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Abstract. The stable isotope composition of veins, pressure
shadows, mylonites and fault breccias in allochthonous Me-
sozoic carbonate cover units of the Helvetic zone show evi-
dence for concurrent closed and open system of fluid advec-
tion at different scales in the tectonic development of the
Swiss Alps. Marine carbonates are isotopically uniform,
independent of metamorphic grade, where § '*C=1.5+1.5
(10) and 6 '®0=25.4+2.2 (1 0). Total variations of up
to 2%, in & >C and 1.5%, in & '®O occur over a cm scale.
Calcite in pre- (Type I) and syn- tectonic (Type II) vein
arrays and pressure shadows are mostly in close isotopic
compliance with the matrix calcite, to within +0.5%,, signi-
fying isotopic buffering of pore fluids by host rocks during
deformation, and closed system redistribution of carbonate
over a cm to m scale. This is consistent with microstructural
evidence for pressure solution — precipitation deformation.

Type 111 post-tectonic veins occur throughout 5 km of
structural section, extend several km to the basement, and
accommodate up to 15% extension. Whereas the main pop-
ulation of Type III veins is isotopically undistinguishable
from matrix carbonates, calcite in the largest of these veins
is depleted in 20 by up to 23%, but acquired comparable
0 13C values. This generation of veins involved geopressur-
ized hydrothermal fluids at 200 to 350° C where ¢ 180
H,0= —8 to + 20%,, representing variable mixtures of '*O
enriched pore and metamorphic fluids, with '*O depleted
meteoric water. Calc-mylonites (6 80 =25 to 11%,) at the
base of the Helvetic units, and syntectonic veins from the
frontal Pennine thrust are characterized by a trend of 'O
depletion relative to carbonate protoliths, due to exchange
with an isotopically variable reservoir (6 '*0 H,0=20 to
4%,). The upper limiting value corresponds to carbonate-
buffered pore fluid, whereas the lower value is interpreted
as '%0-depleted formation brines tectonically expelled at
lithostatic pressure from the crystalline basement. Carbon-
ate breccias in one of the large scale late normal faults
exchanged with infiltrating '®0-depleted meteoric surface
waters (6 180 = —8 to —10%,).

During the main ductile Alpine deformation, individual
lithological units and associated tectonic vein arrays be-
haved as closed systems, whereas mylonites along thrust
faults acted as conduits for tectonically expelled lithostati-
cally pressured reservoirs driven over tens of km. At the
latest stages, marked by 5 to 15 km uplift and brittle defor-
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mation, low 20 meteoric surface waters penetrated to
depths of several km under hydrostatic gradients.

Introduction

Stable isotope studies have been widely applied to monitor
fluid- related processes in the earth’s crust (see Hoefs 1973,
1987; Valley et al. 1986; Kyser 1987 for general reviews
and extensive references). It is generally agreed that stable
isotope signatures may provide critical information con-
cerning fluid sources, fluid flow, and exchange reactions
between fluids and rocks. However, only a few stable
isotope studies have been undertaken in orogenic belts, in-
cluding the Alps, to address the specific question of the
interrelationship between deformation and fluid advection
(Baertschi 1957; Hoefs and Frey 1976; Frey etal. 1976;
Hoefs and Stalder 1977; Kerrich et al. 1978; Kerrich and
Rehrig 1987; Hoernes and Friedrichsen 1978, 1980; Die-
trich et al. 1983; Weissert and Bernoulli 1984; Taylor and
Bucher-Nurminen 1986).

In the Helvetic zone of the Swiss Alps, the activity of
fluids during deformation is clear in most outcrops, marked
by numerous generations of syntectonic veins and pressure
shadows. The aim of this study was to use stable isotope
analyses of well characterized structures on a cm to km
scale, in order to establish the interrelationships between
fluid regimes, structures and deformation mechanisms dur-
ing tectonic development of the Helvetic Alps. In particular,
we have attempted to test for evidence of open or closed
system material and fluid behaviour in successive genera-
tions of vein arrays, and for large scale advection through
major thrust faults. Tectonically driven advection of fluids
is anticipated in the Helvetic and Pennine nappes from a
consideration of their position within the Alpine chain as
a whole (see Etheridge et al. 1983, 1984; Fyfe and Kerrich
1985 Oliver 1986; Kerrich 1986; Kerrich and Rehrig 1987).
Pore-water expelled from initially fluid saturated sediments,
structural water, and CO, released from silicate-carbonate
or decarboxylation reactions during prograde metamor-
phism in the footwall of a thrust structure are possible fluid
sources, as well as deep penetration of surface meteoric
water from a topographically elevated mountain chain.

Previous reconnaissance studies of the Helvetic Alps
have shown that syntectonic quartz-carbonate vein arrays
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Fig. 1 A, B. Synthetic cross-section of the Helvetic nappes at the western
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end of the Aar massiv. The information above current topographic

levels is constructed by projecting from the west side along plunging fold-axes with a maximum projection distance of 15 km. B Profile
showing the setting of section A within a complete tectonic cross-section of the western Alps (simplified after Triimpy 1980), and

with estimated metamorphic temperatures superposed

formed in essentially closed systems, in isotopic equilibrium
with the adjacent rock-matrix (Kerrich et al. 1978), a situa-
tion classically termed pressure-solution (see Durney and
Ramsay 1974). Dietrich et al. (1983) also identified a close
compliance between the O and C isotopic compositions of
syntectonic veins and their adjacent wall-rocks. However,
in a series of up to five generations, the earlier veins were
slightly depleted in *C (up to 1.5%,) with respect to their
matrix, and this was interpreted to indicate a component
of open system behaviour at the onset of the tectonic history
which became closed in the final stages.

Tectonic setting

A synthetic cross-section of the study-area is presented in Fig. 1A
illustrating the relationships between the different units. Highly
detailed deformational scenarios for the tectonic evolution of the
Helvetic part of the Alps have been clearly formulated (Milnes
and Pfiffner 1980; Laubscher 1983; Mugnier and Ménard 1986;
Burkhard 1988). A summary for the western part of the Helvetic
nappes is given in Table 1, with particular emphasis on placing
the different types and generations of structures analyzed into the
larger tectonic and time framework.

Metamorphic zonation within the Helvetic nappes has been
successfully established by a combination of illite crystallinity, clay
mineralogy, coal rank and fluid inclusion studies (Durney 1972;
Poty et al. 1974; Hoefs and Stalder 1977; Mullis 1979, 1987;
Kibler et al. 1979; Frey et al. 1980; Frey 1986; Burkhard 1988).
Mullis (1979) mapped three successive fluid zones characterized
by higher hydrocarbons, CH, and H,O respectively which corre-
spond to diagenesis (7'<200° C), low and medium anchizone, and
higher anchi- and epizone (T>270° C) respectively; CO, may be
present in small amounts in all fluid zones (see also Hoefs and
Frey 1976; Hoefs and Stalder 1977).

The structural style within the different Helvetic nappes is
mainly controlled by the metamorphic grade. Brittle to semi-brittle
deformation is dominant in the diagenetic upper Helvetic units,
whereas more ductile deformation is found in the Morcles-Dolden-
horn-nappe which deformed partly under greenschist facies condi-

tions. This nappe is characterized by its large inverted limb, and
significantly this is the only unit in the Helvetic sequence containing
a crystalline core derived from the Aar massif.

The position of the Helvetic nappes within the Swiss Alps as
a whole is shown at a larger scale in the lower cross-section
(Fig. 1B). The schematically indicated isograds for 300 and 500° C
show that considerable transported metamorphism occurred along
the frontal Pennine thrust (i.e. Frey 1986). This feature underlines
the importance of this thrust as a major and long-lived structure,
and is particularly relevant for understanding the deformation of
the Helvetic nappes which are bounded between 5 to 10 km of
Pennine nappes in the roof (*‘orogenic lid” Laubscher 1983) and
the crystalline basement in the footwall.

Lithologies and structures analyzed

Evidence for syntectonic crystallization of calcite and quartz (mi-
nor dolomite, ankerite, albite and many other minerals) from a
fluid phase in tectonic structures is widespread in all of the Helvetic
nappes. In order to obtain information about the nature and origin
of the fluids involved in the tectonic development of the Helvetic
nappes, C and O isotope compositions of carbonates were analyzed
in 125 samples representative of the large variety of different struc-
tures from all of the tectonic units represented in the study-area,
as described below. Quartz was separated from 12 of these samples
for 6 180 determinations. Here we emphasize details of the tectonic
setting, geometry, scale and evolution of the various structures
sampled, as well as the micromechanics of deformation involved,
as these factors bear critically on the question of open versus closed
system behaviour, and accordingly provide an essential framework
for interpretation of the isotopic data.

Veins

Different generations of veins are classified into one of three types
according to their relative age within the deformation history of
a nappe (Dietrich et al. 1983; Franck et al. 1984; Burkhard 1986).
Any given vein is readily recognized as pre- syn- or post-deforma-
tional (main-deformation) according to its orientation relative to
the schistosity or an axial planar cleavage, and by its state of
internal deformation as compared to the surrounding matrix.



Table 1. Deformation phases

Age Deformation-  Large scale structures Small scale structures
phase
0 Ma Grindelwald Uplift/doming of external Crystalline Massifs Brittle deformation related to Late Faults
deep thrusts under crystalline massifs tensile Type 111 veins perpendicular to
Folding and thrusting of Jura Fold Belt fold axes
Simplon Rhone Simplon-Fault, extension in E-W direction Pressure shadows, Type II & III veins
dextral shearzone in Rhone valley in root zone of Helvetic nappes
20 Ma Kiental Folding and thrusting of Morcles — Doldenhorn n. Ductile deformation in lower Helvetic units
Second deformation of higher Helvetic nappes pressure shadows, mylonites, schistosity
Type 11 veins in higher Helvetic units
Trubelstock Folding and thrusting of Jagerchriiz- and Ductile deformation, schistosity, mylonites
Plammis imbricates pressure shadows, Type I veins in lower units
Second folding of southern Wildhorn nappe Type II veins in Wildhorn nappe
Prabe Folding and thrusting of Wildhorn and Gellihorn- Brittle to semi-brittle deformation, tectonites
nappes on thrust planes, Type I & II veins
40 Ma  Plaine Morte Emplacement of Ultrahelvetic on Wildhorn n. Brittle deformation, Type I veins
Formation of northern Pennine nappes; their final Ductile and brittle deformation according to
emplacement continues during the main structural level, Type I veins
deformation phases of the Helvetic units in schistose horizons
60 Ma Eo-Alpine Formation of Austroalpine and southern Pennine Not represented in study area
120 Ma nappes, partly high p metamorphism

Type I, early veins are parallel with or slightly oblique to the
schistosity and bedding (Fig. 2A, B). These veins suffered subse-
quent deformation, leading to small folds, boudinage and recrystal-
lization of the vein-filling. The most important veins of this set
are up to 15 cm thick and several metres long. Smaller veins (mm
to cm) are frequent in schistose horizons.

Type I, syntectonic veins, formed at high angles to the schisto-
sity and bedding often in single or conjugate sets of en-echelon
arrays (Fig. 2C). Single veins are usually restricted to one layer,
and are typically a few mm to a few cm thick and dm to some
metres in length. The mineralogy of these veins closely reflects
the mineralogy of the surrounding matrix. Syntectonic veins may
be related to the folding, thrusting and different types of faults.
From crosscutting relationships it is possible locally to subdivide
further the syntectonic veins into successive vein-arrays.

Type III late tectonic tensile veins formed at high angles to
the schistosity and bedding, perpendicular to the foldaxial trends
(Fig. 3D, E). These veins crosscut all the previous vein generations
as well as the schistosity, folds and thrusts. Single veins form
throughgoing fractures and may be followed over tens of metres
across different layers. The largest of these veins are up to 3 m
wide (Furrer and Hiigi 1952) and have been termed ‘dikes’ by
convention to distinguish them from the smaller veins. Veins of
Type 111 form a distinct array of regularly oriented planar tectonic
elements and have a geomorphological expression on the
1:25,000 maps as well as being visible on aerial photographs. The
extension related to this particular vein-system is typically a few
percent, but up to 15% stretching can be found locally (Dietrich
et al. 1983).

Secor (1965) has shown that tensile fractures require either
a shallow depth of formation or increased fluid pressure relative
to the hydrostatic pressure gradient (see also Ethenidge 1983). In
the case of the Type 111 examples described here, the possibility
of a shallow depth can be ruled out for several reasons: Type III
veins occur throughout the entire thickness of the Helvetic nappes
which corresponds to a vertical relief of more than 5 km. From
the orientation of the latest veins it seems that they are tilted ac-
cording to the general plunge-vector of the external crystalline mas-
sifs (Burkhard 1986, Fig. 6). Mullis 1979, 1987 determined temper-
atures which closely reflect peak metamorphic conditions of the
surrounding wallrocks from quartz fluid inclusions of this genera-

tion of veins. Consequently, it is necessary to postulate ambient
fluid pressures in excess of hydrostatic.

Pressure shadows are a characteristic deformation feature of
lower greenschist facies metamorphic conditions where calcite and/
or quartz-fibres are frequently found as beards on rigid objects
such as pyrite-grains, or as infillings between fragmented segments
of boudinaged belemnites (Durney 1972; Ramsay and Huber
1983). Veining in these areas generally does not occur during peak
metamorphic/deformational conditions, but rather pre- or post-
dates the main deformation. Exceptions are veins within competent
boudinaged layers (Fig. 2F). On the other hand, pressure shadows
do not occur within the diagenetic to anchizonal higher Helvetic
nappes (Burkhard 1986).

Thrusts

From the micro-structural/mechanical standpoint, two different
types of thrusts can be distinguished within the Helvetic nappes:
higher thrusts follow shaly horizons and pressure solution/crystalli-
zation phenomena are predominant, leading to strongly tectonized
“veinites” at the thrust contact (Fig. 3 A, B). In contrast, the lower
Helvetic Doldenhorn-Morcles-nappe has a strongly attenuated but
continuous inverted limb (Fig. 3C, D) which can be followed into
a narrow thrust zone, the Jungfrau- Chamonix- syncline (Fig. 1).
Calc-mylonites from this horizon show ample evidence for crystal
plastic deformation and dynamic recrystallization (Schmid et al.
1981; Schmid 1982). The Lochseiten calc-mylonite of the Glarus
overthrust in eastern Switzerland has accomodated in excess of
20 km displacement within a one metre thick horizon. Super plastic
deformation mechanisms are thought to be responsible for the high
strains (Schmid et al. 1981; Schmid 1982 ; Pfiffner 1982).

Pressure solution seams and highly deformed veins are ubiquit-
ous in both outcrops and thin-sections from different samples of
the Lochseiten calc-mylonite and the Morcles- Doldenhorn- thrust
(Fig. 3D, E)). Dynamic recrystallization phenomena occur in both
vein and matrix calcite signifying that the veining took place simul-
taneously with thrusting and microstructure development. In addi-
tion to the importance of the solid state recrystallization phenom-
ena stressed by the authors cited above, the (micro-)veins and stylo-
lithes are clear evidence for the presence of a fluid phase during
the enhanced ductility that accommodated deformation and thrust-
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Fig. 2. A TypeI veins in Malm limestone at Leuk, locality no. 5. B Microphotograph, crossed nicols, Type I microvein at the same
locality as A. Note intensely twinned calcite and secondary albite. C Type II veins in Malm limestone of Wildhorn nappe at Lammernhutte,
sample locality no. 27. D ‘Calcite dike’ (Type III vein) in Malm of Doldenhornnappe, sample no. 32. E Microphotograph, crossed
polars, of ‘quartz dike’ (Type III vein) in Tertiary of Doldenhornnappe at Trublen, sample no. 33. F Veins in boudinaged competent
layer of dolomitic limestone within strongly flattened Malm limestone, Jagerchriz imbricate at Leuk

ing. This fluid might also have played an important role in the
thrust deformation by influencing the magnitude of normal stress
on the thrust-planes, and thus frictional sliding resistance. As Ker-
rich et al. (1977), Kerrich (1978), Schmid (1982) and numerous
other authors have emphasized, conditions of differential stress,
strain rate, temperature and grain size may change throughout
the tectonic history, such as to induce transitions between deforma-
tion regimes dominated by intracrystalline plasticity, intercrystal-
line processes and pressure solution.

The contact between Helvetic and Pennine units is one of the
major thrust structures within the Alps. This thrust follows shaly
and evaporitic horizons, and accordingly no extremely deformed
unit, or counterpart to the Lochseiten calc-mylonite is known from
the Pennine thrust. Limestones are subordinate in the Pennine

nappes but carbonate-quartz veins are widespread in all the sch-
istose horizons (Fig. 3F). The largest veins are decimetric in width
and a few metres long, sub-parallel to the schistosity; geometrically,
they resemble the Helvetic Type I veins. Their formation is probab-
ly linked with some stage of thrusting of the Pennine units.

Faults

The formation of late cross-cutting faults in the Helvetic nappes
can be related to their post emplacement history. Since the Mio-
cene, up to 15 km of vertical uplift has brought greenschist facies
rocks to the surface. This uplift and doming are explained by deep
seated thrusting of the external crystalline massifs over the foreland
in a complex ramp flat geometry (Burkhard 1988). The response
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Fig. 3. A Close up view of Wildhorn thrust near Kandersteg. Strongly deformed Malm boudin. B Polished surface of hand specimen
form thrust contact of Wildhorn nappe at Kandersteg, sample no. 52. C Detail of inverted limb (thrust zone) of Morcles nappe at
Saillon. Initially hecto- to decametric layering of limestones and marls is now tectonically reduced to decimetric bands of calc mylonites,
locality no. 55. D Polished surface of hand specimen from Doldenhorn thrust. White calcite veins at various intensities of deformation
crosscut the calc- mylonite, sample no. 53. E Polished surface of Lochseiten calc-mylonite handspecimen from the Glarus thrust at
Pizol, sample no. 56. F Syntectonic, layer parallel veins in Schistes lustrés near the frontal pennine thrust in Rhone valley, sample

no. 73

of the cover to this thrusting are late brittle faults and Type III
veins, which both indicate stretching in a SW-NE direction, parallel
to the Alpine chain.

Analytical methods

Standard procedures were employed for the extraction of O, from
quartz using BrFs (Clayton and Mayeda 1963) and of CO, from
carbonate minerals using 100% H;PO, at 25° C (McCrea 1950).
For samples in which calcite and dolomite were intimately inter-
grown, separate analyses were made using timed extractions.
Isotopic data are reported in the conventional d-notation, as 9,

deviations from PDB for carbon, and from SMOW for oxygen.
The long-term reproducibility of 6 »*>C and é '®O values has aver-

aged 0.189%, (2 o).

Open versus closed system

Closed systems are characterized by bulk 1sotopic composi-
tion which remain constant whereas In an open system
isotopic composition may be changed by interaction with
external isotopic reservoirs (fluids e.g.). Different models
of water/rock interaction are discussed at length by Gregory



and Criss (1986). In the present study, we deal with an
almost monomineralic (calcite) system. We will first discuss
the isotopic composition of the predominant carbonate
rocks. This is an essential starting point for the following
sections, where potential channelways are examined for
signs of isotopic exchange with externally derived fluids.
Two different extreme models are considered: If rock >
fluid, & 180 H,O will be equilibrated with the rock and
consequently any secondary mineralization from this fluid
will be isotopically indistinguishable from the rock as long
as the temperature of dissolution and crystallization are
identical. If rock < fluid, 6 80 rock will be changed accord-
ing to new equilibrium with é **0 H,O. In the latter case,
limiting & ®0 H,O can be calculated from J **0 mineral
for a given temperature.

Results and discussion

Isotopic analyses of the Mesozoic marine carbonates are
reported first, followed by data for vein-wallrock pairs,
pressure shadow-matrix pairs, thrusts and faults, in the
order that these various structures were discribed above.

Limestone matrices

Isotopic compositions of the limestones plot within a well-
defined field where the average 6 '3C and & 20 values are
1.54+1.5%, (1 6) and 25.4+2.2%, (1 o) respectively. Matrix
values correspond to the range established as typical for
marine carbonates of Mesozoic age younger than Triassic
(box outlined in Fig. 4 according to Hoefs 1973 p.97, see
also Veizer and Hoefs 1976). No systematic trends between
lithologies could be detected (Fig. 5). The largest number
of analyses are from the micritic Malm limestones, a seem-
ingly homogeneous unit in composition and texture which
displays only minor isotopic variability. The mean and stan-
dard deviation for 26 Malm limestones (including 11 values
published by Dietrich et al. 1983) are & 13C=1.8%,+1.1
(1 6) and J '®0=25.6%,+1.8 (1 5). Multiple analyses of
the matrix and a belemnite from different spots in one sam-
ple (42) revealed total variations of up to 2%, in § '°C
and 1.5%, in & 80 (see Fig. 7). Despite these variations,
no pronounced excursions in § *3*C or 6 120 from the ““mar-
ine limestone field” were found, and apparently the lime-
stones of the study area have preserved their initial isotopic
composition since the time of deposition and diagenesis.

Hudson (1977) and Tucker (1982) have shown that var-
ious different types of carbonate in a sediment may vary
isotopically by as much as 12%, in § 80 and 4.5%,in & 13C;
and Magaritz (1974) has measured sympathetic shifts of
—5%, in 6 %0 and 6 '3C that accompanied lithification
in a freshwater environment. Accordingly, the measured
isotopic variability in the limestones may simply be an in-
trinsic feature of the depositional and diagenetic environ-
ments (for reviews see O’Neil 1987). The Mesozoic sedi-
ments of the Helvetic area have undergone at least one
important phase of exposure at the land surface during
late Cretaceous to Tertiary time, which led to the deposition
of the “Eocene Bohnerz formation”. This formation marks
a period of erosion and karstification where deep penetra-
tion of freshwater could have occurred. Apparently, this
event did not markedly change the isotopic composition
of the Mesozoic limestones.
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ing to their age. Un-stippled Malm values are from Dietrich et al.
(1983), un-stippled Triassic values are from Kerrich et al. (1978)

No relationship between the isotopic composition of the
limestones and metamorphic grade could be detected. Even
strongly metamorphosed Mesozoic limestones from the
lower Pennine nappes (marble of Peccia, used as standard
by Baertschi 1957) and from the contact aureole of the
Bergell intrusion (Taylor and Bucher-Nurminen 1986) col-
lectively plot within the field of ““marine limestones™, signi-
fying that metamorphic grade alone has not disturbed pri-
mary sedimentary isotopic signatures.

Veins

Representative veins have been analyzed and compared to
their adjacent wallrock. Given that some of the host rocks



may possess a small degree of variability in isotopic compo-
sition as described above, individual vein-wallrock pairs are
plotted separately in Fig. 6, where the origin represents a
“normalized” host rock value and each point is the corre-
sponding vein analysis. Veins of different relative ages from
the same outcrop are linked with tie-lines showing the trend
from older to younger generations (arrows). From consider-
ation of the different possible sources of error, and the
heterogeneity of the matrices (and veins), small differences
between veins and their matrices are not necessarily signifi-
cant in terms of open versus closed system behaviour. We
consider analyses for veins that plot within the dashed box
(+£0.5%, 6 *®0 and J '3C) as being isotopically indistin-
guishable from their matrix (the dashed box could be arbi-
trarily larger). From Fig. 6 it appears that many veins, re-
gardless of their type (I, II or III), plot within this dashed
box.

A slight overall tendency may exist for the veins to plot
in the quadrants depleted in *3C and/or 20 with respect
to their matrix, but some enriched values also exist. How-
ever, any such trend is small (0.5 to 1.5%,) compared to
the variability of matrix values (26=3.0 and 4.4%, for
6 13C and 6 80 respectively) and we conclude that rather
than the age of any given vein, its size determines the magni-
tude of isotopic difference relative to the adjacent matrix.
We were not able to confirm the results of Dietrich et al.
(1983), (square symbols in our Fig. 6) who argued that the
earlier veins were formed in a partially open system which
became closed during later vein generations. Furthermore,
representative sampling of “the host rock” is not easy to
perform because the site of calcite dissolution may be lo-
cated within marly interlayers. As detrital clay in a marl
is generally depleted in 20 relative to the carbonate frac-
tion (i.e. Hunziker et al. 1986) the clay could potentially
act to drive the pore fluid to lower § 80 than in a pure
carbonate sediment. Any syntectonic calcite precipitated
under closed system conditions from this pore fluid would
also be !80-depleted relative to the matrix carbonate.
Moreover, if the marl contained any !3C-depleted carbona-
ceous material which underwent oxidation, then the intersti-
tial fluid and syntectonic calcite would acquire lower J *3C
values than the sedimentary calcite. This could account for
a clustering of vein analyses within the *3*C- and *20- de-
pleted quadrant (Fig. 6). This seems to be the case for Ty-
pe I veins within the Aalenian black shale (sample 9a, b)
which are depleted by ca. 7%, in **0 compared to the main
population of Type I veins and are also marginally depleted
in 13C. A similar range of values has been reported by
Hoefs and Frey (1976) for Liassic shales (see box in Fig. 4).

Ambient temperatures of pre- syn- and post-tectonic
veining are not well constrained. Quartz-calcite pairs from
Type I veins (samples 1c, 1d, 3a and 6a; Fig. 9) yield oxy-
gen isotope temperatures of 220, 290, 190 and 260° C re-
spectively. There are no means for testing isotopic equilibri-
um, but these values are slightly lower than expected from
the epizonal grade of the surrounding areas (Burkhard
1988). This disparity could signify that their formation pre-
dates peak metamorphic conditions, or alternatively that
the calcites have undergone retrograde oxygen isotope ex-
change. Type Il veins are interpreted as synmetamorphic
and Type I1I veins probably formed during decreasing tem-
peratures.

In summary, most of the veins formed in or close to
isotopic equilibrium with their adjacent matrix, where the

A = b(vein) — & (matrix)
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Fig. 6. Comparison of veins to their adjacent matrix. The differ-
ences in & '3C and 6 '80 (9,) between the vein and its matrix
are plotted on the x- and y-axes respecively. The origin represents
a normalized matrix-value (0, 0) regardless of its absolute isotopic
composition. Vein-values falling within the dashed box (+0.5%,)
are considered to be isotopically indistinguishable from their ma-
trix. Tie-lines connect analyses of successive (arrows) vein genera-
tions determined by cross cutting relationships in a given outcrop.
Square symbols are data from Dietrich et al. (1983). (Note that
individual isotopic values for this figure have not been rounded
as for Table 2)
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fluid phase was isotopically buffered by the host carbonates
under closed system conditions. Minor excursions from
isotopic compliance of vein-matrix pairs can be explained
by isotopic exchange of pore waters with clays and carbona-
ceous materials in the carbonate sediments. These results
support microstructural evidence for local scale pressure
solution-precipitation, in which the sites of dissolution at
grain boundaries or in stylolites are generally close to the
veins. Long range transport across different lithological
boundaries would certainly have resulted in larger isotopic
differences than are observed (see Fig. 5).

Veins and “dikes’ in open systems

In contrast to the majority of veins discussed above, which
are isotopically buffered by their matrix, there is a separate
population of veins (not represented in Fig. 6) characterized
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Fig. 7. Stretched belemnite from the Malm of the Raron syncline
(sample no. 42). Letters indicate sample spots for isotope analyses.
Open circles are from the reverse side of the sample which is a
2 cm thick plate. B Isotopic composition of different samples from
the matrix, the belemnite and the fibrous pressure shadow. Letters
correspond to the spots indicated in A. Bars represent two standard
deviations of the analytical uncertainity for individual analyses

by isotopic compositions which plot clearly outside of the
“marine carbonate field”: Sample 32 is a 40 cm thick hy-
drothermal ‘dike’ of pure white calcite within the Malm
of the Doldenhorn nappe and belongs geometrically to the
Type III generation of veins. The calcite is crystallized in
equigranular grains of 0.5 to 5 mm and shows intense twin-
ning. The 6 180 value of this ‘dike’ is unusually low at
ca. 1%, depleted by ca. 23%, relative to the marine carbon-
ates; but is similar in 6 '3C. The temperature of formation
is not well constrained but assuming a range of isotopic
equilibration temperatures between 200 and 350° C, then
the & 20 of H,O from which the calcite precipitated, or
last exchanged, would have been —9%, (200° C) to —5%,
(350° C) (Fig. 8), signifying involvement of low '*O me-
teoric surface waters.

A quartz-‘dike’ (sample 33) within the Tertiary of the
Doldenhorn-nappe is geometrically comparable to the cal-
cite-‘dike’. The quartz has an unusual texture (Fig. 2E),
minor constituents are fluorite, sericite and calcite. Some
silicified rock-fragments containing strongly altered biotite
are clearly derived from the crystalline basement, and must
have been transported over more than 2 km vertically from
the underlying Aarmassif. Furrer and Hiigi (1952) inter-
preted this ‘dike’ as of *telemagmatic™ origin. The & '*0
values of the quartz (18.5%,) and calcite (13.9 to 15.8%)
from this ‘dike’ are clearly different from the ‘“marine car-
bonate field” (Fig. 4). Quartz-calcite fractionations corre-
spond to calculated isotopic temperatures of 100 to 200° C
(Fig. 9). This estimate relies on extrapolation of the quartz-
water equation below the limits of calibration, and there
is no way of testing for retention of isotopic equilibrium.
For an assumed range of temperatures, the & *20 of water

in equilibrium with quartz would have been 5%, (200° C)
to 13%, (350° C) (Fig. 10).

The calcite and quartz “dikes’ share a common geome-
try, style of emplacement and timing. These structures show
evidence for infiltration of external fluid reservoirs and
transport of fluids and solutes over distances of several
km. The age and depth of formation is not well defined
in either case, and a relatively late near-urface crystalliza-
tion of the calcite cannot completely be ruled out. Given
the retrograde solubility of calcite, the calcite ‘dike’ may
record downward infiltration of fluids undergoing heating
(Holland and Malinn 1979). Alternatively, precipitation of
large quantities of calcite could be accounted for by unmix-
ing of CO, from hydrothermal solutions. Both the quartz
and calcite “dikes’ record *#O shifts in the same direction
away from the marine carbonate field and syntectonic veins,
albeit by differing magnitudes. Further, as discussed above,
considerations of fracture mechanics point towards fluid
pressures greater than the hydrostatic gradient. The range
of estimated 8 180 H,O values for the quartz ‘dike’ is not
alone diagnostic of a specific hydrothermal fluid reservoir,
and magmatic, metamorphic or isotopically evolved forma-
tion brines could have been involved or some mixture of
these reservoirs. Signifcantly lower calculated 8 '20 values
of fluids which precipitated the calcite ‘dike’ require some
low 80 meteoric fluid, and meteoric water may have been
involved in both systems. This problem is the subject of
ongoing studies.

Pressure shadows

The isotopic values measured for fibrous calcite from pres-
sure shadows all lie within the “marine carbonate field”,
and are also in close compliance with their adjacent matrix.
This is anticipated from the microstructural evidence that
the pressure shadows are a local phenomenon of pressure
solution precipitation over a centimetre scale.

Pressure shadows are well developed in a boudinaged
belemnite from a highly deformed Malm limestone of the
Raron syncline (Fig. 7). The originally micritic limestone,
now a completely recrystallized matrix, retains an isotopic
composition which is indistinguishable from less metamor-
phosed and deformed counterparts of the same unit. Several
samples from various spots of this specimen show minor
degrees of variability in the isotopic composition (Fig. 7).
The isotopic composition of the secondary fibres in the
pressure shadow plot between the values for the belemnite
and the matrix, but are closer to the latter. This could be
accounted for by a larger contribution of calcite to the
shadow from pressure dissolution of the deforming matrix
than from the rigid belemnite.

Thrusts

Intensely tectonized samples from major Helvetic thrust
planes vary considerably in their oxygen isotopic composi-
tion. Mylonites from the Diablerets and Morcles thrusts
(sample 54 and 55) plot entirely within the field of “marine
carbonates” whereas mylonites of the Doldenhorn thrust
yield 6 120 values between 15.3 and 25.8%, (sample 53a-h).
A similar range of values is also found for the Lochseiten
calc-mylonite from the Glarus overthrust (11.0 to 26.49,,
sample 56 and 57).

The shift in 130 by up to 15%, relative to the “marine
carbonates field” indicates that these mylonites exchanged
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Fig. 8. Measured individual § *80 calcite values or ranges of values
for selected calcites from specified generations of structures plotted
versus the estimated temperature of formation. The family of diag-
onal lines represents 6 '®0 H,O in equilibrium with compatible
values of § 180 calcite and temperature according to the calcite-
H,O equation of O’Neil et al. (1969). Symbols are as in Fig. 9.
Horizontal lines are the estimated temperature range of a given
structure, vertical lines represent two standard deviations of the
mean J 180 value, n is the number of data

with isotopically light water, unbuffered by the precursor
marine carbonates. For the dolomite-rich samples 53a and
56c¢, calcite-dolomite thermometry (Powell etal. 1984)
yields temperatures of 340 and 355+25° C respectively.
These temperatures correspond well to the epizonal grade
determined in these areas independently by Frey etal.
(1980). Assuming an ambient deformation temperature of
300 to 400° C, the § 20 of H,O in equilibrium with mylon-
ites would have been between 4 and 209, (Fig. 8).

This spread of calculated & 20 values for fluids in equi-
librium with the Doldenhorn and Lochseiten mylonites is
interpreted as a mixing trend. Upper limiting values of
about 209, likely represent pore fluids isotopically buffered
by the marine carbonate derived calc-mylonites, under
closed system conditions, as described for most Typel
veins. Fluid 6 80 values as low as 4%, are plausibly isotopi-
cally evolved meteoric water, or formation brines (Clayton
et al. 1966; for a review see Longstaffe 1987). Thus, the
observed spread of calculated 6 20 values of fluids in equi-
librium with these mylonites could represent mixtures of
limestone buffered pore fluids with either 1) low 20 me-
teoric surface water infiltrating under hydrostatic condi-
tions, or alternatively 2) with low 80 formation brines ex-
pelled under lithostatic conditions from deeper levels along
the thrust faults.

Considerations of fluid pressure during thrusting bear
critically on this argument. There is a general consensus
that translation of large thrust blocks, or nappes, requires
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Fig. 9. Plot of § 180 quartz versus J 20 of coexisting calcite from
specified vein types. The family of diagonal lines are temperatures
corresponding to equilibrium quartz-calcite fractionations, con-
structed from the mineral-H,O equations of Clayton et al. (1972)
and O’Neil etal. (1969). The dashed 100° C was calculated by
extrapolating the quartz-H,O equation below the lower limiting
temperature of calibration and accordingly is approximate

T (°C)
400 350 300 250 200 100
32— — T
P 3 7 N /s
30 /
28 b m/ o /
70 40.&‘M/
N 6 Ve
26178
c
Sulff .
& Gellihorn /
- 38 thrust e
oot —a— 50 “detrital ?
b ’
20 | 76 / e s
© 33 quartz'dike’ o.”
‘8 - i 1 1 s 1
2 3 4 5 6 7
106 72 K}

Fig. 10. Measured individual & 80 quartz values from specified
generations of structures (symbols as in Fig. 9) plotted versus the
estimated temperature of formation. The family of diagonal lines
represents & 1*0 H,O in equilibrium with compatible values of
8 *80 quartz and temperature according to the quartz-H,O equa-
tion of Clayton et al. (1972). Horizontal lines are the estimated
temperature range of a given structure. Quartz in sample 50 from
the Gellihorn thrust is probably of detrital origin

fluid pressures approaching lithostatic conditions at the
thrust surface, in order to diminish normal stress and there-
by reduce the frictional sliding resistance to motion (Hub-
bert and Rubey 1959; Fyfe et al. 1978). If ambient lithos-
tatic fluid pressures operated during displacement of the
Helvetic nappes, then infiltration of hydrostatically pre-
ssured low '®0 surface water into the mylonites can be
ruled out. Variable degrees of isotopic overprinting by low
180 fluids at late stages is considered unlikely because such
effects are observed only in the immediate vicinity of large
scale open-space fracture fillings. We suggest that during
Eocene extensional tectonics, low 120 fluids infiltrated sedi-
mentary aquifers and likely penetrated into the crystalline
basement along detachment and transfer faults (cf. Ether-
idge 1985). In the compressional phase of Alpine tectonics,



Table 2

No s 13C s 180 Mi Sample description Coordinates TE MET
Type 1: (early, schistosity parallel veins)
1a 0.6 240 Cc vein, 5 mm 613.3/138.1 DH epi
b -0.2 18.7 Cc matrix, Malm limestone 613.5/137.4 DH
c 24.3 Qz vein, 5 cm Gemmipass DH 220¢7¢
1.8 25.3 Cc DH
d 27.3 Qz vein, 10 cm DH 2909°¢
1.9 23.8 Cc DH
2a 2.4 25.3 Cc vein, 5 cm 613.5/137.4 DH epi
b 2.2 25.8 Cc matrix, Dogger marl Leukerbad DH
3a 2.3 27.6 Cc vein, 10 cm, fibrous 616.2/144.7 DH anc
30.4 Qz quartz and calcite Stock DH 1909°¢
b 2.4 27.7 Cc matrix, Valang. marl DH
4a 1.2 26.6 Cc vein, 2 cm 616.9/145.1 DH anc
b 1.3 26.6 Cc matrix, Valang. marl Waldhaus DH
5a 241 26.7 Cc vein, 5 mm 617.0/129.0 JA epi
b 1.6 25.4 Cc matrix, Malm limestone Leuk JA 355¢4
6a 1.8 23.7 Cc vein, 5 cm 669.8/178.2 AU epi
25.9 Qz fibrous quartz Tellistock AU 2609°¢
b 1.4 245 Cc matrix, Malm limestone AU
7a 1.2 25.5 Cc vein, 3 cm 669.8/178.2 AU epi
b —-0.7 253 Cc matrix, Malm limestone Tellistock AU
8a 1.3 239 Ce vein, 3 cm AU epi
b 1.6 24.3 Cc matrix, Malm limestone AU
9a 1.0 17.5 Cc vein, 1 cm, in 610.6/135.1 WH anc
—11 153 Do Aalenien black shale Trubelstock WH
b —-0.4 17.0 Cc vein, 2 mm WH
10a 21 26.4 Cc Urgonian limestone 630. /179. WH dia
—h +0.5 +0.7 n=38 Sieben Hen. WH
Type II: (veins at high angle to schistosity and bedding)
20a 2.8 24.9 Cc vein, 3 mm 613.3/138.1 DH epi
b 20 23.3 Cc vein, 1 cm Gemmipass DH
c 2.5 25.2 Cc matrix, Malm marl DH
21a 1.4 24.1 Cc vein, 1 cm 611.4/135.4 DH anc
b 1.7 24.0 Cc matrix, Tert. shale Truble DH
22a 0.5 251 Cc veint, 1 cm 616.3/146.5 DH anc
b 0.6 254 Cc vein 2, 5 mm Stock DH
c 0.3 25.0 Cc matrix, Valang. marl DH
23a 1.9 28.4 Cc vein, 5 cm 616.9/145.1 DH anc
b 1.9 28.2 Cc matrix, Val. limestone Waldhaus DH
24a 23 251 Cc vein, 5 mm 617.0/129.0 JA epi
b 2.5 254 Cc matrix, Malm limestone Leuk JA
25a 0.5 26.2 Cc vein 1, 2 cm 608.5/152.6 WH dia
b 0.1 25.2 Cc matrix, Hauterivian Mitholz WH
0.5 26.5 Cc “Kieselkalk” WH
26a 0.5 26.6 Ce vein 2, 1 cm 608.5/152.6 WH dia
b 0.6 26.8 Cc matrix, Hauterivian Mitholz WH
27a 21 25.3 Ce vein, 3 cm 609.6/138.3 WH anc
b 1.9 253 Cc matrix, Malm limestone Limmerenh. WH
28a 1.5 234 Cc vein, 2 cm 606.0/131.1 WH anc
b 19 23.8 Cc matrix, Dogger limestone Montana WH
Type I11: (late tensile veins, perpendicular to fold axes)
30a 1.9 26.3 Ce vein, 4 cm 616.9/145.1 DH anc
b 1.9 28.2 Cc matrix, Val. limestone Waldhaus DH
31a 1.9 26.9 Ce vein, 1 cm 616.9/145.1 DH anc
b 1.9 28.2 Cc matrix, Val. limestone Waldhaus DH
32a —1.0 0.8 Ce calcite-*dike’, 40 cm 618.5/144 .4 DH epi
b 0.1 9.0 Ce in Malm limestone Balmhornhiitte DH
c —-0.5 0.6 Cc DH
d -0.5 1.4 Cc DH
e —0.5 0.6 Cc DH
f —0.5 0.6 Cc DH
33a 0.7 143 Cc quartz-‘dike’, 3 m, 610.9/135.1 DH anc
b 0.9 149 Ce in Tertiary Truble DH
0.7 151 Do limestone DH
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Table 2
No 6 13C 8180 Mi Sample description Coordinates TE MET
c 1.3 15.8 Cc DH 100~
d 1.0 13.9 Cc DH 2009°¢
18.5 Qz DH
34a 1.5 25.4 Cc vein, 5 mm 607.9/132.0 WH anc
b 1.6 249 Cc matrix, Val. limestone Aminona WH
35a 0.9 24.1 Cc vein, 15 cm 607.3/129.8 WH anc
b 0.7 24.3 Ce matrix, Val. marl Mollens WH
36a 221 Qz vein, 15 cm, Dogger 606. /140. WH anc
11 17.6 Ce Truble WH
Pressure shadows
40a 2.8 25.8 Cc pyrite-halo, 1 cm 619.2/143.9 DH epi
b 2.8 26.0 Cc matrix, Malm limestone Balmhornhiitte DH
41a 2.4 25.4 Ce belemnite-halo, 1.5 cm 619.3/144.0 DH epi
b 2.5 25.8 Cc matrix, Malm limestone Balmhornhiitte DH
42a 1.3 24.1 Ce belemnite 624.9/130.2 AU epi
—f +0.8 +0.2 n=6 details see Fig. 8 Hohtenn AU
gk 23 24.5 Ce matrix, Malm limestone AU
+0.2 +0.2 n=7 AU
1 20 24.3 Ce fibrous pressure AU
+0.2 +0.3 n=9 shadow AU
43a 0.7 25.0 Ce pyrite-halo, 5 mm 605.5/131.1 WH epi
b 0.6 25.0 Ce matrix, Val. marl Montana WH
Tectonites
50a 0.8 251 Ce tectonite boudin 616.4/146.9 GH dia
-0.9 20.6 Do pressure solution, Kandersteg GH
b —-0.2 22.8 Cc and veins GH
21.5 Qz detrital? GH
5ia —0.5 23.5 Cc tectonite boudin 613.5/143.0 WH dia
—52 22.6 Do Ueschinen WH
52a —-24 17.5 Ce tectonite 598.7/125.0 WH dia
53a 2.5 234 Ce calc-mylonite 620.9/143.9 DH epi
2.7 222 Do dynamically Gasterntal DH 3409
b 0.6 15.4 Cc recrystallized DH
c 1.2 15.3 Cc DH
d 1.8 16.2 Ce DH
0.4 15.8 Do DH
e 0.8 17.3 Cc DH
f 21 25.7 Cc DH
g 21 25.4 Ce syn-mylonitic vein DH
h 23 25.8 Ce syn-mylonitic vein DH
54a 1.6 253 Do tectonite 584.9/117.1 DI epi
b 1.7 25.0 Cc strongly deformed, Ardon DI
1.6 25.2 Do dynamically recrys- DI
c 1.6 253 Cc tallized limestone DI
S55a —13 241 Ce calc-mylonite 579.6/113.3 MO epi
b 1.2 25.0 Cc dynamically Saillon MO
c 24 221 Cc recrystallized MO
S56a 0.9 19.6 Cc “Lochseitenkalk > 749.8/205.8 GL epi
b 1.7 20.7 Cc calc-mylonite with Pizol GL 35574
c 0.9 18.7 Ce synmylonitic GL
0.0 17.9 Do veinlets GL
57a 241 26.4 Cc “Lochseitenkalk 739.4/193.6 GL epi
b 14 14.7 Cc calc-mylonite CrapdaFlem GL
c -55 12.0 Ce dynamically GL
d 0.2 10.9 Ce recrystallized GL
Late faults
60a 2.5 22.6 Ce fault-gouge, 610.5/138.8 WH anc
b 2.6 23.9 Cc sparry calcite Limmernh. WH
c 2.5 231 Ce along fault plane WH
d 1.6 24.5 Ce in Malm limestone WH
61a 1.8 243 Ce cataclasite along- 604.5/138.7 WH dia
b 13 21.5 Ce major fault Retzligh. WH



12

Table 2
No é613C 6120 Mi Sample description Coordinates TE MET
c 1.9 23.6 Ce WH
d 12 20.0 Ce WH
62a —-04 11.2 Cc fault-gouge 669.8/178.2 AU epi
b -03 1.0 Ce Cc-slickenfibers Tellistock AU
c —-0.3 3.7 Ce in Malm limestone AU
d 0.5 9.9 Ce along major fault AU
e 1.4 24.5 Cc matrix, Malm limestone AU
Veins related to frontal pennine thrust
70a —-23 20.9 Cc vein, 2 mm 598.9/124.1 Zs epi
b —21 25.7 Ce matrix, carbonate St. Léonard 7S
Tta 1.1 221 Ce Trias tectonite 598.9/124.0 zs epi
b 0.9 20.6 Ce tectonite St. Léonard VA
1.3 21.5 Do Zs
7T2a —-24 20.5 Do vein, 3 mm 598.9/124.0 Zs epi
-25 19.6 Do St. Léonard Zs 330¢74
b —-20 26.2 Do matrix, Trias dolo. VA
—2.1 25.0 Do VA
—25 24.8 Cc VA
73a 0.6 23.7 Ce vein I, 15 cm 633.0/127.2 ZS epi
1.3 223 Do boudinaged Visp Zs
252 Qz Zs 38097¢
T4a 1.0 23.0 Ce veinl, 10 cm 7S
1.2 230 Do folded, boudin. ZS 3704
24.6 Qz VA 35097¢
b 1.0 23.0 Cc matrix, calc-schist ZsS
1.1 227 Do Z8
75a 1.2 231 Cc vein I, 15 cm 600.7/123.6 VA epi
1.4 22.9 Do boudinaged St. Léonard VA 345¢°~¢
251 Qz z8 3009°°
b 1.0 211 Do matrix, calc-schist A
1.0 21.7 Ce zs
76a —11.0 18.6 Ce vein I, 10 cm VA epi
—11.3 18.8 Cc boudinaged Sierre, VA >50097°¢
—11.5 17.4 Do (Mangol) VA
—11.7 16.4 Do VA
193 Qz zs
77a 0.8 21.7 Do veinI, 5 cm 598.1/123.0 VA epi
1.2 234 Ce boudinaged St. Léonard Zs 3609°¢
248 Qz VA
78a 0.8 21.7 Do vein I, 8 cm VA epi
1.3 229 Ce folded Zs
254 Qz Zs 2509°¢
b 0.7 21.7 Do matrix, calc-schist ZS
1.3 229 Ce VA

6 13Cin 9%, PDB, ¢ 180 in %, SMOW, Cc = Calcite, Do = Dolomite, Qz = quartz
TE =tectonic units: AU = Autochthonous, DH =Doldenhorn nappe, MO =Morcles nappe, JA =Jigerchriiz and Plammis imbricates,
GH = Gellihorn nappe, DI =Diablerets nappe, WI= Wildhorn nappe, GL =Glaris thrust (eastern Switzerland), ZS = Zone Sion Cour-

mayeur (Frontal pennine thrust zone)

MET =metamorphic grade determined by illite crystallinity and other methods (Burkhard 1988): dia =diagenetic, T=100-200° C; anc=
anchi-zone, T=200-300° C; epi =epi-zone, T>300° C. 330°~¢=calcite-dolomite thermometry according to (Powell et al. 1984); 3309 °=
isotopic temperature from quartz-H,O and calcite-H,O fractionation factors (Calyton et al. 1972 and O’Neil et al. 1969)

Coordinates and localities are according to Swiss topographic maps

these low 80 formation brines were expelled from the sedi-
ments and basement by tectonic compaction, preferentially
along shear zones that propagated as thrust faults into the
sedimentary cover. According to Cathles (1983) formation
brines may be expelled from sedimentary basins by compac-
tion/tectonics and there is isotopic evidence that some of
the expelled brines have undergone isotopic exchange with
basement rocks (J- type Pb). A reconnaissance Sr-isotope
study has shown that mylonites are variably more radio-
genic than undeformed precursors, thus providing corrobo-

rative evidence that low & 80 fluids expelled along the
thrusts were derived in part from the basement (Burkhard
and Kerrich unpublished data).

In summary, calc-mylonites from the Doldenhorn and
Glarus thrusts show evidence for open system fluid advec-
tion. Additional analyses are required to determine the pre-
cise fluid sources, distances of transport of fluids and so-
lutes, and whether or not these structures acted as major
conduits for foreland oriented fluid flow (“squeegee ef-
fect”, Oliver 1986).



Frontal pennine thrust

Isotopic composition of carbonates from veins of the fron-
tal Pennine units in the Rhone valley show a large scatter
(Fig. 4). The 6 13C and & 20 values span —11.7 to +1.4%,
and 16.4 to 26.3%, respectively. The range of § 120 values
is similar to that determined for Helvetic veins and thrusts.
Sample 76 shows a marked depletion in & **C of more than
10%,, with respect to any other sample. The most plausible
source for isotopically light CO, is oxidation of organic
material given that this particular vein formed in a compe-
tent sliver of carboniferous sediment (conglomerate, shales
including some anthracite) which was tectonically emplaced
in a thick series of gypsum.

Samples 70 to 75 and 77, 78 plot close to the field of
marine carbonates but are slightly depleted in 20. Most
of the Pennine carbonate series are of Triassic age and ac-
cording to Hoefs (1973, p.97) this apparent depletion could
be an original feature. On the other hand, the Pennine
nappes in this area are dominated by schists and it is possi-
ble that the isotopic composition of the veins is also in-
fluenced by oxygen isotope exchange with detrital silicate
minerals.

Isotopic fractionations between several quartz-calcite
pairs in the Pennine thrust yield caculated temperatures
of 250 to 380° C (samples 73 to 78, Fig. 9). With the excep-
tion of sample 76 which yields unrealistically high tempera-
tures, the mid part of this range is consistent with tempera-
tures obtained by calcite-dolomite thermometry (Powell
etal. 1984) which converge at 350° C (Table 2). As this
area lies within the lower greenschist facies (Frey 1986),
veining probably took place close to peak metamorphic
conditions.

Faults

Cataclasites from the Rawil depression are only marginally
depleted in 80 relative to the marine carbonate field. In
contrast, sample 62a—¢ are from a large normal fault in
the autochthonous cover of the Aarmassiv, which extends
over a 2 km vertical interval from the Tertiary down to
the crystalline basement. Slickenfiber- and gouge-calcites
vary from 1.0 to 11.2%, in & 80, providing evidence for
infiltration of meteoric water into this fault zone (Fig. 8).
From microstructural evidence (slicken-fibres) a sub-recent
crystallization can be ruled out.

Conclusions

The principal conclusions of this study are as follows:

1) During nappe formation and their emplacement, syntec-
tonic veins and pressure shadows formed under approxi-
mately closed system conditions where the isotopic compo-
sition of the water was buffered by the surrounding marine
carbonate matrix. This result is compatible with microstruc-
tural evidence for a pressure solution/precipitation mecha-
nism of deformation responsible for the vein formation.

2) In contrast to closed system conditions within the differ-
ent nappes, evidence for open system fluid advection is
found along the Doldenhorn and Glarus thrust planes.
Mixtures of rock buffered pore fluids with low 'O forma-
tion brines tectonically expelled from the basement and sed-
iments are the most probable source of variably *20-de-
pleted water which exchanged with the limestone tectonites.
3) During the later stages of the tectonic evolution, which
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is marked by 5 to 15 km of uplift and doming of the external
crystalline massifs, deep penetration of surface-derived *#0-
depleted meteoric water occured along faults, and into the
largest of the late tectonic tension fractures.

In summary, closed and open system fluid behaviour
coexisted during the main deformation and nappe emplace-
ment. The overall tendency is from closed in the early stages
to more open system advection in the later stages of the
tectonic evolution, when the deformation processes shifted
toward more brittle behaviour diminished lithostatic pres-
sures and enhanced hydraulic conductivity.
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