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ABSTRACT. At the tectonic contact between the Penninic Platta
Nappe and the Lower-Austroalpine Err Unit in eastern Switzerland
carbon and oxygen isotope fronts are preserved at the interface of
serpentinites and low-grade regional metamorphic metacarbonates.
The carbon and oxlygen isotope compositions of calcite are 513C = 2.3
Bennil (PDB) and 80 = 21.0 permil (SMOW) in the unaltered metacar-

onates at a distance of about 20 m from the lithologic contact, and they
are $°C = 0.0 permil and 30 = 14.0 permil at the metacarbonate-
serpentinite interface. The concomitant shift in the oxygen isot«:Ke
composition of quartz is from 24.0 to 17.0 permil. A peculiarity of the
isotope g_attern is the systematic variation of the quartz-calcite oxygen
isotope fractionations across the isotopic front. Quartz-calcite fraction-
ations are relatively small (~3.0 permil) in the unaltered metacarbon-
ate and at the metacarbonate-serpentinite interface, and they increase
in the transitional zone in between with a maximum of 7.1 permil at a
distance of about 2 m from the contact. This pattern is interpreted as a
result of advective-disgersive material transport across the litholgﬁlic
contact and coupled first-order kinetic mineral-fluid exchange. The
oxygen isoto?e systematics indicate that calcite-fluid isotope exchange
was fast, and local calcite-fluid equilibrium prevailed durin§ fluid-rock
interaction. In contrast, quartz-fluid exchange was relatively sluggish,
and the quartz-calcite oxygen isotope fractionations deviafed signifi-
cantly from their equilibrium values. Front geometries suggest that
dispersive processes contributed substantially to material transport
across the metacarbonate-serpentinite contact. Cross-layer advective
flow was minor with a maximum time-integrated volumetric flux of 21
m®/m?, From the influence of quartz-fluid exchange kinetics on the
intermineral fractionations quantitative relations among transport ve-
locities, the rates of mineral-fluid exchange and the duration of fluid-
rock interaction are derived. These relations are then combined with
ﬁeologic and experimental data to identify “feasible” scenarios of

uid-rock interaction.

INTRODUCTION
The analysis of stable isotope patterns has become a routine method in
studies of phenomena of fluid-rock interaction in active and fossil hydrother-
mal systems. Initially, zero-dimensional box models were used to interpret
shifts in isotopic compositions from fluid-rock interaction (Taylor, 1974,
1977). As more detailed information on stable isotope signatures became
available, more sophisticated models based on transport theory were em-
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ployed (for a review, see Nabelek, 1991; Bickle, 1992; Bowman, Willett, and
Cook, 1994).

The formalism provided by transport theory was used by a number of
authors to constrain transport processes from the geometry of stable isotope
fronts (Ganor, Mathews, and Paldor, 1989; Bickle and Baker, 1990; Jamtveit,
Bucher-Nurminen, and Stijthoorn, 1992; Todd and Evans, 1993; Cartwright,
1994; among others). In these studies, fronts defined by the spatial variation
of the isotope compositions of a single monitoring phase or by bulk rock
compositions were analyzed. The systematics of inter-mineral isotopic frac-
tionations were not explicitly considered. This makes the distinction between
equilibrium and disequilibrium scenarios difficult (Lassey, 1988; Baker and
Spiegelman, 1995). This distinction is, however, crucial for the interpretation
of stable isotope patterns, because deviations from local equilibrium during
fluid-rock interaction may significantly influence front geometries (Lassey
and Blattner, 1988; Abart and Sperb, 1997).

Stable isotope compositions of coexisting phases from rocks that under-
went fluid-rock interaction have been used in a number of studies to test for
the degree of grain-scale isotopic equilibration during fluid-rock interaction
(Clayton and Epstein, 1958; Taylor, 1974, 1977; Criss and Taylor, 1986;
Gregory and Taylor, 1986; Bickle and others, 1995; among others); for a
review of the literature see Gregory, Criss, and Taylor (1989). In these studies
explicit information on the system geometry and on the spatial variation of
isotope compositions is either missing or is not considered in the analysis.
Consequently only limited insight into the processes involved in isotope
transport is obtained. Basically, only the distinction between open- and
closed-system behavior and an estimation of the degree of external fluid-
buffering is possible (Criss, Gregory, and Taylor, 1987).

In several studies more than one isotope tracer was analyzed (Bickle and
others, 1988, 1995; Burkhard, Kerrich, and Fyfe, 1992; McCaig and others,
1995; among others). The study of more than one isotope tracer, each with
different fluid-solid partitioning, provides a powerful means of understanding
the coupling of transport and exchange processes. In particular, pervasive
flow and fracture flow can be discriminated (Bickle, 1992).

Although there is a wealth of studies on the isotopic effects of fluid-rock
interaction in fossil systems, the number of comprehensive studies that
integrate the various types of information, that is the spatial variation of the
stable isotope compositions of more than one monitoring phase and in more
- than one isotope system, in an analysis based on transport theory, is small.
Here we present an example of fluid-rock interaction from a tectonic contact
in a regional metamorphic terrain in eastern Switzerland. In this case study
we integrate data on the spatial variation of isotopic compositions of two
monitoring phases and from two isotope tracers. In particular, we make use
of the information provided by the systematics of the inter-mineral fraction-
ations to identify deviations from local equilibrium during fluid-rock interac-
tion and to derive quantitative relations among the transport and exchange
parameters.
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Geologic Setting

Regional geology—In the Oberhalbstein area (Graubiinden, Eastern Swit-
zerland) the boundary between the Penninic and the overlying Austroalpine
nappes is located at the Platta Nappe-Err Unit tectonic contact. The geology
of the area is described in detail by Cornelius (1950) and Dietrich (1969, 1970).
The Platta Nappe is a relict of the former Piemontese-Ligurian Thetys ocean
floor, and it is the highest tectonic unit within the Penninic nappe pile (fig. 1).
The Platta Nappe is composed of dismembered ophiolitic relics, dominated
by metabasalts and serpentinites. Upper Jurassic to Cretaceous metasedi-
ments are also present, occurring as disrupted layers and lenses, from several
up to a hundred meters thick. The metasediments include a stratigraphic
sequence of radiolaria cherts, pelagic limestones, and pelagic limestones
interbedded with shales, the so-called Palombini Formation. Overlying the
Platta Nappe is the Lower-Austroalpine Err Unit, which is composed of a
crystalline basement with a locally preserved Mesozoic sedimentary cover.
In some areas the crystalline basement is overlain by the volcanic-
sedimentary sequence of the rhyolitic Nair Porphyroid. The Mesozoic sedi-
ments have a late Jurassic and Cretaceous facies development similar to the
coeval sediments in the Platta Nappe. The Platta Nappe and the Err Unit also
underwent similar deformational and metamorphic histories during the
Alpine orogeny. The main deformation, D1, took place in the late Creta-
ceous. It was associated with nappe imbrication of the Austroalpine and the
Platta Nappe and produced a penetrative foliation. Later deformation phases
were associated with extensional tectonics (D2) and with the northward
transport of the Austroalpine Platta Nappe complex (D3) (Froitzheim, Schmid,
and Conti, 1994). Deformation during the D2 and D3 events was generally
non-penetrative. The main metamorphic overprint in both the Platta Nappe
and the Err Unit is ascribed to the late Cretaceous nappe imbrication. It
reached lower greenschist facies conditions with peak metamorphic tempera-
tures of 250° to 300°C (Trommsdorff, 1983; Ferreiro Mahlmann, 1996). The
complex remained at these conditions until the onset of extensional tectonics,
and the temperature remained approximately constant during the D1 and D2
deformation events (Liniger, 1992). Nappe imbrication and extensional
tectonics have been dated radiometrically by Handy and others (1996).
These authors obtained an age of 89 to 76 Ma for the D1 event and 80 to 67
Ma for the D2 event. Carbon and oxygen isotope compositions in the
metasediments of the Platta Nappe vary between —2 and 2 permil 8'*C(PDB)
and 11 to 25 permil 30(SMOW). In the metasediment layers of the Platta
Nappe, carbon and oxygen isotope ratios are generally depleted toward the
lithologic contacts with the surrounding metabasic rocks. This trend is
particularly pronounced in a profile across the metacarbonates of the Palom-
bini Formation at the Platta Nappe-Err Unit tectonic contact in the Scalotta
region (see fig. 1).

The Palombini Formation in the Scalotta region—In the Scalotta region the
Palombini Formation is about 70 m thick and is sandwiched between
serpentinites of the underlying Platta Nappe and the metavolcanics (Nair
Porphyroid) of the overlying Err Unit. A schematic lithologic profile of the
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Fig. 1. Geological sketch map of the Penninic-Austroalpine transition in eastern Switzerland—

-adapted from Nievergelt and others (1996), sampling location in the Scalotta area indicated by
small rectangle.

Platta Nappe-Err Unit tectonic contact in the Scalotta region is shown in
figure 2. The contacts of the metasediments with the surrounding rocks are
tectonic, and they were probably first generated during nappe imbrication
(D1). The main foliation produced during D1 is coherent in the metacarbon-
ates and in the underlying serpentinite, indicating that this contact was
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Fig. 2. Schematic lithologic profile across the Palombini Formation at the Platta Nappe-Err
Unit tectonic contact; total thickness of the Palombini Formation in the Scalotta region 1s about
70 m; tectonic contact at the bottom of the section preserved from an early stage of the
tectonometamorphic evolution (D)), tectonic contact at tﬁe top of the section reactivated during
extensional tectonics (Dy).

preserved in an essentially original state from an early stage of the structural
evolution. Strain markers indicate shortening of the metasediment sequence
perpendicular to the lithological contact. In a 2.3 m wide contact zone toward
the serpentinites, shortening is more intense than in the central zone of the
Palombini Formation by a factor of about 5. At the top of the Palombini
Formation the main foliation of the metasediments is cut by the tectonic
contact with the Nair Porphyroid. This contact was presumably first estab-
lished during nappe imbrication, and it was probably reactivated during
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extensional tectonics and may thus be regarded as a D2 feature. The
metasediment section appears to be incomplete at this contact, the top of the
section has been truncated during extensional tectonics.

The mineralogical composition of the metasediments is dominated by
calcite, which makes up .80 to 90 percent of the rock. Quartz and feldspar
comprise another 10 to 15 percent, illite and chlorite are subordinate. With
respect to the microtexture, a fine-grained homogeneous matrix and veins
with relatively coarse-grained calcite and minor quartz can be distinguished.
The bulk of the veins were formed during the D1 event. The veins are up to 1
mm thick, often boudinaged, and they have been rotated into an orientation
parallel to the main foliation. In the matrix the grain-size of calcite is
generally <20 pm. Quartz grains are usually somewhat larger with grain
diameters of about 40 pm. The fabric is characterized by strong preferred
orientation of elongate calcite and quartz grains. This fabric was produced
during the early penetrative deformation event. The calcite and quartz
microtextures indicate crystalloplastic deformation, dynamic recrystalliza-
tion, and pressure-solution.

Carbon and Oxygen Isotope Systematics
Analytical methods—The data shown in figure 3 represent samples taken
from the homogeneous, fine-grained, quartz- and feldspar-bearing carbonate
matrix. Homogeneous rock samples of 20 to 60 g were crushed and sieved.
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Fig. 3. Carbon and oxygen isotope systematics of the Palombini Formation at the Platta
Nappe-Err Unit tectonic contact in the Scalotta area: black diamond symbols—313C i (PDB), black
dots—3"*Oerpentinite(SMOW), open circles—8"¥0 i (SMOW), black rectangles—3*O guar( SMOW),
open rectangles—quartz-calcite oxygen isotope fractionations.
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The fraction larger than 125 pm and smaller then 250 pm was split. One
subsample was ground to powder and used for conventional CO, extraction
from carbonates (McCrera, 1950). From the second subsample, carbonate
was removed by treatment with acetic acid. Opaque phases and sheet
silicates were removed from the residue on a magnetic separator. Inspection
of the samples by X-ray diffractometry revealed that all separates contained
both quartz and feldspar. In a subsequent step the samples were treated with
hydrofluoric acid for 3 min to dissolve feldspar. The samples were then
re-examined with X-ray diffractometry. For some samples the HF-treatment
had to be prolonged for 30 sec to remove the feldspar quantitatively. The
clean quartz separates were then subjected to conventional oxygen extraction
by fluorination. For both carbonates and silicates, reproducibility of replicate
measurements was better than 0.2 permil in the oxygen system, and it was
better than 0.1 permil for carbonates in the carbon system. Carbon and
oxygen isotope compositions are given in permil relative to the PDB and
SMOW standards.

Stable isotope compositions of calcite and quartz along a profile across
the Palombini Formation at the Platta Nappe-Err Unit tectonic contact in the
Scalotta area are shown in figure 3. The most striking feature of the stable
isotope pattern is the depletion trend toward the lithologic contacts. The
profile is somewhat asymmetric. Isotopic depletion in the metasediments is
more pronounced at the contact toward the underlying serpentinite than at
the contact toward the overlying metavolcanics. The observed asymmetry
may be due to differences in the isotopic and hydraulic characteristics of the
serpentinites and the Nair Porphyroid. It must, at least in part, be also
ascribed to the modifications of the isotope profile during extensional tecton-
ics. The effect of the D2 deformation was to reduce the metasediment
sequence at the top of the section. The isotope front is hence incomplete at
the contact to the Nair Porphyroid. This is why only the relatively undis-
turbed contact with the footwall serpentinite will be considered in the
following discussion.

Calcite oxygen isotope compositions are successively depleted from
3130 = 21.0 permil in the central portion of the metasediment sequence to
14.0 permil at the lithologic contact. A similar shift from 24.0 to 17.0 permil is
observed in coexisting quartz. The oxygen isotope front is relatively smooth
and extends over about 20 m into the metasediment layer. Calcite carbon
isotope compositions are shifted from 83C = 2.3 permil in the central
portion of the metasediment layer to values between 813C = 0.2 and 0.8
permil at the lithologic contact. The carbon isotope front is relatively sharp,
and it is located at a distance of about 2 m from the lithologic contact. The
oxygen isotope fronts monitored by quartz and calcite do not exactly parallel
each other, and the quartz-calcite fractionations show a pronounced system-
atic variation as a function of distance from the lithologic contact. Quartz-
calcite fractionations are relatively small, about 3.0 permil, in the central part
of the metasediment layer and at the lithologic contact. At intermediate
positions the quartz-calcite fractionations increase successively and reach a
maximum of 7.1 permil at a distance of 2.5 m from the serpentinite-
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metacarbonate interface. The shortening of the metasediment sequence may
have modified the original geometry of the stable isotope fronts. This
possibility will be considered in the following analysis.

FLUID-ROCK INTERACTION

Prior to fluid-rock interaction the quartz and calcite isotope composi-
tions were most likely constant throughout the metasediment sequence. In
the unaltered metacarbonates of the central zone the quartz-calcite oxygen
isotope fractionation is about 3.0 permil. According to the calibration of
Sharp and Kirschner (1994) this corresponds to a temperature of 265°C. This
is in good agreement with temperature estimates from paragenetic informa-
tion (Trommsdorff, 1983; Ferreiro Mahlmann, 1996) and corroborates the
view that quartz-calcite local equilibrium prevailed prior to fluid-rock interac-
tion. The trend of O depletion of quartz and calcite toward the underlying
serpentinite is ascribed to interaction of the metasediments with an externally
derived, isotopically light fluid. Fluid-rock interaction most likely occurred
during nappe imbrication when the metasediments, the serpentinites, and the
Nair Porphyroid were juxtaposed tectonically. The most probable source of
%0 depleted oxygen is the volumetrically dominant underlying serpentinites
and metabasalts of the ophiolitic Platta Nappe. The metabasic rocks repre-
sent a large reservoir of isotopically light oxygen. The bulk rock oxygen
isotope composition of the serpentinite is 8.1 permil. Using the serpentinite-
water equilibrium fractionation factor for 250°C, A'SOSe,p_HZO = 1.0 permil
(Wenner and Taylor 1971)! a composition of 7.1 permil is calculated for an
aqueous serpentinite pore-fluid. The oxygen isotope composition of the
serpentinite remains constant up to the serpentinite-metacarbonate contact.
This indicates that at the lithologic contact the oxygen isotope composition of
the pore fluid was maintained at a constant composition of 7.1 permil in
equilibrium with the serpentinite during fluid-rock interaction. The oxygen
isotope fronts are contained entirely within the metacarbonates indicating
that net oxygen transport was from the serpentinites into the metasediment
layer. The processes that may have been involved in material transport
across the serpentinite-metacarbonate contact are fluid advection and disper-
sion? in the pore fluid.

Calcite isotope compositions are similar in the early formed calcite veins
where grains are up to several millimeters in size and in the matrix carbonate
with a grain size generally less than 20 pm. Regardless of the relative timing
of vein-formation and fluid-rock interaction, this observation suggests that
Jlocal calcite-fluid oxygen isotope equilibrium was attained during fluid-rock
interaction. The vein-calcites were most probably in isotopic equilibrium
with the fluid from which they precipitated. If vein-formation and fiuid-rock

! The fractionation factor given by Wenner and Taylor (1971) depends on the calibration of
the quartz-water oxygen isotope fractionation which has been revised since their publication
(Clayton, O’Neil, and Mayeda, 1972; Sharp and Kirschnere, 1994). We use the original
expression given by Wenner and Taylor, because, for the temperatures of interest, it is well
Comgatible with the empirical quartz-calcite calibration of Sharp and Kirschner (1994).

In this context the term “dispersion” describes the combined effects of molecular diffusion
and hydrodynamic dispersion.
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interaction occurred at the same time, then the similarity of the isotopic
compositions of vein and matrix calcite suggests that they were both in
equilibrium with the local pore fluid. The rates of mineral-fluid isotopic
exchange are grain-size sensitive. If the calcite veins already existed at the
onset of fluid-rock interaction, the similarity of the isotopic compositions of
vein and matrix calcites indicates that both matrix and vein-calcite were
shifted to equilibrium with the pore fluid. In either case the independence of
calcite isotope compositions from grain size suggests that calcite-fluid ex-
change was fast relative to material transport and that deviations of the
calcite-fluid oxygen isotope fractionations from their equilibrium values
during fluid-rock interaction were negligible.

If quartz-calcite local equilibrium had been maintained during fluid-rock
interaction, the observed variation in quartz-calcite oxygen isotope fraction-
ations would indicate a pronounced temperature variation across the oxygen
isotope front. Based on a local equilibrium assumption relatively high
temperatures on the order of 300°C would be inferred from the relatively
small quartz-calcite fractionations in the central part of the metasediment
layer and at the lithologic contact. Significantly lower temperatures, as low as
80°C, would be obtained from the large quartz-calcite fractionations at
intermediate positions. It is improbable that such a temperature variation, of
over more than 200°C on a meter-scale, could occur in a regional metamor-
phic terrain. The systematic variation of the quartz-calcite oxygen isotope
fractionations across the isotope front rather suggests that the quartz-calcite
fractionations significantly deviated from their equilibrium values during
fluid-rock interaction. This disequilibrium feature is readily explained by the
interplay of transport and exchange, if both occur at finite rates (Abart and
Sperb, 1997). For any given distance from the lithologic contact, the oxygen
isotope shift in calcite is larger than the corresponding shift in the coexisting
quartz. The oxygen isotope front recorded by quartz lags behind the front
recorded by calcite. This indicates that quartz-fluid exchange was slower than
oxygen isotope exchange between calcite and the pore fluid. This observa-
tion agrees well with literature data on mineral-fluid exchange obtained from
both hydrothermal experiments (see Cole and Ohmoto, 1986) and from
natural systems (Clayton; Muffler, and White, 1968; Taylor 1974, 1977,
among others),

The shifts observed in the metasediment carbon isotope compositions
indicate that apart from oxygen also isotopically light carbon-bearing species
were introduced into the metasediments. Due to the scarcity of data the
carbon isotope front is ill defined, and it cannot be used to extract quantita-
tive information. It does, however, shed light on the coupling of transport and
exchange in a qualitative way. The carbon isotope front is significantly
retarded with respect to the oxygen isotope front indicating that material
transport in a water rich fluid and mineral-fluid isotopic exchange were
intimately coupled. This in turn suggests that the fluid pathways were
homogeneously distributed on a grain-scale corroborating the use of trans-
port theory to analyse the observational data.
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Modeling

Model assumptions—In our simplified model, the metasediments of the
Palombini Formation are treated as an aggregate composed of 90 volume
percent calcite and 10 volume percent quartz. Feldspar and sheet silicates are
neglected. The bi-mineralic aggregate is regarded as a semi-infinite, one-
dimensional system, which extends from the serpentinite-metasediment
lithologic contact into the metasediments. The isotopic compositions of
quartz, calcite, and the pore fluid are assumed to have been initially constant
throughout the metasediments, and it is assumed that all phases were in
isotopic exchange equilibrium with one another. The initial compositions of
quartz and calcite were taken as the compositions observed in the central part
of the metasediment layer, 8'*O™. = = 21 permil and §"®*OMN\, = 24 permil,
respectively. The initial isotopic composition of the metasediment pore-fluid
was calculated as 38O}, = 14.3 permil from the initial composition of
calcite and the corresponding equilibrium fractionation factor (O’Neil, Clay-
ton, and Mayeda, 1969). The oxygen isotope composition of the pore fluid at
the metacarbonate-serpentinite interface is assumed to have been constant
during fluid-rock interaction, and it is assigned a value of 8'*Of%, = 7.1
permil, in equilibrium with the serpentinite. This corresponds to the “pinned
boundary” boundary condition of Bickle and Baker (1990). The processes
involved in isotope transport across the lithologic boundary are considered to
have been fluid-advection and dispersion in the pore fluid. Calcite-fluid
isotopic exchange is considered to have been fast so that local calcite-fluid
equilibrium was maintained during fluid-rock interaction. Quartz-fluid oxy-
gen isotope exchange is .considered to have occurred at a finite rate. The
kinetics of quartz-fluid oxygen isotope exchange are described by a pseudo
first-order rate law {Cole, Ohmoto, and Lasaga, 1983). The effective dispersiv-
ity, the mean interstitial particle velocity, the rate of quartz-fluid isotopic
exchange, the modal mineral abundances, the isotopic composition of the
externally derived fluid, and the temperature are considered to have re-
mained constant during fluid-rock interaction.

In the following discussion it will be convenient to express distance from
the serpentinite-metacarbonate lithologic contact and isotopic compositions
in terms of dimensionless quantities. Dimensionless distance x is obtained-by
normalizing an actual distance X to an arbitrarily defined scaling length L,
x = X/L. For the problem at hand the scaling length was chosen to be 10 m.
The normalized isotopic composition of a phase k is defined as:

obs __ qinit
_ 81( 81(

Ry=——"—
eq _ winit 7

where 3™ is the isotopic composition of phase k before the onset of fluid-rock
interaction, 8} is the isotopic composition of phase k in equilibrium with the
externally derived fluid, and 8 is the observed isotopic composition of
phase k. According to the calcite-water equilibrium fractionation factor given
by O’Neil, Clayton, and Mayeda (1969), the oxygen isotope composition of
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TABLE 1
Oxygen isotope systematics at the serpentinite-metacarbonate contact

Dimensionless distance

Sample Distance (m) 3180, 3180,
identification from contact x x' (SMOW) (SMO%N) Ree R
Sc4-94-kt 0.02 0.002 0.012 14.9 17.1 0.90 0.98
Sc4-94-1 0.30 0.030 0.144 14.2 17.9 0.97 0.87
Scd-94-2 0.75 0.075 0.360 14.8 19.1 0.88 0.70
Sc4-94-3 1.35 0.135 0.648 15.0 19.8 0.86 0.59
Sc4-2 1.80 0.180 0.864 14.8 20.2 0.88 0.54
Sc4-94-4 2.30 0.230 1.104 14.7 21.8 0.90 0.30
Sc4-3 10.30 1.030 2.134 18.0 22.5 0.42 0.20
Scd-4 16.80 1.680 2.784 20.2 23.8 0.10 0.01
Sc4-5 34.80 3.480 4.584 20.8 23.6 0.01 0.04
Sc4-8 48.80 4.880 5.984 20.8 n.a. 0.01 na.
Sc4-9 51.31 5.131 6.235 20.9 23.9 0.00 0.00

Actual and normalized oxy%en isotope compositions and distances from the serpentinite-
metacarbonate contact of samples from the profile across the Palombini Formation in the
Scalotta area; scaling distance for the derivation of dimensionless distances is 10 m; column
({9 1)

x”—uncorrected dimensionless distances, column “x’”—dimensionless distances corrected for
observed strain in the Jowermost 2.3 m of the metasediment section; the last two columns give

the isotopic compositions normalized to initial and equilibrium compositions: SO = 910,
81803‘}1‘;1 = 24%0 830 ;e = 14.0%o, 8180 s, = 17.0%o.

calcite in equilibrium with the externally derived fluid at about 270°C is 14.0
permil. The corresponding equilibrium composition of quartz is 17.0 permil
(Sharp and Kirschner, 1994). The numerical values of the actual and normal-
ized oxygen isotope compositions and distances from the serpentinite-
metacarbonate contact are given in table 1. Here we include two sets of
dimensionless distances. The column designated “x” is derived from the
actual length measurements through scaling with L. = 10 m, whereas for
the calculation of the dimensionless distances labelled “x'” the length
measurements at the bottom 2.3 m of the metasediment sequence were
corrected for the observed strain in the contact zone by applying a stretching
factor of 4.8. Henceforth the two lists of data triplets “x, R, Ry,” and “x’,
Re, Ry,” will be referred to as the “original observational data-set” and
the “corrected observational data-set,” respectively. Both data sets will be
considered in the following analysis to estimate the influence of the strain
correction on the transport and exchange parameters obtained from inverse
modeling.

Governing equations—The formalism employed to describe advective-
dispersive isotope transport and coupled first-order kinetic mineral-fluid
exchange was discussed in detail by Abart and Sperb (1997). For the problem
at hand where calcite is in exchange equilibrium with the pore fluid their eq
(1) can be rewritten as:

D "R, R, IR,
’ ! - + '
ax2 U aX T ot Ve

aP{qtz

at ’

(1)
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where R, is the normalized isotopic composition of calcite and the pore
fluid,® and Ry, is the normalized isotopic composition of quartz, X and t are
the space and time coordinates. The parameters D', the “retarded effective
dispersivity,” and v’, the “retarded mean interstitial particle velocity,” are
defined as: .

where D is the effective dispersivity, and v is the mean interstitial particle
velocity, which is related to the Darcy velocity, g, by: v = q/d, where ¢ is the
volumetric porosity. The retardation factor R, is defined as:

0 Xee
=1+—
R, X,

X; is the fraction of the total oxygen in a control volume contained within
phase i; o; is the mineral i—fluid equilibrium fractionation factor. The
parameter vy, in eq (1) is defined as:
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The series approximations suggested by Abart and Sperb (1997) then
take the form:
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for the normalized isotopic compositions of calcite and the pore fluid and
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for the normalized isotopic composition of quartz, where
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# Given that calcite and the pore fluid are in isotopic exchange equilibrinm with each other,
their normalized isotopic compositions are identical.
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and € is an arbitrarily defined constant <1. The functions B{y, 7, s), G{y, 7, s),
and Ty(y, 7) are defined as follows:
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Eqs (2) through (4) are written in terms of dimensionless parameters. The
Peclet Number Np, is defined as Np, = (v'L)/D’, the Damkéhler Number of
quartz, N, is given by ND, = (K,L)/v', where K, is the rate of oxygen
isotope exchange between quartz and the pore fluid. The corresponding
definition of dimensionless time 7 is: T = (v't)/L.

The dimensionless transport and exchange parameters that describe the
isotopic effects of fluid-rock interaction in the Palombini Formation, namely
the Peclet Number, the Damkshler Number of quartz and dimensionless
time, were obtained by minimizing the variance of the observational data
with respect to the model prediction. The variance o2 is defined as:

D D v

where Rg™ and RI™ are the observed and modeled, normalized isotopic
compositions of phase k at a given position. The sum is over N observations,
where each observation includes M mineral phases. The explicit nature of
expressions 2 and 3 allows application of efficient optimization procedures,
such as the method of steepest descent, to investigate the Np, — Nf])tz -1
parameter space.

Results—For each of the observational data-sets the minimization of o?
yields a unique solution for the dimensionless parameters: Np, = 0.4, N2, =
6.7, 7 = 0.2 are derived from the original observational data-set, Np, = 5.5,
N (I])tz = 1.2, 7 = 1.6 are derived from the corrected observational data-set.
Both data sets and the corresponding model outputs are shown in a dimen-
sionless coordinate frame in figure 4. The distribution of the residuals
(R — RP9Y) wag investigated by means of x? statistics. x2 = 2.13 for the
original observational data-set, and x2 = 0.21 for the corrected observational
data-set. x? was calculated for 2 degrees of freedom, and in both cases the Xlis
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Fig. 4. Comparison of model calculations and observations in a dimensionless coordinate
frame,%A) original observational data-set, (B) observational data-set corrected for observed strain
in the lowermost 2.3 m of the section; open circles and heavy lines—observed and modeled
normalized oxygen isotope compositions of calcite, black squares and thin lines—observed and
modeled compositions of quartz.

less then x3 5, which is 4.61. The residuals may hence be regarded as
normally distributed with respect to the predicted mean on a 10 percent
level. In this case the variance o2, which is also given in figure 4, is an
appropriate measure for the quality of fit. The numerical values of the
dimensionless parameters depend on the scaling distance, which was chosen
arbitrarily. To arrive at a physically meaningful interpretation the dimension-
less numbers must be transformed back into the physical parameter space.
Upon back-transformation the uniqueness of the solution is lost; the dimen-
sionless numbers yield only quantitative relations among the physical param-
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eters. The relations among the retarded effective dispersivity of oxygen, the
retarded fluid-particle velocity, the overall rate constant for quartz-fluid
oxygen isotope exchange, and the duration of fluid-rock interaction obtained
from the original observational data-set may be stated as: D'/v' = 25 m,
D'/Kq, = 37.3 m% D’ - t = 50 m?. The product v’ - t is 2.02 m, that is a
“retarded time integrated flux” in the direction perpendicular to the metacar-
bonate-serpentinite contact. From the corrected observational data-set some-
what different relations are obtained: D'/v/ = 1.8 m, D /Kq = 15.2m%, D’ -
t = 29 m?. The corresponding retarded integrated flux is 15.75 m. The above
relations may be employed to derive “feasible” sets in the physical parameter
space that describe oxygen transport across the serpentinite-metacarbonate
contact and coupled mineral-fluid exchange.

DISCUSSION

The correction for the strain observed in the lowermost 2.3 m of the
metasediment section has an effect on both the quality of fit and on the
dimensionless parameters obtained. The variance is smaller and the fit is
better for the corrected observational data-set than for the original data-set.
This may indicate that the front geometries were indeed modified by
deformation after fluid-rock interaction and that the strain corrected data-set
better represents the original geometry of the isotope pattern. The Peclet
Number and dimensionless time obtained from the original observational
data-set are approximately one order of magnitude smaller than the corre-
sponding parameters obtained from the corrected observational data-set, and
the Damkéhler Numbers differ by a factor of 5.6. The parameters obtained
from the original data-set indicate transport that is more strongly dominated
by dispersion and a shorter duration than indicated by the dimensionless
parameters obtained from the corrected data-set. Upon back-transformation
the differences in dimensionless parameters are propagated into the physical
parameter space. Table 2 gives selections of “feasible” parameter sets that
could explain the original and the corrected observational data-sets. Indepen-
dent evidence is required to decide which of these parameter sets best
represents the actual process. Note that the parameters D’ and v’ depend on
the retardation factor, R,, which in turn is a function of the oxygen porosity,
Xy A retarded quantity 5* is related to its non-retarded equivalent 5 by: E =
E'[1 + (aeXcc)/X{]. For the problem at hand, where X; < 1 and X, =~ 1,
this may be approximated by E = 5'/X. From the molar volumes of calcite
(36.9 cm®mol 1), quartz (22.7 cm®mol '), and an aqueous fluid at 250°C and 3
to 5 kb (~16.5 cm?mol ') a relation between the oxygen porosity, X, and the
volumetric porosity ¢ can be derived: X; = 0.75¢. This gives the conversion
from the “retarded integrated flux” to the integrated volumetric fluid flux.
The integrated volumetric fluid flux obtained from the original observational
data-set is 2.7 m%/m? and it is 21 m®/m? for the corrected observational
data-set.

Geological considerations and experimental data allow some of the
physical parameters to be constrained: A maximum estimate for the duration
of fluid-rock interaction can be obtained from geochronological data. Fluid-
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TABLE 2
Transport- and exchange parameters

L =10m, Ng = 0.4, N>, = 6.7,7 = 0.2
L=10m, Np. = 5.5,N;, = 1.2,7 = 1.6

D’ v’ Ky t t original data-set
m?s~! ms™! s s years corrected data-set
7.9.107% 32-107° 2.1-107° 6.3-108 2.0-10'  original data-set
461078 2.5-10°8 3.1-1079 6.3- 108 2.0 10! corrected data-set
7.9.10710 32-10°1 2.1-10711 6.3 - 1010 2.0-103 original data-set
4610710 2.5.10°10 3.1-1071 6.3- 1010 2.0 - 10? corrected data-set
79-1072  32.10°1 2.1-10718  63.1012  20.10° original data-set
4610712 2.5.10712 3.1-10°13 6.3 - 1012 2.0-10° corrected data-set
7.9.10714 3.2-10°15 2.1-10715 6.3 1014 2.0 - 107 original data-set
46.10714 2.5.10714 3.1-10715 6.3- 101 2.0 - 107 corrected data-set

Sets of physical parameters that describe isotope transport and mineral-fluid exchange in
the metasediments of the Palombini Formation. Parameters obtained from both the original
observational data-set and the corrected observational data-set are given, see indication in the
last column. -

rock interaction occurred synchronous to or after nappe imbrication, and it
most probably pre-dates the deformation associated with extensional tecton-
ics. According to the findings of Handy and others (1996) this leaves a
maximum of 20 my for the duration of fluid-rock interaction. This implies a
lower limit on the order of 10~ !#m?s™! for the retarded effective dispersivity, a
lower limit on the order of 10~*ms~! for the retarded particle velocity, and
a lower limit on the order of 10~1%s~! for the bulk rate of quartz-fluid oxygen
isotope exchange (see table 2).

The dispersion coefficient accounts for the combined effects of molecu-
lar diffusion and hydrodynamic dispersion. The effective diffusivity can be
roughly estimated from experimental data. The dominant oxygen-bearing
species in the pore fluid was HyO. The diffusivity of the HyO molecule in free
water, Dy o, is about 4 - 1078m?s~! at 250° to 300°C and at pressures in excess
of 150 MPa (Franck, Wiegand, and Dahmen, 1996). The effective diffusivity
of HyO in a porous rock, D.g, is related to its diffusivity in free water by: Dy =
Dy,0 - ¢ - T, where T is the tortuosity. In metamorphic rocks the tortuosity
may have values between 0.1 and 1.0. The porosity may vary considerably.
For the problem at hand it was most probably in the range of 1076 to 1072

-The effective diffusivity of HyO in the metacarbonates of the Palombini
Formation was hence between 4 - 107 and 4 - 10~'*m?s~!. Considering that
X; = 0.75¢, the corresponding retarded effective diffusivities may hence vary
between 3 - 10~2!m?s~! for porosities of 107¢ and a tortuosity of 0.1 and 3 -
10-'2m2s~! for porosities of 102 and a tortuosity of 1; the retarded effective
diffusivity would be 4.6 - 10~*m?s~! at a porosity of 3.9 - 10~% and a tortuosity
of 0.1. For any given porosity and tortuosity, these values must be considered
as maximum estimates. They are derived from the relatively fast diffusivity of
the H,O molecule in free water. At low porosities the diffusion of oxygen in a
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thin fluid film on mineral surfaces or oxygen diffusion along crystallographic
sites at grain boundaries may be significantly slower (Rubie, 1986). Through
the geochronological constraints on the maximum duration of fluid-rock
interaction the retarded effective dispersivity is limited to values in excess of
4.6 - 107"*m?s~! (see table 2). Given that fluid-rock interaction lasted for 2 -
107 yrs, the bulk of the effective oxygen dispersivity could be explained by
the effect of molecular diffusion, if the porosity were larger than 3.9 - 10-3.
Such a scenario would be compatible with the findings of Cartwright (1994)
who ascribed the bulk of dispersivity along and across flow channels in
contact metamorphic calc-silicate rocks from the Mary Kathleen fold belt to
molecular diffusion. This “maximum-duration scenario” would, however,
imply that the rate of quartz-fluid oxygen isotope exchange was very low, on
the order of 10~!5s7! (see table 2). This is several orders of magnitude slower
than the corresponding experimentally derived rate constants. Tabulated
values of the reaction-specific rate constant for surface-reaction controlled
quartz-water oxygen isotope exchange at 250° to 300°C are about 10~ °moles
m~%s~! (Cole and Ohmoto, 1986). For a quartz grain-size of 40 pm this yields
an overall rate constant on the order of 10-%1. If K, is assigned a value of
10971, this yields a duration of fluid-rock interaction on the order of 108s,
that is, on the order of years. This “short-time scenario” would imply that the
retarded effective dispersivity was on the order of 10-8m?2s~!. As the maxi-
mum estimate for the retarded effective diffusivity is only 3 - 10~2m2s~! this
would indicate that, in the short-time scenario, the dispersivity of oxygen was
almost entirely due to hydrodynamic dispersion, and molecular diffusion
contributed only 1072 percent to the bulk dispersivity. The extent of hydrody-
namic dispersion depends on flow velocity and on the pore-geometry of the
rock. Hydrodynamic dispersion, Dy, ‘may be approximated by (Phillips,
1991): Dy, = v - 1y, where 1, is a “decorrelation distance,” which is on the order
of the grain size. Considering that D = 25 - v or D = 1.8 - v for the original
and the corrected observational data-sets and that the grain size in the
metacarbonates is about 2 - 10~5m, this yields a relative contribution of
hydrodynamic dispersion to the bulk dispersivity of 5 - 102 to 3.6 - 10-!
percent, respectively. Although this relation bears considerable uncertainty,
it indicates that the relatively low flow rates across the lithologic contact can
not explain the dominarice of hydrodynamic dispersion required by the
short-time scenario. Alternatively, the contribution of hydrodynamic disper-
sion may be interpreted as an effect of layer-parallel flow. The layer-parallel
component of fluid flow may have been much larger than cross-layer flow,*
and one may speculate that the associated transversal dispersion has contrib-
uted significantly to the effective oxygen dispersivity. A dominance of the
contribution from transversal dispersion to the bulk dispersivity would,
however, require layer-parallel flow that is at least six orders of magnitude
faster than cross-layer flow. For the short-time scenario, this would be on the
order of 107% to 10~2ms~!. This would require extremely high permeabilities

* Bowman, Willet, and Cook (1994) %ive minimum estimates on the order of 10%m3/m? for
the flux along the Glarus thrust, a geological situation which is comparable to the Platta
Nappe-Err Unit tectonic contact.
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of about 107! to 107 °m? (see below), which are unlikely to occur in a
carbonate rock under metamorphic conditions.

There are no rigorous criteria to constrain the physical parameters
within the range given'by the two extremal scenarios. Both the maximum-
duration scenario and the short-time scenario are controversial. The maxi-
mum-duration scenario requires rates of quartz-fluid oxygen isotope ex-
change several orders of magnitude slower than the corresponding
experimentally determined rates; the short-time scenario implies that the
bulk of the dispersivity was due to hydrodynamic dispersion, but a domi-
nance of hydrodynamic dispersion is in conflict with the low flow velocities.
Several authors (Ganor, Mathews, and Paldor, 1989; Todd and Evans, 1993,
Cartwright, 1994; among others) demonstrated that molecular diffusion may
contribute significantly to oxygen transport over macroscopically relevant
distances. The fact that the estimates regarding the contributions from
molecular diffusion to the effective bulk dispersivity become less extreme
with decreasing rates of quartz-fluid exchange and increasing duration of
fluid-rock interaction leads us to speculate that the rate of quartz-fluid
exchange was probably on the order of 107 '¥ to 10~!!s~!. The corresponding
maximum contributions of molecular diffusion to the effective dispersivity
would then be on the order of a fraction of a percent to several tens of
percent. The most probable duration of fluid-rock interaction in accordance
with such quartz-fluid exchange rates would be in the range of 10% to 10°
yrs (see table 2).

Based on the assumption that fluid pressure was equal to the lithostatic
pressure, minimum estimates for the corresponding intrinsic permeability, k;,
may be derived from the relation:

k; A
q n Pg;
where q is the Darcy velocity, p is the dynamic viscosity of the fluid, Ap is the
density difference between the rock matrix and the pore fluid, and g is the
gravitational acceleration. For the problem at hand we may use values of
Ap = 1600 kgm ?, py,0 = 1.4 - 10-*Pas (Walther and Orville, 1982). This
yields the relation: k; = 1.2 - 10~# v The intrinsic permeabilities calculated
for the “most probable scenario” are thus on the order of 1072t to 10~ *m?.
These values lie well within the range of the permeabilities determined for
metamorphic rocks in both laboratory experiments and borehole measure-
-ments which vary from 1076 to 10-%'m? (Brace, 1980; Clauser, 1991). Our
values are also compatible with permeabilities that are considered as typical
for metamorphic conditions (Etheridge, Wall, and Vernon, 1983; Thompson
and Connolly, 1992; Connolly, 1997; among others).

The preservation of the disequilibrium quartz-calcite oxygen isotope
fractionations may shed light on the factors that controlled the duration of
fluid-rock interaction. If the rates of isotopic exchange were only controlled
by temperature (following an Arrhenius relation), the disequilibrium fraction-
ations should have relaxed during the late stages of regional metamorphism



disequilibrium during fluid-rock interaction. Part 2 725

after fluid-rock interaction had ceased. In such case one would expect the
quartz-calcite fractionations either to yield coherent temperatures or to yield
closure temperatures that reflect cooling rates (Eiler, Valley, and Baumgart-
ner, 1993). The observed variation of the quartz-calcite fractionations does,
however, not correlate with modal mineral abundances, or grain size as
would be predicted from the model of the latter authors. The systematic
spatial variation of the inter-mineral fractionations may merely be regarded
as a consequence of fluid-rock interaction with oxygen transport at finite rates
and kinetically controlled mineral-fluid exchange. The preservation of the
disequilibrium pattern suggests that oxygen isotope exchange was terminated
relatively abruptly and that the isotope pattern remained essentially un-
changed after fluid-rock interaction had ceased. This suggests that changes in
the deformation regime rather than the thermal evolution during regional
metamorphism controlled the duration of fluid-rock interaction.

SUMMARY AND CONCLUSIONS

After the juxtaposition of the Penninic Platta Nappe and the Lower-
Austroalpine Err-Unit in the late Cretaceous, carbon and oxygen isotope
fronts developed in the metacarbonates of the Palombini Formation at the
tectonic contact with the underlying serpentinites. The shapes and relative
positions of the carbon and oxygen isotope fronts are compatible with
pervasive material transport in a water-rich pore fluid with coupled mineral-
fluid exchange. Material transport across the lithologic boundary was due to
a combination of fluid advection and dispersion in the pore fluid. Whereas
layer-parallel flow may have been substantial, fluid advection across the
serpentinite-metacarbonate contact was minor. Dispersive processes contrib-
uted significantly to material transport in the direction perpendicular to the
lithologic contact. Molecular diffusion may account for the bulk of the
dispersive transport only in a “long-time scenario,” which is in conflict with
experimentally determined rate constants for quartz-water oxygen isotope
exchange. A more reasonable scenario with a duration of 10° to 105 yrs
requires that the dispersivity of oxygen was enhanced by the contribution of
transversal dispersion associated with layer-parallel flow. The rate of calcite-
fluid isotope exchange was fast relative to isotope transport, and calcite-fluid
local equilibrium was maintained during fluid-rock interaction. Quartz-fluid
exchange was relatively slow, and the quartz-fluid and the quartz-calcite
oxygen isotope fractionations significantly deviated from their equilibrium
values; a “wave” of quartz-calcite disequilibrium fractionations propagated
into the metasediments together with the oxygen isotope front. The preserva-
tion of systematic spatial variations in the quartz-calcite fractionations that
had developed during fluid-rock interaction suggests that oxygen isotope
exchange was terminated relatively abruptly. The duration of fluid-rock
interaction was probably controlled by changes in the deformation regime
rather than by the thermal evolution of the rocks.
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