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Elemental and isotopic tracing of mineral infillings from various
microstructures of a fault system into fine-grained sediments: which
interacting fluids?

Norbert Clauer' - Isabelle Techer? - Christophe Nussbaum?®

Abstract

Elemental contents and Sr isotopic data of calcite and celestite infillings from various tectonic microstructures of the so-called
“Main Fault” that occurs in the Opalinus Clay Formation (Switzerland) were used to elaborate on the geochemical impact
of this structural system on the fine-grained host sediments. The chemical data of the leachates from vein, slickenside and
gouge infillings are significantly different from those of leachates from diffuse calcite of the undeformed and of the highly
deformed Opalinus Clay rock matrix called scaly clays. For instance, the fluids flowing within the microstructural veins
and slickensides could not derive from pore waters of the host sediments, as the data show that the flowing waters diffused
from veins into the matrix. The fluid/rock interactions in the gouges were also different from those in the veins and the
slickensides, probably due to an additional pressure-solution impact in the former, complemented by a further local supply
of organics from very close sediments. The infillings of the vein and slickenside micro-features and of some scaly clays that
precipitated from bi-carbonated and/or sulfated flowing fluids yield an almost constant *’Sr/*8r ratio of 0.70774 +0.00001
(20). This constrained Sr isotopic value points to a unique homogeneous external source for the tectonic-related fluids that
were of probable marine origin, signing those of the early, but also of the late faulting event. Notably different from those
seeping presently throughout the host rocks, the initial flowing fluids were apparently related to a late-Eocene marine inva-
sion into the Delémont Basin that occurred during the contemporaneous rifting of the Rhine-Graben tectonic system. The
flowing fluids induced by the late Main-Fault system obviously used, at least, some if not most of these earlier tectonic
microstructures, as they yield the Sr isotopic signature of their infillings. The regional evolution includes then an initial
Rhine-Graben tectonic episode with fluids resulting from a flooding of the deposited sediments and into the faults of the
regional active Rhine-Graben rifting by contemporaneous seawater. These fluids precipitated precisely calcite and celestite
infillings in the microstructures induced by the rifting that remained then unaffected until the renewed tectonic activation
during the late Eocene in the Mont Terri and its fault system. This new tectonic—thermal episode created a new generation
of microstructures during the thin-skinned deformation of the Jura Belt within and around the Main Fault, in addition to
those from earlier Rhine-Graben event that already existed in the host rocks. Connections between the two generations of
veins could be observed at the wall of a new gallery in the rock laboratory. The flowing fluids involved in this late belt event
moved apparently along these newly created tectonic microstructures, as well as along older ones when accessible. This
duality allowed the preservation of the same initial Sr isotopic signature by partial dissolution of the initial infillings that
precipitated about 30 million years earlier in the initial drains of the Rhine-Graben fault system.

Keywords Tectonic veins, slickensides and gouges - Calcite and celestite infillings - Highly deformed scaly clays -
Undeformed matrix - Elemental and Sr isotopic analyses - Mont Terri Main Fault

Introduction

Deformation bands of thin shear zones have often been
B4 Norbert Clauer described as incipient tectonic structures of compacted

nclauer @unistra fr clay-rich sediments (e.g., Agar et al. 1989; Labaume et al.
1997; Dehandschutter et al. 2005; Ishii 2012). These shear




zones increase with strain, ultimately leading to the forma-
tion of clusters along fault planes (e.g., Rutter et al. 1986;
Logan et al. 1992; Haines et al. 2013). As many structural
and geochemical aspects are involved in the fabric of such
features, their combination necessarily raises debates about,
for instance, the origin and the impact of the accompanying
fluids that expectedly interacted with the host minerals. The
impact by such flowing fluids has not yet been addressed
as often in faulting systems as it deserves: for instance, a
very recent review by Steele-Macinnis and Manning (2020)
about hydrothermal fluids did not dedicate any topic to low-
metamorphic fluids related to tectonic environments. In
claystones, the potential processes involved in mechanical
interplays (e.g., Urai and Wong 1994; Ingram et al. 1997)
induce particle reorientations and pore collapses in the fault
volume (Morgenstern and Tchalenko 1967; Milliken and
Reed 2010), as well as grain-size reduction (Bos and Spiers
2001; Mitra and Ismat 2001), grain-boundary sliding and
mineral alterations (Warr and Cox 2001; Buatier et al. 2012).
These are just a few of many processes that may explain
microscopic features in shear zones. However, geochemical
interpretations of such shear zones to explain the structures
and processes involved remain limited, probably because of
difficulties to collect pristine samples of fault systems with
accurate descriptions (e.g., Schleicher et al. 2006; Sassev-
ille et al. 2008). Indeed, successful separation and precise
identification of very small crystals as structural infillings
of tectonic micro-features remain challenging, especially
when the microstructural veins or the gouges are of cen-
timeter to millimeter sizes (e.g., Vrolijk and van der Pluijm
1999; Laurich et al. 2014). Also, samples of thin shear zones
contain usually myriads of slickensides with smooth and
shiny striated surfaces (sensu Passchier 2005) in combina-
tions close to those often described in various rock types
(Tjia 1964; Gay 1970; Means 1987; Petit and Laville 1987;
Doblas 1998) that include claystones of concern here (Gray
and Nickelsen 1989; Will and Wilson 1989; Saffer et al.
2012). The surfaces of such slickensides and the walls of
their accompanying veins are often covered by tiny minerals
that were deposited by migrating fluids, therefore containing
uscful chemical and isotopic information about these fluids.

In this context, the objectives of the present study are in a
detailed chemical examination of the mineral infillings from
microstructures induced by a thrust fault of the Swiss Jura, to
complement the physical information of the features result-
ing from their mechanical impact on the host sediments. To
do so, the interactions of fluids associated with the faulting
are evaluated by a detailed chemical description of the infill-
ings from microstructural features that were potentially used
by the migrating fluids relative to the traces of pore fluids
that diffused within the undeformed OPA matrix. In turn, the
main concern includes a detailed chemical information to
address concerns such as: (1) How does a structural system

impact the mineralogical and chemical characteristics of the
host sediments? (2) How do flowing fluids migrate during
an active tectonic period? (3) Along which tectonic (micro-)
structures did the fluids flow? (4) What can be told about the
origin(s) and nature(s) of the flowing fluids? (5) To which
extent did the interactions interfere with the host minerals
in the various microstructures in and around the fault? To
answer appropriately these questions, the data generated
here are combined with some of a previous publication
(Clauer et al. 2017a) to widen the analytical database of the
microstructural infillings, as well as of the diffuse calcite
from main undeformed and slightly deformed host matrix.

The “Main Fault” has already been identified and
described in the Opalinus Clay-rich sediments, especially
in the Mont Terri rock laboratory (Switzerland) in rela-
tion with the evaluation of its storage potentials for nuclear
waste (Fig. 1). Among the reasons for its study here are
its pristine and casily accessible outcrops, especially in the
galleries of the underground laboratory, which is not as com-
mon for fault systems. Of importance is also the fact that
the fault itself is crosscut by numerous drill-holes (Bossart
et al. 2017), both the outcrops and the cores providing high-
quality samples that were easily identified.

The geological situation

The Opalinus Clay Formation (labeled as OPA hereafter)
consists mostly of incompetent silty and sandy shales that
were deposited between about 175 and 185 Ma. A structural
feature of the fault was provided again recently by Nussbaum
et al. (2017), together with its regional geological context.
The fault is located in an anticline that developed at the
junction between the frontal Jura thrust-and-fold belt and
the Rhine-Bresse transfer zone, at the southern end of the
Rhine-Graben (Ustaszewski et al. 2005; Ustaszewski and
Schmid, 2007). Generally considered as a blind thrust, the
Main Fault is now interpreted as a second-order fault that
developed in the hanging wall of the Mont Terri anticline
along the Rietheim Member at the top of the Staffelegg For-
mation (Fig. 1). Away from folded Mont Terri area that is of
prime concern here, the OPA was subjected to a plain burial
that reached temperatures of about 85 °C during the Creta-
ceous in northeastern Switzerland (Mazurek et al. 2006).
Easily accessible in the Mont Terri rock laboratory, the
Main Fault crops out in a 0.8 by 3 m wide zone of a gallery
with a reverse offset of about 50 m. It resulted from a highly
heterogeneous strain that juxtaposes undeformed rocks next
to highly strained equivalents (Fig. 2; Laurich et al. 2014;
Jaeggi et al. 2017). While the porosity and microfabric of
the tectonically undeformed OPA have been studied in detail
(e.g., Holzer et al. 2006; Houben et al. 2013, 2014), little is
still known about the mechanisms that induced the chemical
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Fig.1 Regional cross section of the Mont Terri anticline and the
Main Fault with the location of the rock laboratory (in red). The dot-
ted red line sketches the fault plane in the Opalinus Clay (modified

Fig.2 Picture of a thin section prepared for a microprobe analysis
showing dark zones of undeformed OPA matrix with dispersed shiny
crystals of diffuse calcite. These dark zones are surrounded by veins
filled with calcite infillings that can end in calcite concretions such as
at the right upper corner of the picture

Folded Jura |

from Nussbaum et al. 2017). The geographic location of the rock lab-
oratory is given in the insert by the red dot in the northwestern corner
of Switzerland

changes in the deformed structure, or about the geochemi-
cal processes that happened in the different microstructures.
On the basis of electron microscopic observations, Laurich
et al. (2014) discussed the mechanical impact of the progres-
sively increasing deformation in the OPA within and around
the fault. Their descriptions focused on thin isolated shear
zones and associated slickensides, veins of variable sizes,
intensely and densely anastomosed shear zone networks,
and independent gouges of various sizes occurring in the
faulted sediments. Calcite and celestite infillings of the vari-
ous microstructures were analyzed, in an initial study, for
their major and rare earth elemental contents, and for their
Sr isotopic compositions (Clauer et al. 2017a).

The slickensides of the OPA Formation occur in shear
zones that are often associated with millimeter-wide veins
filled with calcite together, sometimes, with celestite infill-
ings (Fig. 2). These shear zones are internally characterized
by a preferential orientation of the clay particles parallel to
the shearing, with sizes of only a few tens of nanometers
(Laurich et al. 2014, 2018). Local increases of the number
of slickensides characterize highly deformed matrices that
were called “scaly clays” by Laurich et al. (2017), consist-
ing in [act of numerous anastomosing thin shear zones. The
highest strain recorded by the OPA occurs next to the gouges
in the Main Fault, where strong foliations wrap clasts of
almost intact matrix material. Often optically darker than
the undeformed OPA matrix, the gouges could result from



an overall grain-size reduction and a lower content of diffuse
calcite than the nearby scaly clays (Laurich 2016; Laurich
etal. 2017). This mineralogical change was probably com-
pensated, at least partly, by an illite authigenesis (Clauer
et al. 2017b).

The compressive deformation of the Mont Terri anticline
began apparently with a 30° dipping ramp that was associ-
ated with a small-amplitude fold as the first stage of the
fault propagation. The faulting accounts for an approximate
10-m shortening, which corresponds to the present-day
geometry of the fault (Nussbaum et al. 2017). As shortening
increased along the basal detachment, the Main Fault was
passively transported in the hanging wall of the Mont Terri
anticline, tilted progressively with a 45° dip toward the SSE.
This structural interpretation suggests an early activation
of an incipient, internal thrust in the clay-type lithology at
the transition between the OPA and Staffelegg stratigraphic
units (Fig. 1).

Based on the description of structural features from
the Main Fault at the macro- and mesoscales (Nussbaum
et al. 2011), the following information is also useful here:
the shaly facies consists mainly of dispersed clay minerals
(illite, mixed-layered illite—smectite, kaolinite and chlorite),
calcite (diffuse or as fossils and micro-veins in the matrix)
and quartz (Pearson et al. 2003). The tectonically unde-
formed fabric is heterogeneous and weakly bedded, with a
15% porosity that increases in the gouges (Nussbaum and
Bossart 2008; Houben ct al. 2013, 2014). The fracturing
network and the strain intensity are heterogeneous within
the fault (Nussbaum et al. 2011), comprising zones with
thin fault gouges (< I em), C’-type shear bands (sensu Pass-
chier 2005), mesoscale and microscale folds, striated fault
planes and even undeformed OPA matrix. Estimated from
calcite and celestite veins at the Mont Terri (Pearson et al.
2003), the study of the paleo-fluid flux(es) identified advec-
tive flows (Nagra 2008). The P-T conditions were found as
variable within the fault with a temperature at about 55 °C at
the onset of the fault fabric due to an overburden of 1000-m
sediments (Mazurek et al. 2006).

More petrographic and geochemical information, mostly
about the veins and the calcite dispersed in the OPA matrix,
is also available in accessible internal reports (Degueldre
et al. 1998; Lancelot, 2001; Pearson et al. 2001, 2003). In
addition to diffuse calcite of the OPA matrix, de Haller et al.
(2014) analyzed vein wafers (< 1 mm thick) of calcite and
celestite with fibrous crack-seal microstructures, the data
ol which suggest syntectonic precipitations. Those authors
interpreted the oxygen and carbon isotopic profiles of the
OPA rocks as a result of interactions with ascending fluid
flows during the Late-Miocene/Early-Eocene folding. They
stated also that the whole OPA acted as a barrier for fluid
flows during most of its history except during the consid-
ered tectonic-thermal event, but they did not identify what

they consider to be “ascending fluids”, nor how and where
these (luids originated, both of these aspects being addressed
hereunder.

The sampling and the analytical methods

Most of the fault-zone samples analyzed here belong to
cores from BSF-06 and BPS-12 drillings located next to
each other, as well as from BIC-A1 drilling (Laurich et al.
2014). The calcite and celestite infillings of the micro-veins
were carefully hand separated under a binocular microscope
and the pure mineral ships were dissolved straight in dilute
acid, while the impure scratched coatings of the slickensides
and the gouges were powdered in a mortar and then dis-
solved in dilute acid. Samples from undeformed OPA matrix
and [rom highly deformed scaly clays were also collected
with calcite veins and slickensides, then they were powdered
and dissolved in the same type of acid, as well as with dif-
fuse calcite from sediments directly above (samples H2 and
SM4 of the Hauptrogenstein and Passwang Formations) and
below (samples GWMO9 and RM11 of the Staffelegg Forma-
tion) the OPA sequence (Table 1). The reason for this vai-
ied sampling was assembling a complete set of impacts by
tectonic-thermal flowing fluids into microstructural features
to be compared to those of the diffusing fluids into the unde-
formed matrix. In the case of the gouges, the chemical com-
position of the interactive fluids was expected to be more
complex due to a specific pressure-solution impact (Laurich
et al. 2014, 2017, 2018). Indeed, fluid—mineral interactions
were expected to be different from those in the veins and
slickensides, as gouges host also identified authigenic illite
and quartz instead of the usual calcite and the more occa-
sional celestite (Clauer et al. 2017b; Laurich et al. 2018).
The cores were collected by air drilling into the floor
and the walls of the galleries of the underground labora-
tory. The resin-stabilized BSF-06 core segment (cf, Nuss-
baum et al. 2006; Fig. 3A) shows anastomosing veins next
to the dragged bedding, together with a deformed rock
volume parallel to the veins, but without visible bedding
(Fig. 3B). Eight micro-vein samples (five calcite and three
celestite separates labeled BS10 to BS17; Table | and
Fig. 3C) were collected and analyzed, as well as the BS1 to
BS3 samples of the OPA matrix (Fig. 3B, C). Four BS4 to
BS7 matrix samples were collected next to veins to detect
and evaluate a potential interaction of the flowing fluids
with the host rock along the veins. The BPS-12 core drilled
next to the BSF-06 drilling toward the Main Fault contains
a 1 em-thick BP1 gouge collected with two nearby BP2
and BP3 scaly clays taken about 1 and 2 cm away from the
gouge sample. Three further BP4, BP7 and BP10 samples
of the same gouge were also collected, together with the
BP5, BP6, BP§ and BP9 scaly clays next to two of them.
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Fig.3 A Sketch of the outcropping Main Fault in the Gallery 98 of the rock laboratory with the location of the BSF-06 core as a red dot; B, C
detailed photographic locations of the calcite and celestite samples from analyzed BSF-06 microstructures

From BIC-Al core drilled into the floor of the Gallery  were also selected lor analysis of the slickenside surfaces
08 next to the fault with a vertical orientation to intersect  of the Staffelegg, Hauptrogenstein and Passwang Forma-
the fault zone below the laboratory, five rock chips BC1  tions cut by the drilling underneath the laboratory.

and BC3 to BC7, including an undeformed matrix sample,



The vein infillings consisted of pristine calcite (CaCOy5)
often associated with celestite (SrSO,). The slickensides
occurred as continuous, smooth, non-porous, thin over-
growths covering the host rocks without any detectable
porosity even at scanning electron microscope (SEM) reso-
lution. Occasionally, concentrations of sub-euhedral calcite
and celestite crystals were observed on the smooth slick-
enside surfaces with step raisers at the end of linear calcite
or celestite occurrences (Fig. 4). Characterized by an XRD
lattice spacing of 10 A, illite was also identified by transmis-
sion electron microscopy (TEM) in the gouges (Clauer et al.
2017b; Fig. 5).

The calcite and celestite crystals are known to react very
differently to acid leaching: the former is easily dissolved in
a weak dilute acid at room temperature, whereas the latter is
quite insoluble in most acids, even concentrated. Therefore,
a sequential leaching procedure was applied to the hand-
picked ships that were hand ground before dissolution for
analysis of their elemental and Sr isotopic compositions.

calcite

slickenside
S .
y e o raiser

3 mm

Fig.4 A Photograph of a slickenside surface from a core of drill hole
BIC-Al (modified from Laurich 2016); the plain surfaces and the
raisers are indicated by the fine arrows and the bigger white arrow in
the center of the oval gives the direction of the water flow; B trans-
versal cut of a raiser with the associated celestite and calcite, both
sketched below
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=
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Fig.5 SEM photograph of the undeformed OPA matrix at the top
relative to the immediate gouge: the difference in the grain size is
clearly in favor of the matrix (modified from Laurich et al. 2018)

The procedure started with a 10-min, ultrapure 1 N HAc
dissolution of the soluble calcite phase, either pure or mixed
with celestite. In the case of calcite—celestite mixtures, the
remaining celestite fraction was dissolved by a solution
consisting of 7N HNO;+6 N HCl+ 12 N HF in a micro-
wave oven (ThermoFisher Thos One) at high temperature
and pressure. All obtained solutions were evaporated and
dissolved in a few drops of HNOj; before elemental or Sr
isotopic analysis.

The application of the leaching experiments probably
needs some quick recalls about their characteristics depend-
ing on the types of dissolved minerals. If the samples are
vein infillings that consist mostly of calcite, celestite being
insensitive to any weak acid leaching, the leachates obtained
by an initial weak acid action strictly represent the dissolved
calcite, as well as other soluble minerals, together with the
adsorbed free clements if any. Salts, but also sulfates and/or
sulfides, again if present, may also be dissolved at the same
time. Therefore, the contents of elements, such as Na and/or
Fe, might be slightly biased by the dissolution of these solu-
ble minerals. In contrast, the 87517598 r ratios are not affected
by the dissolution of such minerals as they are depleted in
Rb and, therefore, did not accumulate radiogenic *’Sr since
crystallization.

The Sr purification for the isotope measurements was
completed on an Eichrom Sr resin following the procedure
described by Pin et al. (2003). Alter separation, the Sr ali-
quots were loaded onto a Ta filament and the ¥S1/%°Sr iso-
topic ratios measured by a solid-source, thermal ionization



mass spectrometer with a multi-collector (Thermo-Finnigan
Triton TI). The external reproducibility of the Sr isotopic
results was controlled by the repetitive analysis of the NBS-
987 standard that had a mean value of 0.710258 4+ 0.000002
(20) during the time of the study. The contents of Ca and
Sr, as well as of Si, Al, Mg, Fe, Mn, Ti, Na, K, P and of the
rare-earth elements (REEs) were determined by inductively
coupled plasma atomic emission or mass spectrometry (a
Jobin Yvon SA JY 124 ICP-AES and a Thermo-Electron PQ2
ICP-MS) following the procedure of Samuel et al. (1985).
Periodic elemental analyses of the BE-N and GL-O inter-
national rock standards set the analytical reproducibility at
3% (+20) for the determinations of the major elements, 5%
for those of Sr and 10% for those of the REEs.

Results
The variations of the ®’Sr /%Sy ratios

The diffuse calcite dispersed together with other sulfate and
chloride soluble minerals in the undeformed OPA matrix
yields ¥S1/%0Sr ratios from 0.70760 to 0.70804 on the basis
of the data obtained here and earlier (Clauer et al. 2017a)
and of those by de Haller et al. (2014). This scatter is larger
than the ¥S1/%Sr ratios of the diffuse calcite dispersed in
the sediments above and below the OPA that scatter from
0.70725 to 0.70751 (Table 1), while those of the calcite and
celestite of the micro-veins within the Main Fault range nar-
rower, from 0.70761 to 0.70780. In turn and as an indirect
test of the analytical quality when associated next to cach
other, the calcite and celestite ships extracted from the same
veins (in the case of the BSF-06 core) yield systematically
identical 37Sr/%0Sr ratios within analytical uncertainty. The

Fig.6 Box plots of the ¥'Sr/*Sr
ratios from the diffuse and
microstructural calcite and
celestite infillings of the OPA
and the surrounding sediments
(from 3 to 8) with the data of de
Haller et al. (2014) (for I and
2) and of Clauer et al (2017a);
The central rectangle of the

box plots represents 75% of the
analyses with a transversal bar
for the average of these data,
the highest and lowest values
being outlined by circles above
and below the box. The double 0
dashed line frames the *’St/*Sr i'"
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57S1/%68r ratios of the nearby slickenside extracts are in the
same range, [rom 0.70773 to 0.70777, as are those of most
leachates from gouges with values from 0.70772 to 0.70776
(Fig. 6). In fact, only the result of the leachate from BP7
gouge is analytically off this range with the highest HgpPosy
ratio of the gouge leachates at 0.70791. The $7Sr/%6Sr ratios
of the calcite crystals from slickenside surfaces are also very
homogeneous, whereas the calcite dispersed in the matrix
that embed the veins yields ®’Sr/**Sr ratios that are slightly
more radiogenic than those of the dispersed calcite from
the plain OPA matrix. The scaly clays yield ¥Sr/*®Sr ratios
in the range of the diffuse calcite of the matrix, but this
more restricted data scatter clearly depends on the respec-
tive amounts of the undeformed and deformed material mix-
ture of each analyzed scaly clay sample and, therefore, most
probably on how the samples were collected. The ¥'St/*®Sr
ratios of the calcite dispersed in the sediments from above
and below the OPA are also outside the range of the values
from diffuse calcite of the OPA matrix, whereas those of
the calcite from veins of the framing formations are within
the range of the calcite vein infillings of the OPA within the
Main Fault.

Combined with de Haller et al.’s (2014) Sr isotopic data
of calcite leached from undeformed OPA matrix and from
veins of the Main Fault, the ¥St/*®Sr ratios obtained here
on vein and slickenside infillings, in and close to the fault,
range very narrowly between 0.70768 and 0.70778, with a
very few values either below or above the box-plotted data
(Fig. 6).

The contents of the major elements

The concentrations of most major elements from calcite dis-
persed in the undeformed OPA matrix and in the intensely

1: dispersed calcite from
undeformed OPA (A}

2. dispersed calcite from
undeformed OPA (B)

3: diffuse calcite from
surrounding sediments (B)

& 4. calcite of veins in OPA (A)
0

calcite of veins in OPA (B)
6: celestite of veins in OPA (B)
7: slickensides in OPA (B)

8: gouges in OPA (B)

9: veins in surrounding
sediments (B)



deformed scaly clays, together with the calcite infillings of
the slickensides, veins and gouges yield significant varia-
tions (Table 1). Some Ca data show widely varying contents
from 3.3 to 12.8 mg/g and, among the other elements, Si
exhibits also large variations from about 0.001 to 0.14 mg/g
in the leachates of the OPA matrix and of the micro-tectonic
features, whereas its contents are significantly higher, from
0.09 to 0.87 mg/g, in the gouges where quartz authigen-
esis was observed. The K contents are also widely scattered
from very low 0.001-0.03 mg/g levels in the calcite of the
veins and of the OPA matrix around the veins, to 0.20 mg/g
in the leachates of the rock matrix, the scaly clays and the
slickensides, even reaching 1.0 mg/g in those of the gouges
where illite authigenesis was detected. The same trends were
observed for Na and Mg with, again, significantly higher
contents in the gouge leachates.

The Ca/Sr ratio of the calcite dispersed in the undeformed
OPA matrix ranges from 146 to 338, whereas that of the cal-
cite infillings of the veins and of the OPA matrix wrapping
the veins is significantly lower from 7.7 to 84 due to higher
Sr contents. The leached OPA matrix sampled away from
microstructures and from the scaly clays yields significantly
higher Ca/Sr ratios (> 100) than the calcite of the micro-
structures and of the OPA matrix closely around the veins.
That of the gouges ranges {rom 62 to 92, except for sample
BP7 which Ca/Sr ratio is far higher at 335.

The contents and distribution of the REEs

The distribution patterns of the REEs from local microstruc-
tural infillings have already been published, but not the cor-
responding numerical data (Table 2). The calcite infillings
of the veins yield the lowest total REE contents from 1.0
to 1.3 mg/g, whereas those of the calcite dispersed in the
undeformed OPA matrix range from 3.2 to 5.3 png/g, together
with the 1.1 to 2.7 pg/g of those from the matrix closely
around the veins. The wide ranges, {rom 1.3 to 5.8 mg/g, of
the REEs contents leached off the gouges confirm a more
complex evolution than for the other microstructures. In
turn, the calcite infillings of the veins are depleted in REEs
relative to the dispersed calcite of the undeformed matrix,
whereas the other micro-features contain infillings slightly
enriched in REEs.

Among the specific characteristics of the REEs, it is prob-
ably appropriate to recall briefly that they are lithophyte,
electropositive, mostly trivalent and refractory, which means
that they are not preferentially concentrated by any type of
fluid, but rather stay in mineral structures or are adsorbed at
their surface. Their application in geochemistry is based on
their changing ionic radius, as well as on the capacities of
two of these elements to modify their redox state: cerium as
Ce** and Ce**, and europium as Eu?* and Eu®*. Also, REE
patterns characterizing sedimentary materials are often very

uniform as they are representative of the upper continen-
tal crust (e.g., Taylor and McLennan 1985), which is easily
identified by a negative Ce anomaly due to varied oxida-
tion-reduction conditions and a more or less positive Eu
anomaly that is often related to some partitioning of progres-
sively altered detrital plagioclases. In this context, seawater
is generally characterized by a marked Ce depletion due to
an oxidation into Ce' and its separation from other REE by
preferential uptake onto Mn' oxide.

The changes in the REEs of geological materials are often
visualized by the comparison of their respective contents
with those of a standard/reference rock (e.g., Piper and Bau,
2013). In an earlier study (Clauer et al. 2017a), the REE
distribution patterns from infillings of the various micro-
structures were compared to those of the dispersed calcite
from undeformed OPA matrix to visualize the differences
among these materials. For younger sedimentary materials,
they are generally compared to cither those of the North
American Shale Composite (NASC; Gromet et al. 1984)
or to those of the post-Archacan Australian Shales (PAAS;
Taylor and McLennan 1985). Compared here to the PAAS
reference, the patterns of the undeformed OPA leachates in
and around the fault are quite similar and regular in their
shape with an increasing trend from La to Eu and a regular
decreasing trend until Lu (Fig. 7A). Only the Gd content of
the duplicate analysis of the matrix BS1 is clearly too low,
suggesting an analytical problem. The next diagram outlines
the patterns of the gouges that are similar to those of the
undeformed matrix (Fig. 7B) with an increasing trend from
La to Eu as the most concentrated and a linear decreasing
trend from Eu until Lu. In detail, the Eu ratio monitors the
shape of the distribution, as some of the leachates yield only
a limited increase.

As a preliminary wrap-up, it can be stated than the pat-
terns of the gouges mimic quite well those of the unde-
formed OPA, which suggests that the majority of the con-
stitutive soluble minerals of the gouges provide a similar
pattern than that of the initial OPA matrix with, however, a
slightly enlarged summit of the pattern on both sides of Eu.
The patterns of the scaly clays relative, again, to the PAAS
distribution, are quite similar to those of the undeformed
OPA matrix with an identical enlargement of the summit
when the total REE contents decrease (Fig. 7C). The pat-
terns of the two leached slickenside surfaces provide again
similar patterns with an increase from La to Eu and a regular
decrease from Eu to Lu (Fig. 7D). The positive anomaly of
Eu is again variable and suggests, as for the gouges, that the
leachates consist mostly of a distribution identical to those
of the initial OPA. In contrast, the patterns of the calcite
from the veins are clearly different with no Eu anomaly, but
instead a straight linear increase from La to Er and a linear
decrease beyond (Fig. 7D). As expected, this different pat-
tern confirms that the infillings of the veins are of a different
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Fig.7 REES distribution patterns relative to the PAAS reference
for: A the analyzed OPA matrix leachates; B the analyzed gouge lea-
chates; C the analyzed scaly clays; D two slickensides and two calcite

origin than the REEs of the surrounding host rocks. Also
to be noticed is the fact that the REE contents of the vein
infillings are significantly lower that those of the host rocks,
which explains, at least partly, that an addition of external

La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

of vein infillings; E four matrix leachales outside the OPA; and F one
slickenside and three calcite veins outside the OPA

fluids is not easily distinguishable from whole contents of
the leachable minerals from OPA matrix.

The REE distribution patterns of the calcite from unde-
formed matrix of the nearby rock formations, still relative



to the PAAS reference, are expectedly more dispersed than
those of the OPA matrix as the origin of the components is
not necessarily identical (Fig. 7E). Some of their patterns are
either flat or of low ratios, or they increase slightly on the
side of the light REEs and slightly decrease on that of the
heavy REEs. The few micro-features from outside the OPA
give flat patterns for the calcite veins with low contents as
those from inside the OPA (Fig. 7E), confirming in turn no
chemical relation with the host rocks. The slickenside sur-
faces contained REEs with increasing light REE trends and
irregular trends toward the heavy REEs beyond Eu.

Discussion

The elemental and Sr isotopic identities or differences of
the infillings from micro-tectonic features relative to the
dispersed calcite from undeformed OPA host sequence and
from that of the nearby undeformed sediments in, around
and outside the fault system are essential to validate the ori-
gin of the interactive fluids and their interactions with the
minerals. For instance, the Si, Al, K, Na and Mg contents of
the leachates suggest, together with the Ca/Sr ratios, variable
elemental compositions for the dispersed calcite of the unde-
formed OPA matrix relative to that of the microstructures
(Table 1). As already stated, some of the differences could
be due to the dissolution of other soluble minerals, as is the
case in the gouges where the XRD and EDX data indicate
that they contain less calcite than the other microstructures,
replaced by other newly crystallized minerals (Laurich et al.
2014; Orellana et al. 2017). The chemical compositions of
the dissolved minerals suggest also that the interacting fluids
in the gouges were different from those of the veins, even
if the Ca/Sr ratios of the gouge leachates remain within the
values of those from infillings of the other microstructures.
While the Ca/Sr ratio is clearly high for the undeformed
OPA matrix and for the scaly clays close or not to the gouges
(Fig. 6) that of the calcite from other microstructures is
clearly lower. As all microstructures are characterized by
calcite infillings basically enriched in Ca, any low Ca/Sr
ratio has then to be due to abnormal high Sr contents. The
low Ca/Sr ratios of the gouge leachates suggest then that
they could have been modified by addition of external fluids
favoring the crystallization of Sr-rich minerals that grew also
in these gouges during the faulting event.

The leachates of the gouges also yield Si/Al ratios differ-
ent from those of the other microstructures. While the data
points of the Si/Al ratio from vein and slickenside infillings
plot along a straight line with an origin at the intersection
of the coordinates, the data points of the leached gouges
plot clearly off this line, right in the ficld of the theoretical
illite Si/Al ratio (Fig. 8A), which confirms the expected illite
authigenesis in the gouges, as reported in studies of larger
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Fig.8 A The correlated contents of the leached Si and Al from
microstructures, from bulk OPA matrix and from sediments above
and below (modified from Clauer et al.,, 2017a). The gouge samples
are circled in red; B the correlated contents of the leached K and
Na from microstructures, from bulk OPA and sediments above and
below. The Na and K contents of the gouge samples are also circled
in red

gouges (e.g., Rieder et al. 1998; Vrolijk and Van der Pluijm
1999; Sasseville et al, 2008). The two additional Si/Al data
points of the gouge leachates located above the line of the
Si/Al ratios for the other microstructures suggest a Si deficit
in the leachate that removed these data points [rom theoreti-
cal Si/Al ratio of illite. This resull raises another interesting
aspect for the gouge volumes: illite authigenesis scems not
to occur randomly in all gouges, but rather only at specific
conditions that remain to be identified.

The relation between K and Na raises also some concerns,
for instance about the correlative ratios of all microstructural
infillings having their data points on a straight line with an
origin at the intersection of the two coordinates (Fig. §B).
This distribution confirms either an interaction with a differ-
ent type of fluid(s) in the gouges, or a different interaction of
the same fluid(s) with different minerals. The data points of
the gouge leachates below the correlation line of the Na and
K contents from other microstructures suggest high Na and
K contents. As just discussed, the highly soluble K contents



suggest favorable conditions for an illitization, while those
of Na most probably result [rom dissolution of salt crystals
that seem to have crystallized in the gouges and/or closely
in their wall materials.

The identical ¥7St/*Sr ratios of the calcite and celestite
infillings from the veins confirm that they crystallized
from fluids with identical Sr isotopic signatures, but with
variable bi-carbonated and sulfated contents, therefore
most probably not simultancously. The undeformed OPA
within the Main Fault contains leachable *’Sr/*Sr ratios
that are close to those of the microstructures, suggest-
ing in turn that the undeformed matrix in the fault was
also “contaminated” by flowing fluids that leaked into
the adjacent host matrix around the veins and the slick-
ensides. Essentially, the process is not a diffusion of local
pore waters from undeformed matrix into the microstruc-
tures, but a transfer the other way around, e.g. a leak from
veins into the undeformed host matrix. Conversely, the
87S1/%Sr ratios of the diffuse calcite from undeformed
matrix outside the Main Fault are more widely spread
(Fig. 6), which calls for two comments: (1) the ¥7Sr/*Sr
ratios of the dispersed calcite from OPA matrix sampled
within the volume of the Main Fault are closer to those
of the microstructural infillings than to those of the same
matrix outside the fault, and (2) the vein infillings from
outside the Main Fault contain Sr with 87Sr/*¢Sr ratios that
are within the dispersion range of those of the microstruc-
tural infillings in the fault and those of most gouge lea-
chates. Similarly, the ¥Sr/*Sr ratios of the calcite from
tectonic microstructures of the surrounding sediments are
within the range of the *’Sr/*®Sr ratios of the veins, the
slickensides and the highly deformed scaly clays, which
confirms that the same flowing fluids migrated also along
these features (Fig. 6).

The fact that the infillings of all veins and slickensides
yield analytically identical ®Sr/*Sr ratios indicates that
the flowing fluids carried Sr with an isotopic signature
of a probable unique origin with no detectable addition.
Clearly, none of the Sr supplied to the microstructural
infillings of the fault system originated in, or interacted
extensively with the matrix of the shaly OPA, and/or
with the matrix of the surrounding sediments. Distinc-
tion between flowing fluids in the microstructures and
local diffusion of pore waters in the OPA matrix is also
visible in the REE distribution patterns relative to those
of the PAAS or the OPA matrix (Clauer et al. 2017a).
The difference holds also for the microstructures of the
sediments surrounding the OPA, the calcite of which dis-
playing a slightly continuously increasing trend, as well
as for the gouge leachates with a positive Sm anomaly
relative to the undeformed OPA matrix (Clauer et al.
2017a) that suggests an organic supply (e.g., Piper and
Bau 2013). As no positive Sm anomaly has been detected

in any infilling from the other tectonic microstructures
relative to the OPA matrix or the PAAS, this REE was
necessarily supplied from outside the gouges and prob-
ably not from widely around as REEs generally avoid the
fluids. This supply may then result from specific location
of the gouges at the fault surface where the fluid activity
was probably the strongest with, consequently, a larger
supply of external elements and more extensive miner-
alogical changes in this fault sole volume. Interestingly,
the Sm anomaly indicative of an organic supply relative
to the leachates of the OPA matrix correlates positively
with higher P contents in the gouges, which confirms an
organic supply. The patterns of the scaly clays are very
similar to those of the OPA matrix and to those of the
gouges relative to the OPA matrix, when compared to
the PAAS reference. The shape of the patterns may, then,
depend on the location of the samples relative to the fault
plane, and on their constitutive volumes of undeformed
and highly deformed materials.

The geochemical contribution to the structural
interpretation

Calcite of the undeformed OPA and the surrounding sedi-
ments yields ¥’St/%Sr ratios ranging quite widely from
0.70754 to 0.70774 and from 0.70725 to 0.70751, respec-
tively. By contrast, the *’St/*Sr ratio of the varied micro-
tectonic infillings from different host rocks range narrowly
at 0.70774 (£ 0.00001). If the ¥Sr/*®Sr ratios of the calcite
(and celestite) from vein and slickenside infillings trace one
single fluid from which they precipitated, the calcite from
plain matrices resulted necessarily from diffusing fluids
involved in local and probably independent diagenetic inter-
actions and away from the faulting system. In the ¥’Sr/%°Sy
diagram summarizing all measured *’S1/%Sr ratios from
different collected samples (Fig. 6), most data points of cal-
cite (and celestite) from veins, slickensides and gouges plot
above the values of the leachates from nearby and surround-
ing OPA undeformed matrix associated sediments. Part of
the Sr from constituting minerals of the gouges could have
originated from variously altered detrital minerals that were
somehow grinded by sliding along the fault surface and sub-
jected to a related temperature increase, which confirms in
turn that the gouges represent a different “piece” of the local
and regional path-flow system with a different function than
the veins and the slickensides and more changes in the final
mineral composition.

In the calcite and celestite infillings of the veins
and the slickensides

Fibrous and laminated features suggest a synkinematic pre-
cipitation of calcite and celestite in the veins probably due



to crack-seal processes during shearing (Koehn and Pass-
chier 2000). However, because of the specific crystallization
conditions of each, these two minerals had to precipitate
successively during the same event, supported by the fact
that celestite crystallization needs a higher pressure and
salinity (Rimstidt 1997). This delay is most probably due a
changing fluid chemistry, since its precipitation needs also
a lower ambient temperature, Therefore, in contrast to de
Haller et al. (2014) who suggested that celestite precipitated
by interaction of externally sourced Sr from sulfate-rich clay
minerals, its precipitation resulted here more probably from
a combined alteration of pyrite and calcite, both being also
visible in the gouges (Clauer et al. 2017a).

In sum, most microstructural features within and around
the fault extension contain infillings that yield identical Sr
isotopic signatures. This identity calls for a large initial vol-
ume of fluids that flew throughout these microstructures and
those of the surrounding sediments during the earlier tec-
tonic event, while the fluids associated with the event studied
here reused the initial drains and slickensides, picking up the
Sr isotopic of the initial infillings by discretely dissolving
some (Nussbaum et al. 2017). Although the 8781/°0Sr ratios
of calcite (and celestite) of most veins and slickensides are
identical, this is not the case for their elemental composi-
tions. The same ¥S1/**Sr ratio of the infillings, together with
the expectedly important involved volume of the flowing flu-
ids, suggests that: (1) these initial fluids originated in a large
pool because of the important volume of deposited infillings,
and were probably of a marine origin because of the uniform
8781/%88 1 ratio, and (2) based on the intrinsic value of the Sr
isotopic signature, they originated mainly during the first
deformation episode in the Rhine Graben. Apparently, the
flowing fluids of the late event reacted extensively with min-
erals that were lacking radiogenic *’Sr, as their Sr isotopic
composition remained homogeneous in the infillings of all
veins and slickensides during an extremely long period of
millions of years between the two tectonic—thermal events.
On the other hand, the noticeably varied chemical composi-
tion of these infillings tells that they had varied interactions
along their migration path in the micro-drains, especially
with sensitive minerals depleted in Rb and, therefore, in
radiogenic ¥'Sr. Minerals such as carbonates, sulfates and
salts were then part of the infilling minerals of the micro-
structures generated during the initial tectonic—thermal
event.

In the leached scaly clays and the OPA matrix
around the veins

The OPA matrix closely around the microstructural veins
yields *Sr/%Sr ratios that range between the values of the
calcite from undeformed OPA and those of the calcite infill-
ings from veins and slickensides. The values of the Ca/Sr

ratios were also found in-between those of the undeformed
maltrix and the micro-features. A mixing of two St supplies,
one [rom flowing fluids that precipitated calcite in the micro-
structures, the other from surrounding undeformed matrix
with a more scattered Sr isotopic signature, can no longer be
denied (Fig. 6). Clauer et al. (1989) analyzed the ¥'Sr/*°Sr
ratio of a calcite vein intruding a carbonate host rock and
found evidences for interactions of both the vein fluids and
host-rock minerals right next to the vein. The REE patterns
of the “contaminated” matrix that wraps the veins confirm
a partial chemical intrusion of flowing fluids from veins into
the matrix (Clauer et al. 2017a). This result confirms clearly
that no detectable pore (luids from the OPA matrix contrib-
uted to the flowing fluids, but that the diffusion process was
locally the reverse.

The highly deformed OPA scaly clays contain many veins
and slickensides that occur closely next to each other. Since
they consist visually of undeformed matrix flakes that are
less than 300 pum thick and are bound by thin shear zones
in the faulted matrix (Laurich et al. 2014), they seem to
result tectonically from shear bands changing progressively
into meso- and micro-folds (Nussbaum et al. 2011). Their
local alteration by incoming fluid flows is confirmed by the
57Sr/%Sr ratios of the leachates that are often similar to those
of either the vein infillings, or the dispersed calcite from
matrix closely enveloping the veins. The REE patterns of
the leached scaly clays support this discrepancy, as they are
mostly similar to those of the leached OPA matrix, while
some are similar to the vein calcite. In fact, a link with the
tectonically deformed matrix was not really expected as the
patterns suggest that despite a visible deformation, the geo-
chemical identity of the scaly clays remains close to that of
the leached undeformed matrix, the impact appearing more
physical than chemical. On the other hand, Arch et al. (1988)
demonstrated that high water contents lead to an increased
complexity in shear zones, in which clays benefit from the
impact of the flowing fluids, rather than from local pore
fluids. In fact, it still looks like the data depend on how
sampling was completed with more or less undeformed or
deformed collected material.

In the gouges

As already stated, frictional sliding and associated abrasion
are common mechanisms affecting gouges, the constituting
minerals being often of smaller size than those of the nearby
matrix due to this combined physical aspect (Fig. 5). In fact,
grinding combines cataclasis with dissolution/precipitation
reactions probably driven mostly by pressure solution. Such
processes induce also recrystallization of kinked and folded
detrital clay particles (Urai et al. 1980), which suggests a
combination of external flowing fluids with those released
by the local pressure-solution mechanisms that favors illite



authigenesis, for instance, as already described in larger
gouges (e.g., Vrolijk and van der Pluijm 1999; Sasseville
et al. 2008). Triggered by these chemical aspects, mineral-
ogical changes such as increasing contents of clay and quartz
replace the leached calcite in the Main Fault (Laurich et al.
2014; Clauer et al. 2017b; Orellana et al. 2017). In fact, it
looks like mineral grinding in the gouge volumes of the fault
sole induces here a pressure-solution process with specific
mineralogical changes, such as precipitation of illite, salt,
gypsum and celestite, however, not in all gouges considering
the Si/Al ratio (Clauer et al. 2017b). Clearly, such changes
did also not occur in “closed” gouge volumes, as an external
supply is needed to explain the abnormally high Sm contents
of organic origin. Such organic Sm may have originated in
the Rietheim Member of the Staffelegg Formation, which
is part of the sliding fault sole (Nussbaum et al. 2017), as it
is regionally described as a bituminous schist consisting of
shales that host and could have, therefore, released organic-
and P-rich fluids into the friction zone during the motion of
the fault.

In summary, various geochemical interactions occurred
in the gouges. From a geochemical point of view, the result-
ing leachates yield ¥’St/%Sr and Ca/Sr ratios that suggest
interactions with fluids different from those of the veins and
the slickensides. Therefore, they hosted mineral alterations
(e.g., dissolutions and neoformations) that did not occur in
the other micro-features or in the undeformed matrix around.
The varied mineral authigeneses suggest that the residence
time of the flowing fluids was also longer in the gouges than
in the veins or the slickensides, while their specific location
in the fault probably enhanced mineral-fluid interactions
aided by pressure-solution processes. For instance, the high
Si, Al, K and Na contents of the gouge leachates resulted
from natural alteration of original constitutive minerals
induced by cataclasis and enriched by organics from outside.
Also of importance, salts such as NaCl observed by SEM in
the gouges were not detected in the other microstructures,
while these increased Na contents in the gouge leachates are
not contradicting unchanged *’Sr/*®Sr ratios since salts are
not specifically enriched in radiogenic *’Sr over time.

Detailed observations combined with supportive analyti-
cal data show that the gouges consist of clasts from OPA
matrix mixed with highly altered materials split by tiny
shear zones such as in the scaly clays (Laurich 2016). A
reasonable postulate is then that changing ¥751/%8r ratios
and elemental signatures of gouge leachates resulted from
variably lasting interactions relative to limited interactions in
the veins and slickensides. In the latter, the continuous fluid
flow could not interact beyond a discrete dissolution of the
already existing infillings. In summary, the elemental com-
positions of the soluble phases from gouges did not result
only from leaching by flowing fluids, such as in the veins and
slickensides, but from longer lasting interactions between

fluids and solids aided by the intimate pressure solution.
On the other hand, the discrete dissolution of pre-existing
infillings in the microstructures also explains the changing
elemental compositions and the constant *’Sr/*®Sr ratios of
the most recent generation of infillings.

Combining the geochemical and the structural
constraints

Homogeneous *'Sr/*°Sr ratios of the vein and slickenside
infillings characterize fluids that originated in a unique and
large reservoir, most probably outside the OPA. These fluids
probably invaded the contemporaneous generation of faults
and microstructures formed in and around the OPA during
the first regional Bresse-Rhine tectonic episode (Laurich
ct al. 2014) and were expelled away during the associated
compressive episode along the faults and veins. However,
the late flowing fluids did not carry, for instance, the neces-
sary K for the observed illite crystallization in the gouges, as
no abnormally high contents were found in the leachates of
the vein and slickenside infillings. This does not mean that
no K migrated into or was present in the gouges, as some of
the local detrital minerals were altered during faulting and
illite authigenesis was detected.

The contribution of the regional history to the geochemical
scenario

The evolution of the OPA sediments is complex, as it inte-
grates burial, uplift, continental exposure, renewed burial
and two tectonic episodes, all this since deposition in a
marine environment at about 175-185 Ma. Moreover, the
sedimentary pile including the OPA was buried after depo-
sition, especially during a pronounced subsidence at about
150 Ma due to basement rifting that extended widely over
Europe (e.g., Nierhofl et al. 2011; Cathelineau et al. 2012,
and relerences therein). Afterwards, gentle burial continued
until about 120 Ma to a depth of about 1,350 m (Mazurek
et al. 2006). A quiescent period followed until renewed uplift
accompanied by erosion of the Cretaceous and Late Jurassic
sediments above the OPA. From 40 to 30 Ma, subsidence
resulted from a new regional rifting phase followed by a final
uplift that brought the OPA back up to about 500-m depth.
Sediments were deposited in the Delémont Basin during the
initial Rhine-Graben rifting between 34 and 28 Ma starting
with lacustrine materials called “Terre Jaune” (Pirkenseer,
2007). The associated sea transgression occurred during
either the Upper Eocene (Sissingh 1998, 2006), or the Lower
Oligocene (Berger et al. 2003).

In summary, the OPA was subjected to two rifting epi-
sodes interrupted by quiet episodes, then it was buried to
at least 1200-1300 m and subjected to a maximum tem-
perature of about §0-90 °C (Mazurek ct al. 2006). The



tectonic—thermal episode that featured the Main Fault
occurred during a Late Eocene-Early Oligocene rifting
episode.

The geochemical milestones in the regional evolution

At about 175-185 Ma, seawater and living organisms were
trapped within the fine-grained OPA sediments in the Jura
region and nearby around. This situation initiated crystalli-
zation of calcite, often as marine biological remains, which
is confirmed by homogeneous stable isotope data identical
to those of plain seawater (Lerouge et al. 2014, 2015). Later,
most of the initial seawater was expelled from sediments
during progressive burial, while authigenic calcite crystals
and biologic remnants remained within the sediments. If
the homogeneous *’Sr/*¢Sr ratios of the advective fluids that
flew along the analyzed microstructures point towards an
initial voluminous reservoir, it can be assumed that this pool
consisted originally of marine water. On the basis of the
deposition age of the OPA and the secular variation of the
seawater 7S1/%0Sr ratio (Veizer et al. 1999; McArthur et al.
2001), an ¥7Sr/3%Sr ratio of about 0.70730 can be attributed
to the seawater contemporaneous to the OPA sedimentation,
while that of the flowing fluids was analytically higher as
measured indirectly at 0.70774 by analysis of the micro-
structural infillings.

The ¥Sr/*°Sr value of the seawater in which the OPA sed-
iments were deposited is within analytical uncertainty that
of contemporaneous echinoderms (0.70733), while being
significantly lower than that of bioclastic bivalve shells
(0.70755), both analyzed by de Haller et al. (2014). Any bio-
fossil of either marine or continental origin contains Sr in
theoretical isotopic equilibrium with its living environment.
Therefore, the ¥’Sr/*6Sr ratios incorporated by calcite-rich
precipitating fossils record the Sr signature of the water in
which the fossils were living. However, the ®’St/*Sr ratio
of one of the analyzed biologic remnants from OPA matrix
is above that of the probable initial seawater. It can, then, no
longer be representative of its original marine environment,
but rather of a later diagenetic event that could have been
induced during the deepest of the burial episodes mentioned
above. This changing *7Sr/%Sr ratio of bio-fossils confirms
that there were interactions between pore fluids and frag-
ile minerals known to carry and exchange easily radiogenic
87Sr with their environment after initial crystallization in the
ocean. This also indicates that all pore waters and minerals
were allected variably by local interactions depending on
the type of the waters, as well as on the temperature and,
therefore, on the intensity of the recrystallizations. Even
if of limited intensity, such interactions altered the initial
8781/%Sr ratios that rather point towards diagenetic calcite
in the undeformed OPA matrix, which explains in turn the
wide range of their ¥’Sr/*Sr ratios.

From recent regional evolution back to the origin
of the initial flowing fluids

As just mentioned, the identical 879r/%Sr ratio for most
micro-tectonic infillings suggests the occurrence of flowing
fluids that originated in a large pool with an homogeneous
dissolved ¥’Sr/*Sr ratio. Clearly, mixing of fluids or miner-
als having varied origins or ages cannot yield analytically
identical 3S1/%%Sr ratios, as is the case here for the micro-
structural infillings (Boger and Faure 1974, 1976). On the
basis of the Sr isotope chronostratigraphic chart, the meas-
ured ¥8r/%Sr ratio of 0.70774 (+0.00001) points to a poten-
tial marine reservoir of Upper-Eocene age between 38 and
36 Ma (e.g., McArthur et al. 2001; Clauer et al. 2017a).

The challenge is then in the explanation of how the
5781/%0Sr ratio of Late-Eocene seawater (Clauer et al.
2017a) can be recorded in infillings from microstruc-
tural features generated by a tectonic—thermal event that
occurred about 30 million years after the initial marine
transgression, at the time of the Rhine-Graben tec-
tonic—thermal cpisode. In the detail, the rifting of the
Upper Rhine-Graben that occurred during the marine
transgression of the Delémont Basin was mainly exten-
sional with a strike-slip component in the Rhine-Bresse
Transfer Zone (Lacombe et al. 1993). This configuration
certainly favored infiltration of Late-Eocene seawater into
the active contemporary faulting that developed not only
major crustal faults into the basement, bul also secondary
faults into the nearby sediments, in and near the rock labo-
ratory, as described by Nussbaum et al. (2011). Expect-
edly, seawater penetrating the fault system at that time
favored precipitation of typical marine minerals, such as
carbonates, sulfates and salts, as observed in faults else-
where (e.g., Rousset et al. 2005). Precipitation of alkali-
poor minerals within the rifting features from infiltrating
contemporaneous seawater is the best explanation for how
the initial marine %’Sr/%¢Sr ratio was kept identical during
30-35 million years after precipitation.

Finally, at least part of the very early veins and slick-
ensides were re-used again during a folding/faulting
event that impacted the host sediments at approximately
6.5+ 2.5 Ma, in and around the OPA (Clauer et al. 2017b).
Due to important compressions in the deeper parts of the
Mont Terri anticline, some of the infillings of crustal
faults from carly Rhine-Graben rifting could have been
solubilized again and the fluids expelled into the earlier
and the newly-formed microstructures. These fluids used
either paths already existing next to the major faults or
new created ones that became the operating drains due to
the new local stress in the Jura region. The photography of
a wall from recently opening of a new gallery in the rock
laboratory gives an excellent illustration of the connec-
tions between the veins of the early Rhine-Graben event
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Fig.9 A A picture of the wall from the new gallery of the rock labo-
ratory showing the old and new veins, the bedding of the OPA and
the stratigraphic limit between the OPA and the Passwang formations.
All features are underlined by different colors. B The enlargement
of the connection between the two generations of veins outlines also
clearly open fractures

and those of the more recent Eocene episode (Fig. 9A). A
magnification of the connection of these two generations
of veins also highlights some open fractures (Fig. 9B).
These open fractures represent perfect sinks for any flow-
ing waters, including the present-day free waters and allow
speculating that they existed during and after each tec-
tonic-thermal activity. Therefore, it can be safely assumed
that moving fluids of both tectonic—thermal episodes pre-
cipitated infillings in the created microstructures of the
faulted sediments with similar to identical 3Sr/*0Sr ratios
and varied elemental compositions. Indeed, the “new”
generation of fluids dissolved some of the initial infillings
by reusing the old paths, which helped keeping the same
878r/%8r ratios that they carried into the micro-features
in which they combined dissolution and re-precipitation
of the microstructural infillings, in and around the Main
Fault. In addition, the gouges hosted mineral dissolutions
and authigeneses, due to additional pressure dissolution
and to organic-loaded fluids along the fault surface.

Conclusions

On the basis of previous observations and descriptions
of the microstructural veins, slickensides, scaly clays and
gouges from Opalinus Clay Formation in the Main Fault
of the Mont Terri rock laboratory and around, the present
study reports on a combined elemental and Sr isotopic
investigation of soluble, mainly calcite and celestite, infill-
ings of these microstructures. These two minerals precipi-
tated with some elemental changes due to some interac-
tion with the flowing fluids, but they kept an analytically
identical ¥Sr/%Sr ratio resulting from an isotopic heritage
of infillings of micro-drains that formed during a previous
tectonic—thermal event. The undeformed Opalinus Clay
matrix preserved as a relict within the Main Fault con-
tains leachable Sr with somehow varied ¥St/*0Sr ratios
that are closer to those of the microstructural infillings
than to those of the same rock matrix outside the Main
Fault. These different ¥’Sr/*°Sr ratios suggest that the
rock volume within the fault, even not deformed, has been
slightly contaminated by the fluid flows circulating in the
microstructures, and diffusing also discretely into the sur-
rounding host rocks.

The ¥St/%°Sr ratio of the infillings from microstructural
veins and slickensides of the Main Fault range very narrowly
at 0.70774 £ 0.00001 (20), suggesting that the fluid flows
initiated in a large pool with an homogeneous *’Sr/*Sr ratio,
like an “infinite” marine reservoir, that had also to be ener-
getic to maintain such an isotopic homogeneity in the varied
micro-features despite interactions with the wall rocks. The
same *’Sr/*Sr ratio was also measured in the infillings of
the same microstructures from sediments surrounding the
Opalinus Clay Formation. Such homogeneous “external”
seawater supply, with its specific *’Sr/**Sr ratio could occur
only during the Late-Eocene period (38-36 Ma) with a Sr
isotopic value agreeing with a marine incursion initiated
in the western Bresse Graben and flooding over the Rhine-
Bresse Graben transfer zone at that time. By assuming such
a marine invasion, waters infiltrated about 30 million years
later moved along the earlier created micro-tectonic veins
and slickensides and leached the earlier-deposited infillings
to precipitate more infillings during the late formation of the
Mont Terri anticline,

On the basis of the chemical composition of the carbon-
ated infillings [rom gouges, further interactions had to occur
with fluids that were globally different from those respon-
sible for the initial precipitates in the veins and the slicken-
sides, as well as from pore waters that interacted with the
dispersed calcite of the Opalinus Clay matrix around the
veins. Differences in the fluids that precipitated the leach-
able infillings of the gouges are especially visible in the Si
and Al correlations that suggest, in turn, crystallization of



illite-type crystals and dissolution of calcite and probably of
other soluble mineral phases. Apparently, these (luids were
reactivated during the Main Fault folding, especially in the
highly deformed gouges. There, they probably interacted
with minerals, which modified their elemental compositions,
but not noticeably their Sr isotopic ratios. Tectonic activity
was obviously the driving force for the migration/expulsion
of fluids along the microstructures, intuitively occurring dur-
ing the final rifting episode of the Rhine-Graben before the
ultimate thin-skinned deformation that generated the Mont
Terri anticline and the Main Fault.
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