into the crystalline basement, which initiated the exhu-
mation of the Aar massif and the retrograde evolution of the over-
lying fold-and-thrust belt (Pfiffner, 1986; Burkhard, 1990;
Glotzbach et al. 2010; Herwegh, et al. 2017, 2020; Nibourel et al.
2018, 2021). Note that the present-day arcuate geometry of the
Glarus thrust evolved during the retrograde evolution of the belt
after 20 Ma (Rahn et al. 1997) (Fig. 1c).

2.b. Structural evolution of the flysch units and sampling sites

The IFUs constitute a central element of the North Alpine fold-
and-thrust-belt and capture the entire collisional evolution from
sedimentation in the foreland basin, to accretion, burial, peak
metamorphism and exhumation (e.g. Pfiffner, 1986; Lihou, 1996b;
Sinclair, 1997; Herwegh et al. 2008; Dielforder et al. 2016). The
structural evolution of the IFUs is classically distinguished in three
deformation phases that approximately encompass the develop-
ment during the accretion of the sediments, the emplacement of
the Upper Helvetic nappes and the retrograde evolution during
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Fig. 1. (a) Geological map of the study area and (b) geographical overview. The line A-A’ indicates the trace of the cross-section shown in (c). (c) Synthetic and simplified cross-
section. The approximate sampling sites are indicated together with peak metamorphic temperatures. Temperatures based on Ebert et al. (2007), Lahfid et al. (2010) and Rahn

et al. (1995). Geological map in (a) and cross-section in (c) based on Pfiffner (2011).

exhumation, although it should be noted that the deformation
phases are diachronous (Schmid, 1975; Milnes & Pfiffner, 1977;
Gasser & den Brok, 2008; Dielforder et al. 2016). The two main
structural elements that occur on a regional scale are a moderately
to steeply SE-dipping pressure-solution cleavage and NW-vergent
folds. The pressure-solution cleavage is most intensively developed
in the central to southern part of the study area, where peak meta-
morphic temperatures exceeded c. 230 °C. This dependency on
peak metamorphic temperatures suggests that the pressure-solu-
tion cleavage formed mainly during the higher-grade evolution
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of the IFUs (Dielforder et al. 2016; Akker et al. 2021a). In contrast,
folding in the IFUs initiated already during the accretion of the
flysch units by particulate flow, when the sediments were only
weakly lithified and still deformed as soft sediments, but continued
throughout the higher-grade evolution of the IFUs (Gasser & den
Brok, 2008; Dielforder et al. 2016).

The structural evolution of the IFUs was accompanied by the
widespread formation of mineral veins. This includes mineral veins
that are structurally linked to distinct tectonic elements such as faults
and folds, as well as mineral veins that occur independently from
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such elements. In the following, we describe the structural relation-
ships of the mineral veins for the different sampling sites.

2.b.1. Deformation in the Ultrahelvetic flysch unit
The Ultrahelvetic flysch unit was deposited on the most distal part
of the European continental margin and was the first flysch unit
that was accreted to the Alpine wedge during incipient collision.
The unit is folded into isoclinal folds that developed on the metre
to hectometre scale (Lihou, 19964,b). Peak metamorphic temper-
atures reached c. 320 °C (Ebert et al. 2007; Lahfid et al. 2010)
(Fig. 1c). The Ultrahelvetic flysch unit contains three groups of
mineral veins (G; to Gs) that also occur in the other flysch units
and can be found throughout the central and southern part of
the study area (Dielforder et al. 2015). The first group of mineral
veins (G veins) represents bedding-parallel calcite shear veins that
record a top-to-the-NW sense of shear indicating contraction
within the flysch units consistent with Alpine shortening direc-
tions. G, veins are folded together with bedding planes, which indi-
cates that these veins formed before folding (Fig. 2a, b). The second
and third groups of mineral veins (G, and Gj veins) comprise
quartz-calcite veins, which cross-cut G; veins and folds, and that
show a mutually cross-cutting relationship with the pressure-sol-
ution cleavage, that is, the veins cross-cut the cleavage, but are
overprinted by ongoing pressure solution (Fig. 2c-e). G, veins
form irregular-shaped lenses that can be several decimetres thick
and a few metres long, and often comprise centimetre-sized clasts
of brecciated host rock. In comparison, G; veins form steeply dip-
ping extension fractures that can be several metres long, but are
typically thinner than G, veins and do not include large clasts
of brecciated host rocks. Both G, and Gj veins record brief phases
of dilation and extension within the IFUs (Dielforder et al. 2015).
Samples of G;, G, and G; veins were taken from a c. 300 m thick
marl unit (Globotruncana marl) with a stratigraphic age of
Santonian to Campanian (c. 86-72 Ma; Lihou, 19964). The marl-
stone has a relatively homogeneous composition, although the car-
bonate content varies locally. In addition to G, to G; veins, we
sampled calcite veins that are structurally linked to folding of
the Globotruncana marl. The veins formed in the hinges of isocli-
nal folds and represent mineralized tension gashes that formed
during the final stages of folding (Fig. 2f).

2.b.2. Imbrication of the Ultrahelvetic and South-Helvetic flysch
units

The tectonic contacts between the flysch units represent the imbri-
cate thrust faults that were active during accretion (Fig. 1c). The
contact between the Ultrahelvetic and the South-Helvetic flysch
units is exposed in the central part of the study area, where
Ultrahelvetic sandstones are thrust on top of South-Helvetic marl-
stones (Figs 1c, 3a). The sandstones have a Maastrichtian to
Thanetian stratigraphic age (c. 72-56 Ma), while the marlstones
have a Lutetian to Priabonian stratigraphic age (c. 48-34 Ma)
(Lihou, 1995, 19964). At the sampling site, the fault plane is defined
by a cataclasite that is a few millimetres to centimetres thick.
Calcite extension veins occur sporadically directly above the thrust
plane, that is, within the lowermost 10 to 20 cm of the hanging wall
(Fig. 3b). The veins contain fragments of the cataclasite suggesting
that they formed during the activity of the imbricate thrust fault.
We further documented steep-dipping calcite extension veins
within the uppermost 10 to 15m of the footwall, which can be
some metres long and several centimetres thick (Fig. 3¢, d).
Some of the extension veins are cut by small thrust faults. The fault
planes of these thrusts are partially mineralized by calcite and show
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a cataclastic reworking of bedding planes, similar to the imbricate
thrust. The structural relationship between these smaller thrusts,
the calcite extension veins and the imbricate thrust fault is, however,
not evident in the field. To better constrain the sequence of forma-
tion of these structures, we sampled all kinds of mineralization, com-
prising the calcite veins from the foot- and hanging wall, as well as
the mineralization on the thrust fault surfaces. We further sampled
G; calcite shear veins and G; quartz-calcite extension veins, as well
as mineralized fissures (that is, open fractures that are only partially
mineralized and exhibit euhedral quartz and calcite crystals; Fig. 3e)
from the footwall of the imbricate thrust.

2.b.3. South-Helvetic thrust slice

Thrust slices of South-Helvetic flysch occur in the northernmost
part of the study area (Fig. 1a, c). These slices are only a few tens
of metres thick and tectonically isolated from the South-Helvetic
flysch unit in the central and southern parts of the study area.
Peak metamorphic temperatures in the thrust slices reached only
180 -160°C (Rahn et al. 1995), which indicates that the slices must
have been cut off and thrust towards the north before peak temper-
atures of ¢. 300 °C were reached in the south. We documented one
outcrop within intensively sheared South-Helvetic marlstones of
Lutetian to Priabonian age (c. 48-34 Ma) near the village of
Weesen (Figs 1a, 4). The marls are thrust on top of shallow marine
Molasse sediments of Rupelian age (c. 34-28 Ma, lower marine
Molasse) and tectonically overlain by Helvetic carbonates of
Cenomanian to Turonian age (c. 100-90 Ma). Shearing in the
marls is recorded by closely spaced anastomosing shear bands that
define an intense foliation, which is steeply inclined at present
(c. 90°; Fig. 4d). Moreover, the marls contain a set of calcite shear
veins that formed at a low angle to the foliation (Fig. 4a, d). The veins
indicate a sinistral sense of shear and often dip either steeply to the
NW or to the SE, which suggests that they represent a set of synthetic
Riedel shears. Shear planes within the veins show a tectonic lineation
that records former top-to-the-NW thrusting (Dielforder et al.
2016) (Fig. 4b). The sheared marlstones further show a typical
block-in-matrix fabric, comprising isolated centimetre- to metre-
sized intraformational boudins that float within the marlstone
matrix (Fig. 4¢, d). Some of the boudins are dissected by extensional
calcite veins, which formed approximately perpendicular to the
shear fabric of the matrix, but are restricted to the boudins. We
sampled the calcite shear veins and the extensional veins.

2.b.4. Thrust faulting in the North-Helvetic flysch unit

In the southern part of the study area, the North-Helvetic flysch unit is
locally faulted by thrust faults that are hundreds of metres long and
have displacements of a few tens of metres. Thrusting was to the NW
(Fig. 5). In contrast to the imbricate thrust fault described above
(Section 2.b.2), the hanging wall of these thrusts is intensively frac-
tured in the lowermost 2 to 3 m and exhibits a dense network of exten-
sion veins, comprising quartz, calcite and minor amounts of chlorite
and white mica. The veins overprint well-compacted and cemented
host rocks (turbidites), and we interpret them to have formed during
the activity of the thrusts (Fig. 5a, b). The veins are locally overprinted
by a set of mineralized fissures that formed at a high angle to the
extension veins and comprise euhedral quartz and calcite crystals
(Fig. 5a, ). We sampled the extension veins and mineralized fissures.

3. Methods

Samples of mineral veins were cleaned, trimmed of weathered sur-
faces and cut into small blocks. These blocks were crushed, washed
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' Folded bedding

W s

Fig. 2. Examples of mineral veins sampled in the Globotruncana marl of the Ultrahelvetic flysch unit. (a, b) Bedding-parallel G, calcite shear veins. G, veins were folded together
with bedding. (c) G, quartz-calcite vein. The vein contains large clasts of brecciated host rock. (d, ) Gs quartz-calcite extension veins. Gz veins overprint G, veins and the cleavage.
(f) Mineralized tension gashes within fold hinges. The tension gashes record a brittle overprint of the folds. Sampling sites: 46.890° N, 9.153° E and 46.874° N, 9.126° E.

and sieved. The 125-250 pm grain fraction was immersed in etha-
nol and c. 100-200 mg of calcite were handpicked under a stereo-
microscope. Special care was taken to pick only calcite grains that
were devoid of inclusions of host-rock fragments and minerals,
such as white mica or chlorite. We further avoided ‘sugar-like’
agglomerations of fine-grained calcite crystals, as these agglomer-
ates most likely comprise recrystallized calcite. The picked grains
were washed in Milli-Q water, cleaned in an ultrasonic bath and
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dried at room temperature overnight. All calcite samples were dis-
solved in 1 M HCL

Sr isotope measurements were performed using a TRITON Plus
thermal ionization mass spectrometer (TIMS) (Thermo-Fisher) at
the mass spectrometer facility of the Institute of Geological
Sciences at the University of Bern. The samples were loaded on rhe-
nium ribbon single filaments in combination with a Ta,Os activator.
The measurement commenced when a signal intensity of 5 V on mass
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Fig. 3. (a) Tectonic contact between Ultrahelvetic flysch (hanging wall) and South-Helvetic flysch (footwall). (b) Example of calcite extension veins formed in the direct hanging
wall of the imbricate thrust fault shown in (a). The veins contain fragments of a cataclasite that formed along the imbricate thrust. (c) Example of small thrusts cross-cutting calcite
extension veins in the footwall of the imbricate thrust. (d) Example of steep calcite extension veins in the footwall. (e) Mineralized fissure with euhedral quartz and calcite crystals.

Sampling site: 46.9597° N, 9.1881°E.

88 was achieved. The ¥7Sr/*Sr ratios of the samples were normalized
to a 36Sr/%Sr ratio of 0.1194 (Nier, 1938) using the exponential frac-
tionation law. Samples were also corrected for the offset between the
measured Sr/%Sr value of SRM987 of the individual session and the
87Sr/36Sr ratio of 0.71024 (Veizer et al. 1999). The external reproduc-
ibility (2 s.d.) estimated from the replicate analysis of the standard is
+0.00005 and is taken as uncertainty on the ¥Sr/%Sr ratios.

4, Results

The 7Sr/36Sr ratios obtained for the vein carbonates are illustrated in
Figure 6 and listed in online Supplementary Material Table S1.
Overall, the 8’Sr/%Sr ratios fall within the range of c¢. 0.7075 to
0.7095 (n=284). In the following, we report the Sr/%Sr values
obtained for the individual study sites. Note that the ¥Sr/%Sr ratios
of Gy, G, and G; veins in the Ultrahelvetic flysch units were originally
reported by Dielforder et al. (2015) and are replicated here for
convenience.
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Ultrahelvetic Flysch Unit (Fig. 6a). The ¥Sr/*Sr ratios of vein
carbonate from G, calcite shear veins range between 0.7075 and
0.7079 (n=13). For comparison, the vein carbonates from G,
and G; quartz-calcite veins show more radiogenic #Sr/*Sr ratios
of 0.7080-0.7086 (n=12) and 0.7081-0.7089 (n=12), respec-
tively. The vein carbonates of tension gashes preserved in the
hinges of folds have 87Sr/%6Sr ratios between 0.7082 and 0.7086 (n
=4), and overlap with the values obtained for G, and Gj; veins.

Imbricate Thrust Fault (Fig. 6b). The vein carbonates from the
calcite extension veins in the hanging wall directly above the imbri-
cate thrust fault have 8Sr/%Sr ratios that fall within a narrow range
of 0.7082 to 0.7083 (n =4). Similar values of ¢. 0.7082 to 0.7083
were obtained for the calcite extension veins (1 = 2) and the small
thrusts in the footwall (n = 2), respectively. For comparison, the G,
calcite shear veins in the footwall show slightly lower 87Sr/%¢Sr
ratios of 0.7080-0.7081 (n = 2), while the G; quartz-calcite veins
have more radiogenic ¥Sr/%Sr values of 0.7084-0.7086 (n=3).
Finally, calcite crystals from the fissures preserved in the footwall
show ¥Sr/*Sr ratios of 0.7091 to 0.7095 (n = 3).
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Fig. 4. South-Helvetic thrust slice exposed in northernmost part of the study area. (a) The marl is intensively sheared and comprises long shear veins.
(b) Striations (c. 130]45) on shear surfaces indicate top-to-NW shearing (cf. Dielforder et al. 2016). (c, d) Examples of boudins dissected by calcite extension veins. Sampling site:

47.1407° N, 9.1073°E.

! Hngng

" Northhelvetic
sandstones
e, IR

% A = b
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. overprinted by
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shales .

Fig. 5. (a) Thrust fault in North-Helvetic flysch. The hanging wall of the thrust is intensively fractured. The mineral veins comprise quartz, calcite and minor amounts of chlorite
and white mica. (b) Detail of mineral veins within the hanging wall of the thrust shown in (a). The veins overprint well-compacted and foliated rocks. (c) Detail of retrograde fissure

overprinting the fault structure and related extension veins. Sampling site: 46.8877° N, 9.1273°E.
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Sindern (2005). 87Sr/e6Sr

South-Helvetic Thrust Slice (Fig. 6¢). The vein carbonates from
the shear veins in the marlstone matrix have 37Sr/%Sr ratios that
fall within a narrow range of 0.7082 to 0.7083 (n = 15). Similar val-
ues of ¢. 0.7082 to 0.7084 were obtained for the extension veins
from the boudins (n = 7).

Thrust Fault, North-Helvetic Flysch (Fig. 6d). The vein carbon-
ates from the extension veins in the hanging wall directly above the
thrust fault have 87Sr/%6Sr ratios between 0.7083 and 0.7086 (n = 3).
Slightly higher values of c. 0.7087 were obtained for the fissures
overprinting the extension veins (n = 2).

5. Discussion

Figure 6 shows the #Sr/36Sr ratios of vein carbonate together with
the 87Sr/%0Sr ratio of seawater (McArthur et al. 2001) at the time of
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sediment deposition and the %Sr/%Sr ratios of samples of
Ultrahelvetic and North-Helvetic host rocks. The host-rock values
are compiled from the literature and back-calculated to 25 Ma, that
is, the approximate time of metamorphism in the IFUs (Hunziker
et al. 1986; Hilgers & Sindern, 2005; Dielforder et al. 2015; Akker
et al. 2021b). The host-rock values are listed in online Supplementary
Material Table S2. Overall, the #Sr/%Sr ratios of vein carbonate plot
between the seawater values and the host-rock values. In more detail,
we find that the Sr/*Sr ratios of vein carbonate correlate with the
relative age of the mineral veins, where more radiogenic isotope ratios
tend to be associated with mineral veins that formed at a later stage of
the structural evolution. This relationship is best expressed by the Sr
isotope systematics of the G; to G; veins and mineralized fissures, as
discussed in the following section. The 8Sr/%6Sr ratios of all other vein
carbonates are subsequently discussed in Section 5.b below.
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5.a. Strontium isotope ratios and pore fluid evolution

G; veins formed during the earliest structural evolution of the IFUs
and are overprinted by all other structural elements, including
folds, the pressure-solution cleavage and other mineral veins
(Dielforder et al. 2015, 2016) (Fig. 2a, b, d). The Sr isotope ratios
of G; veins are the lowest ratios obtained for all samples and gen-
erally closest to the Sr isotope ratios of seawater at the time of sedi-
ment deposition (Fig. 6a, b). For the Ultrahelvetic flysch unit, the
87Sr/36Sr ratios of G, veins partly overlap with the seawater values.
By comparison, G, and G; veins formed after G; veins and show
more radiogenic ¥Sr/%Sr ratios that range between the values of
G; veins and the host rocks (Fig. 6a). Finally, we find that the min-
eralized fissures, which record the latest stages of vein formation in
the IFUs, show the most radiogenic ¥Sr/%Sr ratios of all vein car-
bonates. In detail, the three fissures sampled in the footwall of the
imbricate thrust fault that emplaced the Ultrahelvetic flysch on
the South-Helvetic flysch show ¥Sr/®Sr ratios that overlap with
the range of host-rock values and are distinctly higher than the val-
ues of nearby G; veins (Fig. 6b). Similarly, the 8Sr/%Sr ratios of the
two fissures sampled along the thrust fault in the North-Helvetic
flysch show the highest values obtained for this outcrop (Fig. 6d).
Taken together, the Sr isotope ratios of G, to G veins and miner-
alized fissures indicate an overall increase in 87Sr/%Sr ratios of vein
carbonate with the structural evolution of the IFUs, from a sea-
water-like signature towards the signature of the host rock. We
interpret this trend to reflect the diagenetic to metamorphic evo-
lution of pore fluids within the IFUs, as outlined in the following.

The IFUs were deposited on the rifted continental margin of
Europe and consisted of biogenic marine carbonates and terrig-
enous sediments comprising quartz, micas, clays, alkali-feldspars
and plagioclase (Frey, 1988; Tarantola et al. 2007, 2009;
Dielforder et al. 2015; Mullis et al. 2017; Akker et al. 2021b). At
the time of sedimentation, the initial pore fluid derived from sea-
water and thus had a similar 8Sr/3Sr ratio. Likewise, the carbon-
ates consisting of skeletal remnants of marine organisms had a Sr
isotopic composition similar to the one of contemporaneous sea-
water (Milliman, 1974; Dielforder et al. 2015; El Meknassi et al.
2018). In contrast, the terrigenous components had a Sr isotopic
composition that was on average more radiogenic than the one
of seawater (Fig. 6e). Accordingly, the bulk Sr isotopic composition
of the flysch sediments varies with the carbonate and silicate
content, such that marlstones show less radiogenic Sr ratios than
siltstones and shales (Fig. 6e). We further find that the range of
87Sr/%6Sr ratios is similar for Ultrahelvetic and North-Helvetic silt-
stones and shales, which suggests that the Sr isotopic signature of
the terrigenous components remained similar throughout the dep-
osition of the three flysch units. In more detail, the Sr isotopic com-
position of the terrigenous components will have differed for the
individual mineral phases. In particular, rubidium-bearing sili-
cates, such as alkali-feldspars, illite, muscovite or biotite, inherited
from old continental crust typically contain radiogenic Sr, due to
the beta decay of Rb to ¥Sr (McLennan et al. 1990; Clauer &
Chaudhuri, 1995). Thus, the elevated 87Sr/%Sr ratios of the host
rocks should mainly come from the sheet silicates and feldspars.
In summary, the initial pore fluid was not in isotopic equilibrium
with the bulk sediments after the deposition of the IFUs.

With the onset of diagenesis and related sediment alteration,
the pore fluid in the IFUs evolved. Microstructural observations
from the IFUs indicate that the earliest tectonic deformation
affected soft sediments, which suggests that diagenesis occurred
mainly syntectonically during incorporation of the flysch units into
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the Alpine wedge (Dielforder et al. 2016). The early diagenetic
alteration of calcareous sediments includes the recrystallization
of biogenic calcite to secondary calcite (Milliman, 1974;
Elderfield et al. 1982). Carbonate diagenesis typically takes place
at temperatures below 100 °C and involves the release of Sr into
the pore fluid from the biogenic carbonates, whose Sr concentra-
tion is one to three orders of magnitude higher than in seawater
(Richter & Liang, 1993; Fantle & DePaolo, 2006; Voigt et al.
2015). The Sr release buffers the isotopic composition of the pore
fluid during carbonate diagenesis. We therefore suggest that the
seawater-like 37Sr/%6Sr ratios of G, veins record a formation of
these veins during carbonate diagenesis and early tectonic burial.

Another early diagenetic process is the transformation of smec-
tite to illite, which occurs between 80 and 150 °C in most geological
settings (Pytte & Reynolds, 1989; Awwiller, 1993; Moore & Saffer,
2001). Although young authigenic smectites may lack relevant
amounts of radiogenic ¥Sr, the smectite-to-illite transformation
is accompanied by alkali-feldspar albitization, which releases Sr
with elevated ¥Sr/%Sr ratios into the pore fluid (Awwiller, 1993;
Baccar et al. 1993; Clauer et al. 2020). Additionally, the recrystal-
lization of detrital mixed-layer illite-smectite is likely to release
more ¥Sr into the pore fluid. We therefore expect that the Sr iso-
topic signature of the pore fluid becomes more radiogenic during
the smectite-to-illite transformation. It remains difficult to quan-
tify the change in Sr isotopic composition, which would require
detailed information on fluid volumes, fluid fluxes, Sr concentra-
tions and isotope ratios, but the process may be constrained for the
IFUs by the following considerations. First, sediment compaction
within the upper 4 to 5km of accretionary wedges results in a
strong reduction in porosity and expulsion of pore fluids (e.g.
Wang, 1994; Moore & Saffer, 2001). Dielforder et al. (2016) mod-
elled the compaction and diagenetic fluid release for the IFUs and
found that the smectite-to-illite transformation occurred after the
main compaction of the sediments, when much of the initial pore
fluid was already expelled. This suggests that the smectite-to-illite
transformation and related fluid liberation resulted in a substantial
alteration of the initial pore fluid. Second, the formation temper-
atures of G, and Gj quartz-calcite veins from the Ultrahelvetic
flysch unit have been previously constrained by oxygen isotope
thermometry to ¢. 210-290 °C (Dielforder et al. 2015) (Fig. 7).
Thus, the quartz-calcite veins formed after the smectite-to-illite
transformation, which suggests that vein carbonates with 8 Sr/
86Sr ratios lower than those of G, and Gj veins but higher than
those for seawater reflect the approximate Sr isotopic signature
of the pore fluid during illitization.

After the smectite-to-illite transformation, the Sr isotopic com-
position of the pore fluid continued to develop towards the signa-
ture of the host rock, as illustrated by the #Sr/%Sr ratios of G, and
Gj; veins from the Ultrahelvetic flysch unit, which increase with the
vein formation temperature (Dielforder et al. 2015) (Fig. 7). This
development towards more radiogenic values could in principle
reflect two processes: the release of Sr into the pore fluid due to
continuous recrystallization of minerals (e.g. Glodny et al. 2008),
and temperature-dependent diffusion of Sr (e.g. Dodson, 1973).
Because of the high Ar and Sr retentivity of micas (Villa, 1998)
and because the dissolution-reprecipitation rate at 200 °C is
around ten orders of magnitude faster than volume diffusion
(Villa, 2016), we are forced to conclude that the increase in the
878r/%Sr ratios was not primarily controlled by Sr diffusion. In con-
trast, the recrystallization of micas at low-grade metamorphic con-
ditions is well documented also for the flysch units. Akker et al.
(20214, b) showed that the development of the pressure-solution
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87Sr/%8Sr ratios of G, and G veins from the Ultrahelvetic flysch unit and the formation
temperature of these veins as constrained by oxygen isotope thermometry (data from
Dielforder et al. 2015). R is the correlation coefficient. The range of 87Sr/®¢Sr ratios
obtained for nearby tension gashes overlaps with the values of G, and G3 veins, which
suggests an approximate formation temperature of 230-260 °C for the tension gashes
as indicated by dashed lines. See Section 5.b.1 for details.

cleavage in the IFUs at temperatures above 230 °C involved the
partial recrystallization of white micas. Tarantola et al. (2007,
2009) documented the chloritization of detrital biotites in the
North-Helvetic flysch at temperatures of c. 270 °C. After the smec-
tite-illite transformation and temperatures above 200 °C, illite is
successively transformed into muscovite (Hunziker et al. 1986;
van de Kamp, 2008). We therefore argue that the increase in
87Sr/86Sr ratios primarily reflects a release of 3Sr into the pore fluid
due to the recrystallization of minerals and associated mass trans-
fer processes.

Taken together, the diagenetic and low-grade metamorphic
processes discussed above contributed to the Sr isotopic equili-
bration of the flysch units. Recently, Akker et al. (2021b) evalu-
ated the grain-size dependent isotopic resetting of the K-Ar
system for white micas from the IFUs and found that the system
is only partially reset, except for the southernmost part of the
study area (Tp.x & 330°C), where the grain-size fraction of
<0.8 um is nearly reset. We therefore propose that the Rb-Sr
system was also only partially reset and that the late-stage Sr iso-
topic evolution of the pore fluid was dominated by the interac-
tion with silicates rather than with the bulk rock, which would
have required a higher metamorphic grade and full recrystalli-
zation of the sediments. Independently, the bulk Sr isotopic evo-
lution of the pore fluid reflects the progressive isotopic
equilibration and is recorded by the vein carbonates. It is impor-
tant to note that the pore fluid evolution was not synchronous
within the different flysch units, as the flysch units were accreted
successively to the Alpine wedge (that is, the Ultrahelvetic flysch
unit was already accreted and experienced syntectonic diagen-
esis, while the North-Helvetic flysch was still being deposited in
the foreland basin). Moreover, the detailed Sr isotopic evolution
will have varied between the units and on smaller spatial scales,
owing to differences in the initial Sr isotopic composition of sea-
water and sediments (Fig. 6). The absolute #Sr/%Sr values of vein
carbonates from different units can therefore not be directly com-
pared. Likewise, small differences in the ¥Sr/%Sr ratio of nearby
mineral veins do not necessarily reflect the sequence of vein forma-
tion, as evident from the scatter in Figure 7. Independent of these
restrictions, the overall Sr isotope systematics of the vein carbon-
ates allow us to constrain the approximate diagenetic to low-grade
metamorphic conditions of vein formation and can therefore allow
a better understanding of aspects of the structural and tectonic evo-
lution, as discussed in the following section.
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5.b. Implications for the structural and tectonic evolution of
the Infrahelvetic flysch units

In addition to the G; to G; veins and mineralized fissures discussed
in the previous section, we sampled mineral veins that relate to dis-
tinct structural and tectonic features (Section 2.b above) and help
to understand their genesis and sequence of formation.

5.b.1. Folding

The tension gashes in the hinge zone of isoclinal folds in the
Ultrahelvetic flysch unit document a brittle overprint of the folds
and thus formed after or during the latest stage of folding. The vein
carbonates from the tension gashes have 87Sr/%Sr ratios that over-
lap with Sr ratios of nearby G, and G; veins, which indicates that
the gashes and veins formed at similar diagenetic-metamorphic
conditions (Fig. 6a). In addition, the ¥Sr/%Sr ratios of the G,
and G; veins exhibit a strong positive correlation with the vein for-
mation temperatures and increase from c. 0.7080 and 210 °C to c.
0.7089 and 290 °C (Dielforder et al. 2015) (Fig. 7). Transferred to
the #7Sr/3%Sr ratios obtained for the tension gashes, this correlation
between the Sr ratios and temperature suggests that the tension
gashes formed at ¢. 230-260 °C (Fig. 7). This finding is consistent
with the structural constraints, which indicate that folding in the
IFUs initiated during the early structural evolution and at temper-
atures below 160 °C, and that the folds were subsequently tightened
and overprinted by the pressure-solution cleavage, which mainly
developed above 230°C (Dielforder et al. 2016). Instead, the
classical interpretation was that folding and cleavage development
in the IFUs represent one (and the main) deformation event (e.g.
Schmid, 1975; Milnes & Pfiffner, 1977).

5.b.2. Imbricate thrusting

The calcite extension veins that formed in the immediate hanging
wall of the imbricate thrust emplacing the Ultrahelvetic flysch on
the South-Helvetic flysch have similar 8Sr/36Sr ratios as the vein
carbonate from the extension vein and the small thrusts in the foot-
wall of the imbricate fault (Fig. 6b). This relationship suggests that
the structures formed at similar times and that the small thrusts
may represent splays from the main fault. Likewise, the calcite
extension veins in the footwall may record damage in the sur-
rounding of the imbricate thrust. Notably, all ¥Sr/%Sr ratios of
vein carbonate related to imbrication are more radiogenic than
the Sr ratios of nearby G; veins, which suggests that the G; veins
record shearing before imbrication (Fig. 6b). Moreover, the ¥ Sr/
86Sr ratios are distinctly more radiogenic than seawater at the time
of sedimentation (note that the seawater values are similar for the
sediments in the hanging wall and footwall despite their different
ages; Fig. 6b), but less radiogenic than the 8Sr/%Sr ratios of nearby
G; quartz-calcite veins and mineralized fissures. Thus, the Sr ratios
suggest that the imbrication of the units occurred at ¢. 100-150 °C,
that is, after carbonate diagenesis but before quartz cementation,
which typically becomes active in accretionary settings at 150-
200 °C (e.g. Moore et al. 2007). This temperature constraint is con-
sistent with the cataclasis along the thrust faults and the off-fault
damage, which both suggest that the rocks were already consoli-
dated and had some elastic strength during faulting (e.g. Sibson,
1977; Fagereng & Toy, 2011).

5.b.3. South-Helvetic thrust slice

Vein carbonates from the South-Helvetic thrust slice preserved in
the northernmost part of the study area document similar 8Sr/%Sr
ratios for the calcite shear veins and the calcite extension veins
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dissecting the boudins (Fig. 6¢c). We interpret these Sr ratios to
indicate that the shearing and formation of the tectonic mélange
occurred simultaneously and was related to the transport of the
thrust slice, which agrees with concepts for mélange formation
within shear zones (Remitti et al. 2007; Fagereng & Sibson,
2010; Festa et al. 2010). Interestingly, the veins in the South-
Helvetic thrust slice have similar Sr ratios to vein carbonates
related to imbricate thrusting at the Ultrahelvetic flysch -
South-Helvetic flysch contact. As the sediments in the thrust slice
have a similar age and composition to the sediments in the footwall
of the imbricate thrust (Lihou, 1995, 1996a), we expect that the
pore fluid evolution was similar for both localities. The similarity
in the Sr ratios therefore suggests that both imbricate thrusting and
the tectonic transport of the South-Helvetic thrust slice occurred at
diagenetic conditions, which is consistent with the peak tempera-
tures of ¢. 160-180 °C inferred for the South-Helvetic thrust slice
(Rahn et al. 1995).

5.b.4. Late-stage thrust faulting

Vein carbonates from the thrust fault in the North-Helvetic flysch
show elevated #Sr/%Sr ratios (Fig. 6d). In detail, the Sr ratios of the
mineralized fissures are slightly more radiogenic than the Sr ratios
of the quartz-calcite extension veins that are overprinted by the fis-
sures, which is consistent with the general pore fluid evolution
towards a more radiogenic signature. The radiogenic signature
of the vein carbonates suggests that the thrust was active at or close
to peak metamorphic conditions, which would be consistent with
structural constraints indicating that the thrust overprints well-
compacted and foliated rocks (Dielforder et al. 2016). The
intriguing aspect of this activity is that the thrust documents
late-stage frictional faulting in the North-Helvetic flysch. The
activity of the thrust may therefore be related to the relocation
of the deformation into the crystalline basement of the Aar massif
and faulting near the basement-cover contact (Pfiffner, 1986;
Nibourel et al. 2021) (Fig. 1). In this case, thrust faulting took place
during the earliest retrograde evolution of the IFUs and was poten-
tially related to the early doming and exhumation of the Aar
massif.

5.c. External fluids

We interpret the trend in the 8Sr/%Sr ratios of vein carbonates to
document the diagenetic to metamorphic evolution of the pore
fluid due to local fluid-rock interaction. This pore fluid evolution
could have been disturbed by an influx of external fluids with a dif-
ferent Sr isotopic composition.

In fold-and-thrust belts and accretionary wedges, external flu-
ids can migrate along major faults, including the decollement or
megathrust, and major splay faults such as imbricate or out-of-
sequence thrusts (McCaig et al. 1995; Machel et al. 1996; Travé
et al. 1997; Lauer & Saffer, 2015; Cerchiari et al. 2020). Fluid flow
along the Glarus thrust has been studied by means of radiogenic Sr
isotope and stable isotope (8'°C, 8'%0) systematics (Burkhard et al.
1992; Abart et al. 2002; Badertscher et al. 2002). These studies
inferred a syntectonic flow of external, basement-derived meta-
morphic fluids along the Glarus thrust for the southernmost part
of the study area, where the thrust overlies Mesozoic marine car-
bonates. The metamorphic fluid has been related to high 87Sr/%¢Sr
ratios of >0.71 recorded in calcmylonites that formed along the
thrust plane. In addition, fluid infiltration into the uppermost
metres of the footwall caused significant *O depletion in the
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limestones. In contrast, where the Glarus thrust overlies flysch
sediments, fluid flow along the thrust was found to be consistent
with fluids sourced from the flysch units, suggesting that there was
a net flux of fluids from the flysch towards the Glarus thrust
(Burkhard et al. 1992; Abart et al. 2002; Badertscher et al.
2002). This finding is consistent with the stable isotope systematics
of calcite cements and vein carbonates from the Ultrahelvetic
flysch unit, which indicate that the calcite cements bear a marine
equilibrated stable isotope signature, and that the vein carbonates
precipitated from a local, rock-buffered fluid (Dielforder et al.
2015). It has been further shown that the deuterium isotope values
of fluid inclusions in quartz from mineralized fissures from the
North-Helvetic flysch unit are in equilibrium with sheet silicates
of the host rocks and that the fluid inclusions contain locally
sourced methane (Tarantola et al. 2007; Mangenot et al. 2021)
These findings also indicate vein precipitation from a rock-buf-
fered fluid. We therefore suppose that the 8Sr/3Sr ratios of vein
carbonates reported in this study do not record external fluids that
infiltrated from the Glarus thrust into the flysch units.

The imbricate thrust emplacing the Ultrahelvetic flysch on the
South-Helvetic flysch likely rooted in the decollement and may
have channelled diagenetic to metamorphic fluids migrating
upwards along the basal fault (e.g. Machel et al. 1996; Lauer &
Saffer, 2015; Cerchiari et al. 2020). The %7Sr/%Sr ratios of vein car-
bonates related to imbricate thrusting are much less radiogenic
than the values obtained, for example, by Burkhard et al. (1992)
for the calcmylonites. We therefore exclude that the imbricate
thrust channelled relevant amounts of metamorphic fluids. On
the other hand, migrating diagenetic fluids may have had Sr ratios
similar to the one recorded in the vein carbonates, as the decolle-
ment was located within flysch sediments of similar composition
and stratigraphic age (Pfiffner, 1986). We can therefore not exclude
the migration of nearby diagenetic fluids along the imbricate
thrust. Independently, the general increase towards more radio-
genic Sr ratios documented by the different vein generations that
formed before (G, veins) and after imbricate thrusting (G; veins,
fissures) would still reflect the overall diagenetic to metamorphic
evolution of the pore fluid, similar to the development in the
Ultrahelvetic flysch.

The thrust slice of South-Helvetic marls in the northern part of
the study area is tectonically intercalated between Oligocene
Molasse sediments and Upper Cretaceous marine limestones, pro-
viding both units as potential sources for external fluids. Fluids
derived from the Cretaceous limestones in the hanging wall must
be expected to show &’Sr/%Sr ratios close to the one of contempo-
raneous seawater, that is, c. 0.7073-0.7074 (McArthur et al. 2001).
The values are significantly lower than for contemporaneous sea-
water of the South-Helvetic marls (Fig. 6¢). A significant influx of
fluids from the Cretaceous limestone should therefore result in low
87Sr/36Sr ratios, which is not recorded in the Sr isotopes of the min-
eral veins. We therefore exclude the limestones as the fluid source.
In contrast, the 8Sr/3Sr ratios of seawater during the deposition of
the shallow marine Molasse sediments are only slightly higher and
partly overlap with the one for the South-Helvetic marls (Fig. 6c).
An influx of diagenetic fluids from the Molasse sediments may
therefore be difficult to detect in the Sr ratios of vein carbonates.
However, the shearing and mélange formation should have mainly
occurred during the tectonic transport of the thrust slice and before
its emplacement on the Molasse sediments. We therefore exclude
fluids expelled from the Molasse as a relevant source for the vein
carbonates.
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Fig. 8. Diagram illustrating the Sr isotopic evolution of pore fluids in the Ultrahelvetic
flysch and South-Helvetic flysch units. The increase from the seawater-like signature
towards more radiogenic values is interpreted to relate to diagenetic and metamorphic
processes, including carbonate diagenesis, smectite-to-illite transformation, alkali-feld-
spar albitization, illite-to-muscovite transformation and recrystallization (recryst.) of
detrital white mica and biotite. See Sections 5.a and 6 for details.

6. Summary and conclusions

The ¥Sr/%Sr ratios of vein carbonates from the IFUs indicate a
consistent increase from a seawater-like signature recorded by
early veins towards the signature of the host rock recorded by late
veins. We interpret these values as tracing the bulk diagenetic to
low-grade metamorphic pore fluid evolution, which was governed
by carbonate diagenesis (<100 °C), the smectite-to-illite transfor-
mation and alkali-feldspar albitization (c. 80-150°C), and the
progressive recrystallization of sheet silicates (>200 °C). Figure 8
shows the inferred pore fluid evolution for the Ultrahelvetic and
South-Helvetic flysch units as a function of temperature and dia-
genetic-metamorphic processes. Notably, the trends for the flysch
units are not identical, which most likely reflects differences in sea-
water signature and sedimentological composition. Independently
from this variation, the bulk pore fluid evolution appears to be
unaffected by the influx of external metamorphic fluids. A local
mixture of diagenetic fluids with similar #Sr/*Sr ratios, for exam-
ple, during imbricate thrusting, can, however, not be excluded.
Our analysis shows that the Sr isotope systematics of vein car-
bonates sampled along a 30 km long transect and from a variety of
outcrops, rock units and structures can provide consistent infor-
mation that helps to understand the evolution of the thrust belt
and the sequence of formation of distinct deformation structures,
which was not sufficiently clear from field observations. In particu-
lar, our findings indicate that the emplacement of the Ultrahelvetic
flysch onto the South-Helvetic flysch as well as the transport of the
South-Helvetic thrust slice and related mélange formation
occurred at diagenetic conditions of ¢. 100-150 °C. This suggests
that the Ultrahelvetic and South-Helvetic flysch units were first
underthrust and then accreted to the base of the wedge at some
kilometres depth (Fig. 9a). Shearing during underthrusting is prob-
ably recorded by G; calcite shear veins that document a less-
evolved fluid than the veins related to imbricate thrusting. After
or during imbrication, slices of South-Helvetic flysch were dis-
placed towards the foreland, probably by dragging the slices along
the Penninic basal thrust that accommodated the underthrusting
of the European continental margin until early Miocene time (e.g.
Cardello et al. 2019). Out-of-sequence thrusting along the Glarus
thrust and the related emplacement of the Helvetic nappes on top
of the IFUs resulted in peak metamorphic conditions (Fig. 9b). At
this time, the flysch units were already folded and the folds expe-
rienced a late-stage brittle overprint, as indicated by the tension
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Fig. 9. Schematic cross-section illustrating the (a) diagenetic to (b) metamorphic
evolution of the Infrahelvetic flysch units during the Alpine orogeny. LFM - Lower
Freshwater Molasse; LMM - Lower Marine Molasse; NHF - North-Helvetic flysch;
SHF - South-Helvetic flysch; UHF - Ultrahelvetic flysch. The blue arrows indicate fluid
flow; the blue spirals indicate internal fluid evolution. Based on Burkhard et al. (1992),
Dielforder et al. (2016) and Pfiffner (1986). Not to scale.

gashes. Otherwise, deformation was mainly related to the develop-
ment of the pressure-solution cleavage and the formation of
quartz-calcite veins (G, and Gs, veins, fissures). Finally, small
thrusts developed in the North-Helvetic flysch during the late pro-
grade to early retrograde evolution of the fold-and-thrust belt,
which was potentially related to incipient deformation in the
Aar massif.

Taken together, we have demonstrated that the Sr isotope sys-
tematics of vein carbonates can help to constrain the relative tim-
ing of deformation events within the tectonic and structural
evolution of a fold-and-thrust belt. Our study benefited from good
outcrop conditions and availability of data about the diagenetic to
low-grade metamorphic evolution of the thrust belt. The presented
approach may also be applicable to other thrust belts or to geologi-
cal settings, with less structural control, such as active geothermal
reservoirs or accretionary wedges. The Sr isotope systematics of
vein carbonates recovered from drill cores from such settings
may provide an easy means to disentangle deformation sequences
and to identify fluid sources.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/50016756821001357
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