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Abstract A mechanism accommodating large strain in superplastic flow with elongation of 100%-300%,
is described for fine-grained calcareous shales deformed at temperature of 200-335°C and depths of 5-8 km
up to slate schists in the Oisans massif, Western Alps, France. Using electron microscopy techniques on thin
sections parallel to the principal finite strain axes, we show that the shape ratios of the slightly elongated grains
(1.4-1.6), mainly calcite and quartz, do not match the finite strains recorded by the markers of the deformation
(truncated belemnites, folded veins) in the maximum elongation and shortening plane (ratio 6.7) or in the
maximum and minimum elongations plane (ratio 2.4). Consequently, a grain boundary sliding mechanism is
required to explain the measured large finite strains. The most soluble minerals (quartz, calcite, dolomite, and
albite), which represent about 95% of the rock, accommodate deformation by pressure solution grain boundary
sliding whereas the least soluble minerals (muscovite, chlorite, Fe-Ti oxides) act as indenters or are passively
reoriented. Pressure solution is especially efficient in polymineralic rocks. Soluble minerals, which have been
healed together in veins or fossils, are much more resistant to deformation and act as rigid objects. Models
with idealized tessellation of hexagonal grains and creep laws derived from pressure solution indentation
experiments provide deformation maps. We discuss the main parameters of this ductile deformation in the
upper crust (thermodynamic conditions, strain rate, stress, distance of mass transfer) and show possible drastic
decrease of mass transfer efficiency with decrease of stress and strain rate.

Plain Language Summary The formation of mountain ranges such as the Alps is associated with
large strain flow of fine-grained rocks even at low temperatures (200-335°C) and shallow depths (5-8 km).
Such ductile behavior represents an aseismic alternative (without earthquakes) in highly deformed zones, so it is
important to understand and model it in order to predict the mechanical behavior of actively deforming regions.
However, the mechanism and the parameters of the deformation remain enigmatic. Relying on grain shape
analyses derived from microscopy techniques, we demonstrate that the deformation is accommodated by grain
boundary sliding with locally stress-driven dissolution in zones that oppose grain sliding and re-deposition in
zones that are stress-relaxed by this sliding. By comparison with laboratory experiments, we show that this
ductile process may operate in fine-grained rocks, at much lower stresses than required for seismic deformation.
We establish flow laws that describe the relation between strain rate and the parameters of the deformation,
such as thermodynamic conditions, stress, distance and characteristics of mass transfer along grain boundaries.
We show that, at low differential stress and slow strain rate, diffusive mass transfer along grain boundaries
could be much slower than when measured in laboratory experiments at high stress and strain rate.

1. Introduction

Rocks deformed under very high strains in the elongation range of 100%-300% and shortening of 50%-75%
are commonly observed in mountains and continental shear zones that have recorded crustal deformations
(Pfiffner & Ramsay, 1982). In order to better quantify the strain - stress relationships (i.e., creep laws) associated
with such ductile deformations, it is crucial to better understand the deformation mechanisms at the grain scale
(Poirier, 1985).

Faced with the challenge of understanding the deformation mechanism of experimentally highly deformed
polycrystalline synthetic materials, with characterized behavior of superplastic flow (Ashby & Verral, 1973),
proposed a model of grain boundary sliding where diffusion accommodates deformation. In dislocation creep,
Nabarro-Herring creep or Coble creep, the grains accommodate the same amount of deformation as the material
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on a whole and keep the same neighbors. Conversely, in the grain boundary sliding model, the grains remain
nearly equant and switch their neighbors with diffusion-accommodated flow (Ashby & Verral, 1973). In this
model, grain boundary sliding is controlled both by bulk and grain boundary solid diffusion, the latter being most
often dominant. This model also considers the possible effect of dislocation creep in the change of shape, mainly
at high stress levels and accounts for the transition from dominant diffusion accommodated flow to dominant
dislocation creep.

Application to natural deformation in the context of relatively high temperature has been proposed by (Boullier and
Guéguen, 1975), who suggested six conditions and observations for the development of diffusion-accommodated
superplasticity in natural mylonites: (a) high temperature: 7/T,, > 0.5 where T, is the melting temperature, (b)
permanent small grain size (less than 10 microns) and nearly equant grains, (c) stress and strain rate not too
high, to avoid dislocation-controlled plastic flow, (d) no crystallographic preferred orientation, (e) moderate
dislocation densities, (f) relatively high strain rate sensitivity with low stress exponent. Diffusion-accommodated
superplastic flow has been described both in lower crust (Behrmann & Mainprice, 1987) and mantle deforma-
tion (Hiraga et al., 2010). The absence of preferred crystallographic orientation or the low density of disloca-
tions are not systematically observed in experiments of superplasticity on natural minerals at 700-900°C (Rutter
et al., 1994; Rybacki et al., 2010; Schmid et al., 1977) indicating that a limited part of the deformation may be
accommodated by dislocation creep or by preferential grain growth (Kamb, 1959; Paterson, 1990) at least in the
relatively high experimental strain rate regime.

By extrapolating experimental data to natural deformation (Paterson, 1990), reviewed how superplastic flow
may occur under geological conditions in calcite, quartz and olivine rocks at relatively high temperature (7/
T, > 0.5). He also noted that knowledge of superplasticity in most naturally deformed rocks is still incomplete,
especially when a fluid phase is involved, such as in porous rock deformation. This is especially true for large
strains observed in the upper crust at temperatures much lower than those required for efficient diffusion through
solid in volume or at grain boundary (see above). In such cases, stress-driven mass transfer process, such as
pressure solution creep with diffusion along fluid phase trapped under stress along grain boundaries, is a very
efficient mechanism that can occur at the grain scale in natural deformation (Elliott, 1973). This mechanism
may also involve local reequilibration by coupled dissolution and precipitation processes (Putnis & Putnis, 2007;
Ruiz-Agudo et al., 2014) not discussed here. Pressure solution creep has been reproduced in the laboratory under
pressure and temperature conditions representative of the upper crust down to 10-20 km of depth (e.g., Gratier,
Dysthe, & Renard, 2013, and references therein, with some experiments specifically on calcite and quartz such
as (Croizé et al., 2010; Gratier et al., 2009; Zhang et al., 2010). However, in most geological cases, multiphase
materials have to be considered including minerals of various solubilities, consequently of various mobilities
under stress. Modeling interface diffusion creep of such a multiphase material appears to be challenging (Ford
& Wheeler, 2004). Another approach developed for quartz - illite aggregates is to consider combined effects of
shearing friction process controlled by the illite phyllosilicates and of dilatant process controlled by quartz pres-
sure solution (Bos et al., 2000; den Hartog and Spiers, 2014; Niemeijer & Spiers, 2007). This process strongly
depends on temperature and strain rate with evolution from velocity strengthening behavior associated with
creeping processes at high temperature or low strain rate to velocity weakening behavior associated with earth-
quake development at low temperature or fast strain rate. Consequently, it is of crucial interest to evaluate the
shape and geometric orientation of each type of minerals. Depending on the mineral solubility and its crystallo-
graphic orientation, one can determine the parameters for deformation modeling and the relative contribution of
diffusion creep, friction, and dislocation creep mechanisms, which accommodate large strain.

An example of large natural ductile deformation in the upper crust, in which the large strain values and the
conditions of temperature and pressure are well known, is presented here. Based on detailed field observations
in highly deformed Mesozoic basins in the Western Alps, we have selected one highly deformed representative
sample. From this sample, we measured various parameters, including grain shape and grain shape orientation,
and crystallographic preferred orientation. We compared it with less deformed rocks of the same type. We infer
the occurrence of stress-driven mass transfer using various chemical and mineralogical analyses using SEM-EDS
(Scanning Electron Microscopy/Energy Dispersive X-Ray Spectroscopy) and EBSD (Electron Back Scattered
Diffraction) methods. These parameters depend on mineral solubility and on the characteristics of grain bounda-
ries. The study allows proposing a mechanism of grain boundary sliding for superplastic behavior in large strain
and a flow law controlled by pressure solution at relatively low temperature deformation and slow strain rate in
the upper crust. Moreover, we show that some parameters, such as the characteristics of mass transfer (diffusion
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coefficient, width of grain boundary) that are evaluated in laboratory experiments always conducted at high
differential stress values and strain rate, have to be significantly scaled down when used in the low stress, slow
strain rate natural conditions.

2. Geological Context

During the Alpine orogeny in Europe part of the Mesozoic cover of the Paleozoic basement has been locally
highly deformed at relatively low temperature and pressure conditions (i.e., 5-8 km depth). This is the case for
the sedimentary basins of the Oisans massif, France, which has been highly deformed and transformed from
shales to slate schists in the context of the thrusting of the external crystalline alpine massifs (Figures 1a and 1b).
In the Bourg d’Oisans basin (Figure 1c), large strain was accommodated by folds with slaty cleavage (S7) along
the axial plane, and internal deformation that can be determined from the shortening measured along ptyg-
matic folded veins (Ramsay, 1967) and truncated belemnite fossils for the elongation (Badoux, 1963) (Figures 1d
and le). The intensity of deformation increases from east to west in the Bourg d’Oisans basin, associated with
tightening of the folds. The fold shape evolution may be seen on the cross sections of Figure 1¢ and on the photo-
graphs of Figures 2a and 2b.

In the following, we define [, as the initial length and [, [ I as the finite lengths in the principal directions of
the finite deformation (Figure 1f). In the eastern part of the Bourg d’Oisans basin, the apparent gentle folds with
axial plane cleavage show horizontal layer-parallel shortening /I, of about 0.5 with near vertical elongation of 2,
locally deformed by basement thrusts with local crenulation cleavage (S2) in the sedimentary cover (Figure 1c).
In the central part, in the area of La Paute, finite strain values (Figure 1d1) are about 0.4 for horizontal shortening
L/, 2.5 for vertical elongation [/, and 1.05 for the third horizontal principal strain [ /. In the western part,
vertical elongations of more than 3 are measured west of la Paute with shortening of about 0.3 (Figure 1d2).
Higher strain values are measured within some pinched basins in the Oisans massif, such as in the Cote Belle
basin where vertical elongation (/,/l)) is well above 4 and shortening (/] )) is lower than 0.25 (Figure 1d3)
(Gratier & Vialon, 1980). In summary, ratios of strain elongation to shortening range at least from 4 to 16. Not
only the belemnite fossils have been truncated but also the fold axes have been progressively rotated during
the deformation and reoriented to be near parallel to the elongation as sheath folds in the most deformed parts
(Figure 1d1-2-3). Therefore, the whole sedimentary cover is affected by these large ductile deformations.

Temperature and confining pressure of the sedimentary cover of the Oisans massif have been estimated from ther-
mopaleomagnetic record (Crouzet et al., 2001) coupled with K/Na geochronology on illite (Nziengui, 1993). A
peak of metamorphism with temperature of 335°C, and pressure of 225 MPa (about 8.5 km depth) at 26.5 Ma was
revealed, that rapidly decreased with time to 250°C at 23 Ma (corresponding to a geothermal gradient of 40°C/
km), and then decreased more slowly to 180°C at 16.5 Ma. Confining pressure is linked to both the autochthonous
sedimentary cover (2 km) and allochthonous pile of internal nappes up to 6 km thick. Shear displacement toward
the west is revealed by the torsion of the axial plane folds in the upper part of the cover (Figure 1c).

At the grain scale, evidence of pressure solution creep is pervasively observed: quartz and calcite are locally
dissolved in zones of maximum compressive stress near rigid objects and redeposited in veins, pressure shadows,
and crystallization fillings in the voids between truncated belemnite elements (Gratier & Vialon, 1980). Studies
of fluid inclusions in these redeposited minerals give detailed pressure-temperature relationships during defor-
mation associated with slaty cleavage. Using the 40°C/km equivalent geothermal gradient, fluid inclusions data
indicate a general decrease of temperature from 335 to 200°C (Bernard et al., 1977; Jenatton, 1981) correspond-
ing to a maximum duration of 8 Ma at decreasing temperature (Crouzet et al., 2001). When studying specifically
the fluid inclusions in crystallizations fillings of truncated belemnite fossil elements in the neighboring La Grave
basin, Figure 1b (Jenatton, 1981), the temperatures range from 335 to 240°C corresponding to duration of 4 Ma
at decreasing temperature, thereby covering a relatively large part of the total duration of the deformation. Defor-
mation could be longer, maybe twice as long if it began during the first alpine shortening deformation in the
basement at about 32 Ma according to (Bellanger et al., 2015), so the duration may range from about 4 to 16 Ma.

In order to best characterize the mechanism responsible for these large strains, one sample has been chosen in the
La Paute area in the Liassic Sinemurian-Hettangian fine-grained calcareous shale formation (Barfety et al., 1972;
Gidon, 1998). This sample contains a truncated belemnite fossil so that elongation may be perfectly measured
and the shortening can be evaluated from nearby folded ptygmatic veins (Figures le and 1f). The aim of the
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Figure 2. Photographs of some key localities of the Bourg d’Oisans (BO) basin. Evolution of the tightening of the folds from
the eastern part, the Cote Alamele area (a) to the central part, the La Paute area (b). Folding is always associated with large
internal finite deformation: E-W horizontal shortening increases from //[, = 0.5 to 0.4 and vertical elongation increases from
[/l =2 to 2.5 from eastern to central part respectively (Figure 1d1). (c) Large horizontal veins in the western part of the
Bourg d’Oisans basin contributing to a very small part of the deformation (less than 0.01%) in a context of very large internal
finite deformation: E-W shortening of 0.3, vertical elongation of 3.3 (Figure 1d2). The development of such veins at relatively
low temperature (150°C deduced from fluid inclusion studies) marks the end of the superplastic deformation regime. (d)
Boudinaged crystallization filling parallel to the vertical slaty cleavage and perpendicular to the horizontal strata in the La
Paute area. This structure is possibly related to hydraulic fracturing episodes with opening of existing slaty cleavage and then
deformation with the whole rock, with E-W shortening of 0.4 and vertical elongation of 2.5.

present study is to identify the mechanism of creep in the bulk rock associated with very large finite strain values
with ratios of strain elongation over shortening ranging at least from 4 to 16, which could explain large ductile
deformations observed in some shallow (<8 km depth) environments in the upper crust. In order to evaluate the
evolution of grain size characteristics with the increase of deformation, EBSD analysis has also been performed
on rock samples from a geological formation of the same age and characteristics of sedimentation (Gidon, 1998)
in an area less deformed than the Bourg d’Oisans basin, and located to the west of the Oisans massif (Figures 1a,
1g and 1h).

Figure 1. Geological context of the study: (a) Structural map of the European Western Alps showing the pattern of folds and faults and the location of the general
cross-section (white line), the horizontal arrows indicate the main shortening direction during Western Alps orogeny. (b) Schematic general cross-section with two
reference formations: the Trias in yellow and the Urgonian (Cretaceous) in green, with the reconstructed thrusted sedimentary cover over the Belledonne and Oisans
massifs at the time of the deformation about 25 Ma ago (light gray). BO = Bourg d’Oisans, LG = La Grave. Major normal and thrust faults are indicated by blue and
red lines respectively. (c) Elements of cross-section, through the Bourg d’Oisans basin, derived from photographs: calcareous shales have been folded with axial plane
slaty cleavage (S7) and sheared in the upper part by the above thrusting of internal sedimentary cover and locally indented by basement thrust with associated S2
crenulation cleavage. (d) Elongated truncated belemnite fossils: photographs and diagrams of elongation respectively for the western (d2), and middle part (d1) of the
Bourg d’Oisans basin and for the Cote Belle basin (d3), location in (a), X-axis and Y-axis are the maximum elongation and the intermediate principal axes of the finite
strain ellipsoid. B are the fold axes, photograph d3 from (Sechier, 2013). (e) Folded veins drawn from photograph where the Z-axis is the maximum shortening principal
axis of the finite strain ellipsoid: /,/I, = 0.4. (f) The two studied thin sections along X-Z and X-Y planes with strain values (white ellipses) deduced from the truncated
belemnite included in the X-Y thin section and from folded veins nearby. (g and h) EBSD maps of calcite and quartz and histogram of grain sizes of all the minerals

in a rock sample from an area less deformed than the Bourg d’Oisans basin, and located to the west of the Oisans massif (circle on the geological map 1a). (i) & (j)
Histogram of grain sizes of all the minerals cumulated for two areas within each of the two studied thin sections along X-Z and X-Y planes, with total grain numbers and
mode, mean and median grain size values. Grain size derived from EBSD maps (Figures 3-5). Pixel size is 0.5 pm.
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3. Microstructural Analyses
3.1. Sample Strain Measurements

At the sample scale (Figure 1f), elongation is calculated from the truncated belemnites by measuring the ratio
between the finite length (/) and the cumulated initial length of the truncated pieces of the fossil (/). This ratio
[ /I, shows a vertical elongation of 2.54 along the X-direction of maximum elongation. In the La Paute area
horizontal elongation is measured along the horizontal intermediate Y-axis l)./la and is small, equal to 1.05,
Figure 1d1 (Gratier & Vialon, 1980). For the maximum shortening along the Z-axis, there are only some elements
of ptymatic folded veins in the studied sample, but nearby in this part of the basin decimeter thick initially hori-
zontal veins give various shortening values around 0.04 + 0.05, Figure le. So assuming constant volume defor-
mation at decimeters to meter scale (Bellanger et al., 2014) [ /I could be here equal to 0.38. The ratio of principal
finite strain values is thus 6.7 in the X-Z plane and 2.4 in the X-Y plane.

3.2. Mineral Composition and Grain Deformation Characteristics

We characterized grain composition, microstructure and geometry by the EBSD technique using the CamScan
X500 Crystal probe and the AZtec software (Oxford Instrument) at the University of Montpellier, France. Several
areas have been investigated on the two thin sections parallel to the X-Z and X-Y principal finite strain axes:
X-axis corresponds to the maximum elongation, Y-axis corresponds to the intermediate elongation and Z-axis
corresponds to shortening (Figure 1f). Most analyses have been done with a pixel size of 0.5 pm covering sites up
to 650 x 800 microns on several areas on both X-Z and X-Y sections. Analysis of more than 66,000 grains on nine
sites for the two sections and using a combination of EBSD and element maps to estimate the phase abundances
leads to the following weighted composition: calcite (82.9%), dolomite (2%) quartz (8.2%), muscovite (3.7%),
chlorite (1%), albite (1.9%), apatite (0.2%), and pyrite (0.1%).

The central result of this analysis is the comparison between the grain geometry of the two X-Z and X-Y thin
sections and the finite strain ellipses. Such comparisons are given for each main mineral: calcite (Figure 3), quartz
(Figure 4) and muscovite (Figure 5) for the largest studied area on each section. Data on the other investigated areas
show the same pattern. The grain size distribution is similar for the two sections with mode (1.25 pm), median
(2.5 pm) and mean values (3.6 or 3.9 pm) for the X-Z and X-Y sections, respectively, with rare grain sizes up to
46 pm (Figures 1i and 1j). The grain size distribution is also similar for the two perpendicular sections for each
main mineral: 1.25 pm for the maximum frequency mode in all cases, 4.2—4.6 pm (calcite), 3-3.5 pm (quartz),
1.6—1.8 pm (muscovite) for mean values and 3-3.1 pm (calcite), 2.5-2.9 pm (quartz), 1.3—1.4 pm (muscovite) for
median values, respectively for X-Z and X-Y planes (Figures 3, 4b and 5b). Minor minerals have comparable sizes:
albite has a similar grain size distribution as quartz, and pyrite and apatite are similar to muscovite.

A crucial parameter for deformation analysis is the length-to-width aspect ratio of the grains, which shows asymmet-
rical normal distributions with maximum frequency mode of 1.55, 1.65, and 2 for calcite (Figure 3), quartz (Figure 4),
and muscovite (Figure 5), respectively, in the X-Z section, a value which is significantly lower than the measured finite
strain ratio of 6.7 (Figure 1f). Moreover, despite the large difference in strain ratio from 6.7 in the X-Z plane to 2.4 in
the X-Y plane, the mode values of the frequency distribution are only slightly different in the two sections X-Z and
X-Y: for example, the difference for the mode values of the distribution is 1.55 to 1.4 for calcite, 1.65 to 1.5 for quartz,
and 2 to 1.75 for muscovite for X-Z and X-Y sections, respectively. The mean values also differ only slightly: 2.1 to 1.9
for calcite, 2.4 to 2.1 for quartz, 3.2 to 2.7 for muscovite. Therefore, the shape of the grains does not reflect the shape
of the real finite strain ellipses, requiring grain boundary sliding in order to accommodate large strains.

When analyzing the orientation of the grains, plots of the long axis versus the X-direction show a difference
between the two sections for quartz and calcite grains with higher reorientation in the X-Z plane. An intrigu-
ing observation is that the muscovite grains (Figure 5d) have a lower degree of preferred orientation than the

Figure 3. Results of EBSD analysis of calcite grains on two perpendicular sections parallel to X-Z and X-Y planes, where X-axis is the maximum elongation, Z-axis is
the maximum shortening, and Y-axis is the intermediate principal axis of the finite strain ellipsoid. (a) EBSD maps, pixel size = 0.5 pm. (b) Histogram of grain sizes
with total grain numbers and mode, mean, and median size values. (c) Histogram of grain shape values with analyzed number of grains larger than 2 pm (for a good
representativity due to the pixel size of 0.5 pm), with mode, mean and median size values, and comparison of the analyzed grain shape (blue) and the actual finite strain
ellipse (red) deduced from strain markers (truncated belemnites and folded veins). (d-left) Distribution diagrams of the angles between the maximum grain elongation
and the X-axis. (e-left) Distribution diagrams of the Grain Orientation Spread (GOS) and the Maximum Orientation Spread (MOS) relative to grain shape ratio. (d-right)
Diagrams of GOS values relative to the grain shape ratio. (e-right) Diagrams of GOS values relative to the grain size. (f) Pole figures in equal area projection of lower
hemisphere with maxima expressed as Multiple of Uniform Distribution (M.U.D.). The EBSD data are available on the NIRD Research Data Archive (Renard, 2022).
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Figure 4. Results of EBSD analysis of quartz grains. Same caption as in Figure 3.
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Figure 5. Results of EBSD analysis of muscovite grains. Same caption as in Figure 3.
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calcite and quartz grains (Figures 3 and 4d). This result contradicts the common idea that these flat minerals are
passively rotated during large strain.

Grain Orientation Spread (GOS) and Maximum Orientation Spread (MOS) distributions (Hielscher et al., 2022)
representing the values of average and maximum internal misorientation (i.e., lattice distortion) of the grains,
respectively, show a mode value of the frequency distribution of 0°-0.5° and 1°-1.5° for calcite and quartz, and
0.5°-1° and 1°-1.5° for phyllosilicates (Figures 3e, 4e and 5e). There is no systematic relationship between lattice
distortion (expressed as GOS and MOS values) and strain ratio and size of grains. This indicates that grains
of different sizes and with large or small strain ratio have all a very low internal lattice distortion (within 1.5°)
(Figures 3d and 3e, 4d and 4e, and 5d and 5e). Finally, the statistical description of the intensity of the fabric is
quantified using the maximum intensity of the contoured pole figures and is given here as multiples of uniform
distribution (M.U.D.). A weak crystallographic preferred orientation is observed on pole figures without a signifi-
cant difference between the two areas on the two sections X-Z and X-Y, with a relatively low maximum of 1.66 and
1.79 M.U.D. for calcite and quartz respectively on section X-Z (Figures 3f and 4f), and of 1.81 and 1.82 M.U.D. on
section X-Y. Maxima are a bit higher for phyllosilicates: 4.13 for section X-Z and 8.78 for section X-Y (Figure 5f).

3.3. Evidence of Stress-Induced Mass Transfer at the Grain Scale

Evidence of stress-driven mass transfer can be seen around relatively rigid undeformed objects such as pieces of folded
veins (Figure 6a) and fossil fragments (Figure 6b). When comparing the chemical composition of the part of the
rock matrix that has been exposed to maximum stress (by the indenting effect of the rigid object) with the part of the
matrix that has been protected from stress in the pressure shadow of this rigid object, mass and volume changes can
be calculated. Mineral contents are calculated from element maps (Figures 6 and 7). Results show that phyllosilicates
(muscovite, chlorite) and Fe-Ti oxides are passively concentrated in the zones of maximum stress due to stress-driven
dissolution of soluble minerals such as calcite, quartz, dolomite, albite in both examples noted a and b in Figure 6. The
global change of mass transfer AM/M,, is equal to (I,/I, — 1), I, and I, being the concentration of the insoluble minerals
in the protected and exposed zones, respectively. The global mass variation is —0.66 and —0.87 for the two studied
examples (Figures 6a and 6b). The relative decrease of mass of each soluble mineral , AM /M, is equal to (1,/1) (S,/
§,) =1, S, and S, being the concentrations of the soluble minerals in the exposed and protected areas, respectively
(Gratier, Dysthe, & Renard, 2013). These mass variations are equal to —0.95 and —0.95 for quartz and —0.75 and
—0.91 for calcite for the two studied examples a and b, respectively (Figures 6a and 6b). Additional data on neighbor-
ing samples show that the local rock density is not significantly modified from protected to exposed zones indicating
that the mass transfer may be equivalent to volume change. Therefore, such localized volume changes accommodate
the heterogeneity of the deformation at the scale of some cluster of grains that appear to be relatively more rigid than
the whole rock. It must be noted that paradoxically such undeformed objects are almost exclusively made of soluble
minerals such as calcite (Figure 6). This is a general observation that, deformed under the same geometric and ther-
modynamics conditions; monomineralic rocks are more difficult to deform by pressure solution in natural deformation
than polymineralic ones (Gratier, Thouvenot, et al., 2013). This is discussed below.

At the grain scale, we observe the clear indenting of the more soluble minerals such as quartz, calcite, and albite by
the less soluble phyllosilicate minerals (Figure 7a). Local grain dissolution is observed as the dissolution of dolo-
mite growth rings (Figure 7a). Evidence of calcite and quartz crystallization growth is also seen in the pressure
shadows of these minerals (Figure 7b) or more rarely as discontinuous veins (Figure 7¢). The microstructure of
the grains evolves from a core with a high density of fluid inclusions to a more compact external part (Figure 7d).

As a conclusion of all these microstructural analyses when considered together, the most soluble minerals such as
quartz, calcite, dolomite and albite, which represent about 95% of the rock mass, accommodate very large strains
by pressure solution at grain boundaries whereas the least soluble minerals such as muscovite, chlorite and Fe-Ti
oxides act as rigid indenters or are passively reoriented. Locally, some soluble minerals, which have been healed
together in veins or fossils, are much more resistant to the pressure solution process and act as rigid objects.

4. Discussion
4.1. Characteristics of Superplastic Deformation From Microstructural Analyses

The first crucial observation is that grain shape does not reflect the finite strain ellipse in thin sections oriented in
both X-Z and X-Y principal finite strain planes (Figures 3c, 4c, and 5c¢). The only way to explain the large measured
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Figure 6. Element distribution maps from Scanning Electron Microscopy—Energy Dispersive Spectroscopy (SEM-EDS) showing stress-driven chemical
differentiation between zones exposed to and protected from stress around rigid objects marked by the contrasting behavior of the minerals. Some minerals are dissolved
under stress in the domain most exposed to stress, such as quartz (Si), calcite (Ca), dolomite (Ca-Mg) and albite (Si-Na) and other minerals are passively concentrated
by this selective dissolution, such as muscovite (Si-Al-K), chlorite (Si-Al-Fe) and Ti-Fe oxides. Associated volume changes between various exposed and protected
zones are estimated showing large volume decrease in the stress-exposed zones around rigid objects. These rigid objects are either a piece of folded vein (a) or piece

of fossil (b), mainly composed of monomineralic well-healed calcite grains that do not allow stress-driven dissolution due to the difficulty of mass transfer along such
well-healed grain boundaries. The global change of mass transfer A M/M, = (Ip/le — 1) is —0.66 and —0.87 for the two studied locations a and b, respectively (adding
the two areas in a). Here, /, and /, are the concentrations of the insoluble minerals in the protected and exposed zones, respectively. The relative decrease of mass of
each soluble mineral AM /M, = (I,/1,) (S,/S,) —1 is —0.95 and —0.95 for quartz and —0.75 and —0.91 for calcite for the two study examples a & b, respectively, where

p’le

S, and S, are the concentrations of the soluble minerals in the exposed and protected areas, respectively.
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Figure 7. Microstructure of the deformed rock at the grain scale. The minerals are differentiated based on their element content: quartz (Q)-(Si), calcite (Cal)-(Ca),
dolomite (Dol)-(Ca-Mg), albite (Alb)-(Si-Na), muscovite (M)-(Si-Al-K), chlorite (Chl)-(Si-Al-Fe), and titanium and iron oxides (Ti-Fe). Such polymineralic rocks with
numerous unlike contacts (contact between different minerals) allow relatively easy mass transfer along grain boundaries that are not healed together through a pressure
solution process. Evidence of stress-driven dissolution is seen thanks to the various Ca/Mg contents of growth rings of dolomite grains (yellow arrows) in (a) and to the
indenting of some soluble minerals (Alb) by phyllosilicates (M & Chl), shown with white arrows in (a). Redeposition in voids between the grains are indicated by red
arrows in (a—d). Mass transfer at grain scale is seen by heterogeneity in fluid inclusions content from the core to the periphery of some calcite grains and indicated by
black arrows in (d). Very rare evidence of grain fracturing and healed veins may be seen and shown by a blue arrow in (c).

finite strain values is a mechanism of grain boundary sliding that accommodated the relative displacement of the
grains. This mechanism has been described to explain large strains as superplastic flow, with diffusional accom-
modation of the grain boundary sliding, at relatively high temperature in the metal and geology communities
(Ashby & Verral, 1973; Boullier and Guéguen, 1975; Schmid et al., 1977). In the sample studied here, fluids
were present during the deformation, as indicated by fluid inclusions observed in redeposited minerals in veins,
pressure shadows and in the space between truncated belemnite pieces (Bernard et al., 1977; Jenatton, 1981).
The fluids allowed local intergranular mass transfer by pressure solution in the heterogeneously deformed zones
around rigid objects (Figures 6a and 6b). These observations indicate that pressure solution creep is likely to be
the main mechanism of mass transfer that accommodates grain boundary sliding. Under upper crust conditions,
this mechanism is favored by the fact that diffusion efficiency in the water phase is much less dependent on the
increase of temperature than diffusion in solid with about one order of magnitude of difference in the activation
energy (15 kJ/mole for pressure solution, and up to 200 kJ/mole for solid state diffusion) (Rutter, 1976; Schmid
et al., 1977). Pressure solution creep is strongly dependent on the geometry of the fluid phase along these grain
boundaries. Various models have been proposed from the thin film model (Rutter, 1976; Weyl, 1959) to the
island-channel model (Raj & Chyung, 1981). These models have been improved by suggesting dynamic evolution
of the grain boundary contacts (Dysthe et al., 2003; Ghoussoub & Leroy, 2001; Lehner & Bataille, 1985) and
activating effect of microcracks (den Brok, 1998; Gratier et al., 2009; Gratier et al., 2014; Gratz, 1991).

Another crucial characteristic of grain boundary contacts is the difference between grain boundaries where
two similar minerals are in contact (like-contact) and grain boundaries where the two minerals in contact are
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different (unlike-contact). In the sample studied here, we see clearly this difference in like- and unlike-contacts
by the contrasting behavior of the monomineralic rigid objects compared with the behavior of the polymineralic
deformed shale around these rigid objects (Figures 6a and 6b). It appears that unlike-contacts in polyminer-
alic rocks are much more efficient for stress-driven mass transfer than like-contacts in monomineralic rocks.
This effect is even enhanced in the presence of phyllosilicates, as it has been shown in natural deformation
(Bathurst, 1971; Heald, 1955) and confirmed by experiments (Hickman & Evans, 1995; Meyer et al., 2006;
Renard et al., 2001; Renard et al., 1997; van Noort et al., 2007). Quantifying to what extent variations in the
amount of unlike-contacts may affect the deformation is not easy. However (Zubtsov et al., 2004), showed that
the fastest rate of compaction of mixed aggregate of soluble and insoluble grains is obtained with a content of
soluble grains in the 45%—75% range, the higher value being here closed to the value of the calcite content in the
studied rocks.

A supplementary effect could be seen here, which is related to the characteristics of the sedimentation of the
fine-grained rocks of the Bourg d’Oisans basin associated with slow decantation of small particles offshore
(Barfety et al., 1972). EBSD with smaller pixel size and SEM-EDS studies show that the rock contains a certain
amount of extremely fine particles with grain size well below 0.5 pm. Extremely fine particles are known to
interfere with recrystallization (Poirier, 1985) which is not likely to have occurred here: see discussion below
on the CPOs in the pole figures (Figures 3d and 3e, 4d and 4e, and 5d and 5e). Furthermore, second-phase
pinning at grain boundaries keeps the grain size small by inhibiting grain growth, further promoting deformation
by diffusive mass transfer (Herwegh et al., 2011). Moreover, the coating of the grains by a dust of extremely
fine particles during the sedimentation certainly influences the behavior of the grain boundaries once the rock
is consolidated by promoting numerous bridges of unlike-contacts along grain boundaries even between the
same mineral and so facilitating diffusive mass transfer. The difference between like- and unlike-contacts is
due to a more efficient self-healing process of the grain boundary when the same minerals are in contact; grain
boundary healing reduces the fluid interconnection, which reduces the efficiency of the diffusion along grain
boundaries. This self-healing process is driven by the lowering of surface energy (Brantley et al., 1990; Gratier
& Jenatton, 1984; Smith & Evans, 1984; van Noort et al., 2008). These self-sealing processes are time dependent
and must be even more important in the slow natural deformation compared to the relatively fast deformation that
is characteristic of laboratory experiments. Healing processes have the opposite effect of microcrack activation
along grain boundaries and the two effects compete in deformation depending on the thermodynamic conditions
of the deformation (Gratier et al., 2014). It is therefore likely that the geometry of the grain contacts evolves with
time (Gratier, Dysthe, & Renard, 2013; Gratier et al., 2014; Renard et al., 2012; van den Ende et al., 2019; van
Noort et al., 2008).

The shapes of the grains are not strictly equant but slightly elongated (Figures 3c, 4c, and 5c), which is a frequent
observation in natural rocks. Examples of grain shape analyses in deformed limestones (Ebner et al., 2010) and
shales (Saur et al., 2020) and even for manufactured limestone and natural sands (Huang & Wang, 2017) show
an asymmetrical normal distribution of the grain shapes, which is of the same type as the distribution measured
in the sample analyzed here (Figures 3c, 4c, and 5c). Several explanations of this observation are possible. First,
the grains are not necessarily equant during the deposition process. Second, even in tectonically internally “unde-
formed” rocks, grains have experienced diagenetic pressure solution creep that tends to preferentially dissolved
grain boundaries perpendicular to the main vertical compression, as suggested by (Saur et al., 2020). This may be
seen by the preferential dissolution of the growth rings of the dolomite grains in Figure 7a. The slight difference
of the grain shapes between the two sections along the principal strain axes X-Z and X-Y is of the order of 10%
of the grain size for quartz and calcite and may be associated with pressure solution deformation at grain scale
in parallel with grain boundary sliding. It must be noted that both the acquisition of grain shape preferred orien-
tation and the grain boundary sliding that require mass distribution from high to low stress surfaces may imply
replacement processes in which primary mineral dissolution and secondary mineral precipitation are coupled at
the mineral interfaces (Putnis & Putnis, 2007). Such dissolution precipitation processes are discussed in more
details in other studies (Malvoisin & Baumgartner, 2021; Ruiz-Agudo et al., 2014; Wintsch & Keewook, 2002).
The grain deformation could also be related to the slight crystallographic preferred orientation revealed on the
pole figures (Figures 3f, 4f, and 5f). However, due to the very weak CPOs in these pole figures and to the lack
of relationships between GOS/MOS and grain shape/grain size (Figures 3d and 3e, 4d and 4e, and 5d and Se)
the contribution of dislocation creep may be considered as negligible. One could wonder if dislocation creep has
accommodated the sliding between the grains and then grain size may have been resetted by recrystallization.
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Such a process described in naturally deformed marble (Bestman & Prior, 2003) leaves some evidences of large
dislocation creep, which is not the case here. Moreover we compared the grain size characteristics of the highly
deformed rocks in the Bourg d’Oisans basin with rocks collected in an area less deformed west away of the Oisans
massif with the same age and characteristics of sedimentation (Figures 1h—1j). Results show that the distribu-
tion and the characteristics of the grain size is similar in the deformed Bourg d'Oisans formation and in the less
deformed rocks, and thus grain size did not change significantly during the development of the deformation (same
mode and almost the same mean or median values Figures 1h—1j). Thus, we conclude that the present-day grain
size in the highly deformed zones is very close to the initial grain size after sedimentation. So all the observa-
tions strongly support that the deformation is accommodated predominantly by pressure solution grain boundary
sliding.

When considering possible coupling between shearing friction and pressure solution creep processes (Bos
et al., 2000; den Hartog and Spiers, 2014; Niemeijer & Spiers, 2007), it must be noted that in such models the
phyllosilicates should be well reoriented parallel to the maximal elongation, with only slight curving around the
soluble minerals (e.g., quartz, calcite) and this microstructure is not observed in our sample. Here, the phyllosil-
icates are less reoriented than the soluble minerals (Figures 3d, 4d, and 5d) and there are numerous observations
that indicate that the phyllosilicates that indent the soluble minerals did not rotate (Figure 7a). Moreover, in
rate-and-state frictional model (Chen & Spiers, 2016), it is shown that a key requirement for the model to be
applied is that a significant amount of porosity must exist in the gouge material or can be created and modified
by shear-induced dilation. This model further predicts that as the slip rate decreases to a slower geological defor-
mation rate, the porosity of the shear band approaches zero. Thus, friction-controlled slip at grain boundaries
becomes negligible and deformation is controlled by pressure solution. At the slow deformation rate of the
very low porosity sediment deformed at 5—-8 km depth, it is likely that the contribution of friction is negligible.
Conversely, in the basement that is mostly deformed along faults and shear zones (Bellanger et al., 2014), it is
likely that friction is a key mechanism of the deformation including strain weakening processes associated with
earthquakes and possible strain strengthening postseismic processes in the granular gouges. The transition from
transfer-controlled to friction-controlled processes is seen on the field by comparing the relatively homogeneous
ductile deformation of the sediment within the basin with the deformation localized along shear zones at all scales
in the basement (Figure 1). The crucial difference is linked to the rate of pressure solution, which is strongly
dependent on the grain size and on the characteristics of mass transfer along grain boundaries (see discussion of
the flow law below).

Finally, grain sliding controlled by pressure solution at grain boundaries in the sedimentary cover must have
been difficult at the end of the Alpine deformation peak because some late brittle deformation is also observed.
Several large horizontal veins, hundreds of meters long and 10 cm wide (Figure 2c) developed at relatively low
temperature of 150 + 3°C indicated by fluid inclusion studies in the quartz and calcite filling of these veins
(Jenatton, 1981). These veins imply a mechanism of ductile-brittle deformation coupled to pressure solution and
fluid advection (Gratier, Dysthe, & Renard, 2013) that represent only a very small part of the total deformation
of the sedimentary cover (less than 0.01%) and that marks the end of the superplastic deformation flow regime.
These late ductile-brittle deformation events probably occurred in parallel with the development of a crenula-
tion cleavage (S2 in Figure 1c), also developed at low temperature because the main mobile element is calcite,
whereas quartz does not significantly dissolve. This process only happens at low temperatures of the order of
100-150°C (Gratier, Dysthe, & Renard, 2013).

4.2. Flow Laws for Superplastic Creep

A flow law describing large superplastic deformation requires a geometric model of grain evolution. In their
diffusion-accommodated model that describes superplastic flow (Ashby & Verral, 1973), used a 2D idealized
tessellation of hexagonal grains in which pure shear deformation occurs with a unit step of deformation of four
hexagonal grains (Figure 8a). These grains move by sliding along their boundaries, from an initial horizontal to a
final vertical lengthened shape. As a result, an elemental elongation is given by the ratio 3a/2h = 1.73, a being the
length of the hexagons and 4 their apothem. For this unit step, these authors give only an intermediate state, which
is associated with the transformation of the unit of four grains from horizontal to vertical hexagons. Ashby and
Verral (1973) evaluated the mean distance of mass transfer between the zones where volume must be removed
and the zones where material are stress-relaxed by the grain sliding. They proposed a value 0.28d, where d is the
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Figure 8. Models of stress-driven grain boundary sliding at grain scale that describes superplastic flow behavior. (a) Pressure solution grain sliding within a unit

of four grains from horizontal to vertical hexagon (above) leading to horizontal shortening of 0.58 and associated vertical elongation of 1.73 with a unique step of
transition in an intermediate state (below) accommodated by mass transfer along solid grain boundary (red arrows) with a mean distance of mass transfer of 0.28d, d
being the grain size, adapted from (Ashby & Verral, 1973). (b) Pressure solution grain sliding within the same unit of four grains from horizontal to vertical hexagon
(above) leading to the same horizontal unit shortening of 0.58 and associated unit vertical elongation of 1.73 (1d), but with progressive incremental change of shape
(1a-b-c-d) with mean distance of mass transfer that evolves with time from 0.5d (for the initial state) to 0.32d with mean value of 0.42d (see diagram). With such a
model several steps of incremental deformation (here five are represented: 1 to 5) can lead to very large strains: vertical elongation (/ /I ) above 4 and shortening (/_/ )

x"o z' "o

lower than 0.25, as observed in the field. Note that for geometric reasons the deformation of the unit of four grains needs to be oblique at 30° of the elongation for some
steps (2 and 4) but may be kept parallel to it for other steps (3 and 5), leading to very large near vertical elongation (10.5) and near horizontal shortening (0.1) (step 5).

grain size (Figure 8a). This is a crucial parameter of their flow law (see below). However, this value is linked to
the use of only one intermediate step. We used an alternative model always with the same unit of deformation
of four hexagonal grains that move by grain sliding from an initial horizontally to a final vertically lengthened
shape, but with a more incremental progressive deformation (Figure 8b). In such a model that we describe here in
four increments, a-b-c-d (Figure 8b), the mean distance of mass transfer is evaluated at the beginning and at each
increment and seen to evolve with time from 0.5d to 0.32d with a mean value of about 0.42d. This evolution is
shown in a diagram describing this evolution with time (Figure 8b).

Moreover, the continuation of the deformation toward an elongation value larger than 1.73 is not described in
the model of (Ashby & Verral, 1973). When modeling this evolution for five cumulative step units, so toward
more elongation with a final elongation value larger than 10 (step 5, Figure 8b), geometric constraints imply that
the direction of the second unit step of sliding of the grains must be oblique at 30° of the direction of sliding of
the first unit step (step 2 Figure 8b) leading to a maximal elongation which is not vertical. Then, the third step
allows the same direction of sliding as the first step, leading to a total elongation of 4.37 not far from vertical.
The fourth step must also occur at 30°, possibly in the other sense with non-vertical elongation and then the fifth
step leads to a near vertical large elongation of 10.5 (Figure 8b). So high values of elongation may be modeled
by such incremental sliding, as it is observed in the deformed cover of the Oisans massif (Figure 1d3). Of course,
this conceptual model is an idealization of the reality. As observed in thin sections, the grains have neither exactly
the same size nor the same shape. So deformation must also involve grain rotation and change in shape due to
diffusive mass transfer, and the heterogeneous deformation of the grains linked to the difference in size and shape
may also control deformation (Ashby & Verral, 1973).

In their proposed diffusion controlled flow law (Ashby & Verral, 1973), considered that mass transfer occurs
both by grain boundary diffusion and bulk diffusion within the grains. However, in most cases when applied to
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crustal deformation with relatively low temperature, only grain boundary diffusion is considered (Boullier and
Guéguen, 1975; Rutter et al., 1994; Schmid et al., 1977) and the flow law is written:

£ =A3D,wébos/kTd> (1)

where ¢ is the strain rate, A is a numerical coefficient depending on the geometry of the mass transfer path with
a value of about 100 in the model derived by (Ashby & Verral, 1973) due to the low value of the transfer path
(0.28d), d is the grain size, D), is the solid grain boundary diffusion, w is a mean effective thickness of the diffu-
sion pathway along grain boundaries, 6 is the atomic volume of the transported solid, ¢, is the differential stress,
kT is the Boltzmann's constant times the absolute temperature. Extrapolation of laboratory data to geological
strain rates in a temperature range of 400-600°C show that grain boundary sliding is predicted for small grains
of less than 10 pm diameter under a low stress of 0.1 MPa (Schmid et al., 1977). However, the temperature is
much lower in our case study, in the range 200-335°C. In these conditions the role of pressure solution creep in
the ductile deformation must be considered (Gratier, Dysthe, & Renard, 2013). Pressure solution is an en-series
process implying successive steps of dissolution, diffusion, and reprecipitation. If one of these steps is much
slower than the other ones, it controls the strain-rate. Consequently, several creep laws are possible depending
of the rate limiting step (Lehner, 1990, 1995; Pluymakers & Spiers, 2014; Raj, 1982). In these creep laws the
relationship between strain rate and some parameters are different allowing to distinguish them. For the mobile
minerals (mainly calcite and quartz), in the conditions of pressure and temperature examined in this study and
with the low-porosity compacted structure of the rocks, diffusion is the more likely limiting step (see review of
experimental work in (Gratier, Dysthe, & Renard, 2013)). However, in such conditions, some experiments on
calcite show possible reaction control in case of inhibition of interfacial reactions by the presence of phosphate
or Mg?* in the intergranular fluid (Zhang & Spiers, 2005; Zhang et al., 2011). In the studied deformation of the
Oisans massif the only parameter that can be tested is the grain size effect (d), which is inversely proportional to
strain-rate either as 1/d for reaction control or 1/d? for diffusion control. Observations show that large strain values
associated with ductile deformation are limited to very fine-grained rocks with a significant number of unlike
contacts. Conversely, the ductile deformation of nearby coarse-grained rocks, also with a significant fraction of
unlike contacts, such as in calcareous dolomites in the Trias and granitoids in the basement, is almost negligible
(Bellanger et al., 2014; Dumont et al., 2008). This crucial effect of the grain size supports a diffusion-controlled
pressure solution creep law. When using such type of diffusion controlled pressure solution grain sliding flow
law, the flow law derived from pressure solution indenter experiments is (Dewers & Ortoleva, 1990; Gratier
et al., 2009; Rutter, 1976):

V04
é:AchK(e RT —1>/d3 )

with the same parameters as above, plus ¢ (mol. m~) being the solubility of the diffusing solid into a thin grain
boundary fluid phase, V, (m® mol™!) is the molar volume of the stressed solid, R (8.31 J mol~! K7!) is the gas
constant, T (°K) is the temperature, D (m? s~!) is the diffusion constant along the trapped fluid phase at the
stressed interface, w (m) is the mean thickness of the fluid interface along which diffusion occurs, ¢, (Pa) is the
differential stress between zones of dissolution and zones of redeposition (Figure 8) corresponding to the differ-
ence between normal stress on a dissolution surface and fluid pressure in the zone of redeposition in indenting
experiments, and d (m) is the grain size.

In order to test the effect of the various parameters we built deformations maps (Figure 9) with a large range of
strain rate and stress values plotted relative to the grain size instead of temperature, as is commonly done for defor-
mation maps because pressure solution creep is more sensitive to grain size than to temperature (Elliott, 1973).
We create these maps for two types of temperature and depth conditions, corresponding to minimum and maxi-
mum values recorded by the study of fluid inclusions in redeposited minerals during the deformation process
linked to a 40°C/km temperature gradient: 200°C (5 km depth), and 320°C (8 km depth). These deformation
maps are constructed both for quartz and calcite. We used the values of solubility and molar volume given in the
literature (Sharp & Kennedy, 1965; Weill & Fyfe, 1964). For the value of the numerical coefficient A, following
the modeling of incremental deformation grain sliding (Figure 8b) with mean distance of mass transfer of 0.42d
very close to the value for Coble creep (0.43d), we use the same value of A = 14 as in the eponym creep law. This
value of A is nearly one order of magnitude lower than the value used by (Ashby & Verral, 1973), who considered
a lower distance of mass transfer (0.28d). This choice is discussed below. Finally, the parameter for which there
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Figure 9. Pressure solution grain boundary sliding as mechanism of large superplastic deformation in the upper crust. (a) Relationship between incremental strain
rate in large finite deformation and durations for pure shear deformation, adapted from (Pfiffner & Ramsay, 1982). (b) Deformation maps in a differential stress versus
grain size plot, for quartz (top) and calcite (bottom) at two different depths: 200°C—5 km (continuous lines) and 320°C-8 km (dashed lines) corresponding to the
observed conditions of the deformation at strain rates ranging from 1076 to 10~'% s~! using the mass transfer characteristics product Dw = 6 10~' m? s~! at 350°C
(mean diffusion coefficient within fluid phase trapped along grain boundary (D) times mean thickness of this trapped fluid phase along grain boundary (w)), deduced
from pressure solution experiments on quartz (Gratier et al., 2009), the dotted line at strain rate of 10~ s~! is the best approximation of this experiment. The slight
change of slope of the strain rate lines expresses the effect of the exponential relation with differential stress that becomes negligible below about 10 MPa. (c) Same
type of deformation maps but with the use of a stress-corrected slowness coefficient F/ ¢, for the Dw parameter where F is a micro-cracking yield strength (taken at
a conservative value of 100 MPa), and ¢, is the driving stress. On the deformation maps, we report the approximate conditions of some examples of pressure solution
creep observed in active fault creep (150-200°C, 60 MPa, 100 microns grain size) (Gratier et al., 2011), and in natural deformation in fold creep zone (200-335°C,
0.001 MPa, 1-5 microns grain size, this work).

is the largest uncertainty, probably of several orders of magnitude, is the product Dw that characterizes the diffu-
sivity along the path of transfer (diffusion coefficient times width of a mean trapped fluid phase along the grain
boundary). Dw values are found to range from 1077 to 107! m3 s~! from experiments on several minerals and
under various deformation conditions (Dysthe et al., 2002; Gratier et al., 2009; van Noort et al., 2007; van Noort
et al., 2011; Zhang et al., 2010). We used here the value of 6 107! m3 s~! obtained in experiments of pressure
solution on quartz at 350°C (Gratier et al., 2009), very closed to the value of about 10~1° m?® s~! obtained for
calcite at 150°C (Zhang et al., 2010).

Deformation maps using this experimental value are shown in Figure 9b. One can note that there is only a slight
difference between quartz and calcite: in this range of pressure and temperature conditions, the mobility of these
two minerals is observed to be almost the same (Figure 6). Simply, the evolution with depth for these two minerals
is opposite: mobility under stress increases with depth for quartz and slightly decreases for calcite due to their
opposite evolution of solubility with temperature (Gratier, Dysthe, & Renard, 2013).

4.3. Knowledge of and Uncertainties on the Parameters of Superplastic Flow Laws in Nature

When attempting to extend the deformation maps deduced from experiments (Figure 9b) to natural deforma-
tion, one must first compare the effect of the various parameters of the flow law in experiments and in natural
deformation.

For the differential stress values, several observations indicate that in the studied natural deformation the values
must be low. First, the minimum intersection angle of 30° between the two successive slaty and crenulation
cleavages (Figure 1c) (Gratier & Vialon, 1980) means that dissolution could occur on planes that are oblique to
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the maximum compressive stress without slipping. When using experimental data on anisotropic rocks, one finds
maximum values in such a case of less than 10-25 MPa (Gratier, Dysthe, & Renard, 2013). Another observation
is that some slaty cleavage planes are filled with crystallizations even in the hinge of folds (Figure 2d). These
crystallizations are boudinaged and are as vertically elongated as the deformed rock. It has been suggested that
this structure could result from episodic events of hydraulic fracturing and sealing during the development of
cleavage (Gratier, Dysthe, & Renard, 2013). Opening a fracture by increasing fluid pressure involves overcoming
the tensile strength plus the stress perpendicular to the fracture. In case of anisotropic rocks, opening cleavage
planes implies differential stress lower than the difference between the tensile strength parallel and perpendicular
to the cleavage, so lower than 10 MPa (Gholami & Rasouli, 2014). Moreover, the level of stress is imposed by the
rate of loading at the boundary of the deformed zone and by the creeping characteristics of the rock; consequently
the differential stress could be very low if the conditions of deformation are favorable. In actively deforming
zones, the mean stress drop associated with upper-crustal earthquakes is about 10 MPa with values ranging from
more than 100 MPa to less than 1 MPa (Cocco et al., 2016). For example, in the Himalayas, some earthquakes
are associated with a very low stress drop below 1 MPa (Sharma & Wason, 1994). Consequently, in such a case,
neighboring ductile process spread over a larger volume may be associated with stress levels much lower than
1 MPa.

For the strain rate, assuming steady state flow, steady strain rate is associated with an exponential relation
between the value of the finite strain and the duration of the deformation (Pfiffner & Ramsay, 1982) (Figure 9a).
Steady strain rate of 10~'* s~! is needed in order for the observed strain ratio of 4-16 to develop in pure shear
deformation within 2.5-4.5 Ma. Strain rate of 10~'3 s~! would reach such high strain values within less than
0.5 Ma. More than 16 Ma would be required to reach such high strain values at a strain rate of 3 10713 s~!. The
strain rate may be faster if deformation is not continuous and occurs in bursts. If for example, seismic deformation
of the basement controls the strain rate of the pinched sedimentary basins, one may consider that deformation
episodes are only transient, such as postseismic deformation, and so in this case occur at larger strain rates than
expected. However, in this case one must see the associated fracturing of the grain that are associated with the
seismic events as seen in active faults (Gratier et al., 2011) that is not seen here. Moreover, when relatively high
strain rates, of the order of magnitude of 107! s, are observed in active continental strike slip faults, they are
always associated with a much lower width of the deformation zones, on the order of some meters for the creeping
zone of the San Andreas fault (Zoback et al., 2010) and so with more localized deformation than the 10 km wide
basin considered in this study. Consequently, the uncertainty on the strain rate is probably less than one order of
magnitude around 10714 s~1.

For the grain sizes, when using the experimental data the deformation maps of Figure 9b show that for low
stress values of 0.001 MPa, grain sizes of 70-200 microns could accommodate a strain rate of 10714 s~! for
both calcite and quartz. With stress values of 0.01 MPa grain size could be about 150-350 microns. There are
a number of other polymineralic rocks in the surrounding areas of the Bourg d’Oisans basin with a range of
grain sizes of several hundred micrometers, such as Triassic calcareous dolomite and Hercynian granite, gneiss
migmatite (Barfety et al., 1972), and none show significant internal ductile deformation developed during alpine
deformation (Dumont et al., 2008), attesting of the inefficiency of pressure solution creep for such large grain
sizes. Conversely, these rocks show evidence of brittle deformation and fracturing associated with alpine defor-
mation as thrusts and cataclastic reverse shear zones that accommodate the shortening of the basement (Bellanger
et al., 2014) (Figure 1c). So the deformation maps of Figure 9b show that when using experimental data the
potential efficient grain size is much larger, of a few orders of magnitude, than the one observed in natural
deformation associated with folding and cleavage development, which ranges from 1 to 5 microns, depending
on which parameters we choose (mode, mean or median values, see Figures 3-5). These deformation maps are
compatible with observations of pressure solution creep in active fault zones where relatively high strain rates
of about 1071 s~ at relatively large stress values (60 MPa) are associated with grains of relatively large size of
several hundred micrometers (Gratier et al., 2011). However, it must be noted that, in this case, pressure solution
creep is enhanced by fracturing of the grains. This process of fracturing of the grains mostly develops during
earthquakes, and reduces the distance of mass transfer, enhancing pressure solution creep. Moreover, because
the fractures may heal progressively, such enhancement of creep is a transitory post-seismic process (Gratier
et al., 2009; Renard et al., 2000). It is not the case in the studied example where evidence of grain fracturing is
very rare. Moreover, as discussed above the strain rate of the observed deformed rock is estimated to be about
10~ s~! with an uncertainty of about one order magnitude. Consequently if we compare the strain rate of 10~
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s~! from experiments in Figure 9b that could theoretically be associated with deformation of fine grains aggregate
of 1-5 microns with the strain rate of the studied natural deformation of 10~'% s~! that is really associated with
the same range of grain size from 1 to 5 microns, there is a discrepancy factor of 10°. What other parameters of
the pressure solution creep law may be overestimated by such a large value?

The A parameter of 100 used in the (Ashby & Verral, 1973) model contributes even more to the efficiency of
the creep law so we can keep the used value of 14. The distance of mass transfer could be larger than modeled
(Figure 8). However, it is difficult to imagine mass transfer distances much larger than the grain size, for geomet-
rical compatibility reasons and by the observation that the size and distribution characteristics of the grains
remain constant with the increase of strain (Figures 1h—1j).

So the last and only parameter that can be significantly modified to best fit the data is the product of the param-
eters D and w that characterizes the mass transfer rate. Due to the large uncertainty on the characterization of
fluid phase trapped under stress along grain boundaries, researchers often use the combined mass transfer param-
eter Dw in creep laws. This parameter expresses the product of the mean diffusion coefficient (D) along grain
boundaries and the mean width of the path transfer (w), corresponding to the mean thickness of the fluid phase
trapped at grain boundaries. When evaluated from experiments, the product Dw ranges from 1077 to 1071 m3 s~!
(Dysthe et al., 2002; Gratier et al., 2009; van Noort et al., 2007; van Noort et al., 2011). In Figure 9b we used the
value of the Dw parameter 6 1071° m? s~! that has been measured by long duration quart indenting experiments in
laboratory at 350°C (Gratier et al., 2009), very closed to the value obtained by compaction creep of wet granular
calcite at 150°C (Zhang et al., 2010). The conditions of the deformation correspond to natural quartz deformation
at strain rate of 10~ s~!, with differential stress of 100 MPa and grain size of 200 microns (Gratier et al., 2009).
The problem is that we know (see discussion above) that the natural deformation occurs at much slower rate,
around 107 57!, leading to a possible decrease of the Dw factor of 1073, What could explain such a difference?

The effect of stress on this mass transfer parameter is complex. It has been shown from experiments and mode-
ling that increasing stress could reduce the width of the mass transfer path (w), and consequently decreases
the rate of mass transfer (de-Meer et al., 2002; Dysthe et al., 2002; van Noort et al., 2007). However, another
effect of increasing stress is its activation effect associated with the development of microcracks at the grain
boundary scale (den Brok, 1998; Gratier et al., 2009; Gratier et al., 2014; Gratz, 1991). In such a case the grain
boundary structure is considered as an island-channel network (Raj & Chyung, 1981) with island being like- or
unlike-contacts possibly including fluid phase trapped under stress. Network of channels are clearly seen (Dysthe
et al., 2003; Gratier et al., 2009) that can reduce to isolated fluid inclusions rooted on dislocations (Gratier
et al., 2005; Schenk et al., 2005). When observed after the experiments these microcracks are sealed as they are
sealed in nature and so very difficult to reveal at the required nanoscale. However, it is likely that they corre-
spond to corrosion cracks that develop continuously during the loading under relatively high stresses (Anderson
& Grew, 1977; Rostom et al., 2013). Consequently, there is likely a competition between two opposite effects.
On the one hand, open cracks during their subcritical propagation enhance mass transfer along grains boundary
because diffusion in the free fluid that filled the crack is much faster than the diffusion in the solid bridge between
the cloud of fluid inclusions or more generally along any fluid phase trapped under stress. On the other hand, a
slowing down effect is due to microcrack healing that drastically reduces the diffusion along the micro-cracked
grain boundaries. This effect is time dependent as is more generally grain boundary healing. Like-contacts evolve
with time toward a cloud of fluid inclusions consequently reducing diffusion that must occur along the solid
bridges between the inclusions (van Noort et al., 2008). In case of unlike-contacts the surface energy is lowered
for each mineral boundary also reducing the path for diffusive mass transfer with time (Gratier et al., 2014).
Therefore, the overall rate of deformation is controlled by a competition between activating (cracking) and slow-
ing down (healing) effects. In experiments always conducted under relatively high stress and fast strain rate, the
cracking effect may dominate. When reducing stress and strain rate values, this activating effect of subcritical
cracks may progressively disappear.

4.4. A Flow Law for Superplastic Creep in Fine-Grained Naturally Deformed Rocks

To take into account the effect of microcracking at grain boundaries that dominate in experiments and disappear
in natural deformation, we introduce a stress-corrected slowness coefficient associated with the parameter Dw
deduced from experiments. This slowness coefficient is used to express the fact that when the stress is lower
than a microcracking yield stress, the mass transfer efficiency may be reduced. Stress is certainly not the only
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factor that is responsible for crack development, the density of flaws in the mineral is also important. This is
why pressure solution experiments conducted at relatively high stress lead to strain rate values that are largely
dispersed (Croizé et al., 2010; Gratier et al., 2009). However, due to the lack of constraints, we simply choose a
linear decrease as the ratio of a microcracking yield stress over the loading stress to build alternative deformation
maps. It must be noted that the stress value is linked to the strain rate (or more precisely to the rate of loading) so
this slowness factor could have been incorporated into the strain rate when comparing experimental to geological
behavior. But for the explored deformation conditions, strain rate and stress parameters are linked by a nearly
linear relation at least below stress values of about 10 MPa, where the effect of the exponential relation becomes
negligible (Figures 9b and 9c¢). So an alternative flow law is proposed as follows:

V504

¢ =14(Dw)y—coc Vs(e kT —1)/d? @

where the parameters are the same as in Equation 2, and (D w)si—co = (D W)exp F /04 Where (D w)si—co and (D t)exp
are the diffusion coefficient times the mean width of the boundary path of transfer. (D w)ex, is the value obtained
from experiments under relatively high stress (more than 100 MPa) and relatively fast strain rate (about 107° s~1)
(Gratier et al., 2009). (D w)s—c is the stress-corrected value by the factor F /o4, F being a microcracking yield
stress (taken here as a conservative value of 100 MPa), and o, the driving differential stress.

Adding this slowness parameter leads to new deformation maps (Figure 9c) that show the same pattern for the
highest stress values but that correspond much better to the microstructures observed in the Oisans deformed
basins, for both calcite and quartz, where low strain rates of 10~'%s~!, low stress values (0.001 MPa) are inferred,
associated with the observed small grain sizes (1-5 microns) for what is called “folding creep* in Figure 9c.
This possible evolution of the characteristics of mass transfer depending on stress and strain rate would need to
be investigated in other locations where fine-grained sedimentary or volcanic rocks have been highly deformed
under upper crustal conditions, especially at various stress levels in active fold and fault creeping zones. Pressure
solution grain boundary sliding represents a very efficient mechanism of ductile deformation of fine-grained
polymineralic rocks. As a viscous creep mechanism it may be a key mechanism for example, in the numerical
modeling of the interplay between seismic and aseismic deformation in the Earth's upper crust (Beall et al., 2022).

5. Conclusion

Large superplastic deformation is observed in fine-grained calcareous shales transformed to slate schists of the
Oisans massif in the Western Alps, deformed at temperatures in the range 200-335°C and depths in the range
5-8 km, with little to no evidence of brittle deformation. EBSD analyses on two perpendicular thin sections
parallel to the principal strain directions show that the low shape ratios of the grains (1.4—1.6) do not match the
actual finite strain values recorded by the markers of the outcrop-scale deformation (truncated belemnites, folded
veins), neither in the plane of maximum elongation and maximum shortening (with shape ratio of 6.7) nor in the
plane of maximum elongation and minimum shortening (with shape ratio of 2.4). Consequently, a grain boundary
sliding mechanism is required in order to explain the measured large finite strain values.

The slightly elongated shape of the grains may be related to initial deposition, diagenetic evolution, or tectonic
deformation by pressure solution creep. Evidence of local intergranular pressure solution mass transfer are
observed around rigid objects, such as pieces of veins or fossils, with stress-driven dissolution of the most solu-
ble minerals (e.g., quartz, calcite, dolomite, albite) and passive concentration of the least mobile minerals (e.g.,
muscovite, chlorite and Fe-Ti oxides) in the zone of maximum stress. Mixed together, the most soluble minerals,
which represent about 95% of the rock volume, accommodate the deformation by pressure solution grain bound-
ary sliding, whereas the least soluble minerals are partially reoriented. Very locally, some clusters of soluble
minerals, which have been healed together in veins or fossils, are much more resistant to the pressure solution
process and act as rigid objects.

Starting from an idealized tessellation of hexagonal grains, we propose geometric models of incremental defor-
mation that allow constraining the mean distance of mass transfer which is required to accommodate grain
boundary sliding (from 0.28 to 0.42 times the grain size). Using creep laws developed from pressure solution
experiments, we build deformation maps for superplastic deformation of fine-grained sediments. Using these
deformation maps, we discuss the values of the main parameters of the deformation (pressure and temperature
conditions, strain rate, stress, mass transfer characteristics, and geometry of transfer pathway). Our model shows
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that diffusion-accommodated superplastic deformation controlled by pressure solution grain boundary sliding
may develop under low strain rate (10~'* s71), and very low differential stress values (0.001 MPa). An important
parameter of the flow law is the mass transfer at the grain scale, which is described by the product of the diffu-
sion coefficient times the mean width of the path of diffusion transfer along the grain boundary. This product in
the crust is probably several magnitudes lower than the value deduced from pressure solution experiments. We
interpret this difference by the development of subcritical microcracks in experiments that may accelerate mass
transfer, whereas this effect may disappear at low stress and low strain rate that occur during natural deformation
associated with folding and slaty cleavage development.

To conclude, the mechanism of pressure solution grain boundary sliding that we identified in fine-grained slate
schists of the Oisans massif in the Western Alps represents an efficient mechanism of large ductile deformation
for fine-grained rocks in the upper crust. Indeed, brittle deformation processes are often considered as dominating
in the upper crust but observations of seismic—aseismic deformation interplay call for new modeling develop-
ments including large strain ductile deformation in the upper crust.

Data Availability Statement
The EBSD and SEM data are available on the NIRD Research Data Archive https://doi.org/10.11582/2022.00059.
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