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Abstract Shale deformation was studied in a series of naturally strained evaporites and shales deformed at low 
temperatures ('<70°), high strain rates (>-5 x 10- t4 s-  1) and low pressures (overburden <2 km), as well as in rock 
samples and sintered specimens experimentally deformed in coaxial and simple shear configurations at 
temperatures of 20-350°C, strain rates of 10-4-10 -6 s - |  and confining pressures of 0.1--400 MPa. 

Within naturally strained shale-sulfate multilayers, three deformation regimes can be recognized; that are 
separated by the inversion of relative competence of shale and anhydrite and the onset of gypsification, 
respectively. In deeper domains strain is focused on slickensides, which are often coated with sulfate that acts as a 
lubricant. In shallower domains, and especially in domains with significant access to syntectonic water, strain 
becomes pervasive and very low-strength 'ductile' 'shale-gypsum-tectonites' form. 

Experiments reveal that confining pressure and water content have a significant influence on style of 
deformation (pervasive or focused on discrete surfaces), whereas temperature and strain rate have virtually no 
influence on either strength or deformation style, except at temperatures >2000C that cause dehydration and 
embrittlement. 

INTRODUCTION 

BOTH shales and evaporites are important decoupling 
materials in deformational structures of all scales (e.g. 
Laubscher 1961, Cooper 1970, Harris & Milici 1977, 
Ramsay 1981, Helman & Schreiber 1983, van Berkel et 

al. 1986, Marcoux et al. 1987, Harland 1988). The main 
reason for decoupling in evaporites is the very low 
strength, for ductile flow of halite (e.g. Heard 1972, 
Carter & Hansen 1983), anhydrite (Mfiller et al. 1981), 
gypsum (Baumann 1984) and other evaporite com- 
ponents (e.g. Urai 1985). In shales, however, friction- 
controlled slip along discrete surfaces and cataclastic 
flow is considered to be the dominant deformation 
mechanism (Handin et al. 1963, Wang et al. 1980, Logan 
et al. 1981, Maltman 1984, 1987, Nfiesch 1989). Further- 
more, the frictional strength of shales is distinctly lower 
than the corresponding strengths of all other common 
rock types (Byerlee 1978). 

In order to investigate the direct competitiveness of 
shales and evaporites (anhydrite, gypsum) as decoupling 
materials under various ambient conditions we have, in 
recent years, examined several configurations where 
these materials are interlayered within evaporite se- 
quences (Jordan 1987, 1988, Jordan & Nfiesch 1989, 
Nfiesch & Baumann 1989). In this paper we concentrate 
on the deformational behavior of shale interlayers in 
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sulfates and address three subjects: (a) the peculiarities 
of shale deformation in evaporites; (b) the role of 
friction in shale deformation and the factors decisive in 
determining whether deformation is friction-controlled 
or frictionless; and (c) the deformational behavior of 
evaporites as a polyphase system, particularly with re- 
spect to the influence of specific shale deformation 
mechanisms. This paper is based on a recent experimen- 
tal study on the mechanical properties of shales (Nfiesch 
1989), on experimental data for anhydrite (Mfiller et al. 

1981) and gypsum (Baumann 1984), and on field investi- 
gations in the most prominent decoupling horizons of 
the Jura. 

The Jura is the front of the youngest and most external 
nappe of the Alpine system. During the late Miocene 
and Pliocene, the subduction of the European basement 
under the Alpine arc caused a northward dEcollement of 
the Alpine foreland sedimentary wedge (Fig. 1) (Bux- 
torf 1907, Laubscher 1961, 1973-'Fernschub concept', 
Hsfi 1979). The (older) Muschelkalk evaporites acted as 
the main dEcollement (e.g. Mfiller et al. 1984, Jordan & 
Nfiesch 1989), while a second, subordinate d6collement 
developed in the (younger) Keuper evaporites. Ductile 
flow, which is restricted to these evaporite sequences, 
was responsible for the propagation of the Jura dEcolle- 
ment far towards the foreland (Laubscher 1961, 1976, 
Mfiller & Hsfi 1980, Davis & Engelder 1985, Becker et 
al. 1987). Less important d6collements are localized 
within the shale formations, predominantly within the 
Middle Jurassic Opalinus shale, which is also an import- 
ant 'filler' material of anticlines ('delta structures', 
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Fig. 1. (a)  Cross - sec t ion  f rom the Cen t r a l  A l p s  to the  A l p i n e  fo re land  ( r e d r a w n  af te r  MOiler et  al. 1984) showing  the  ex ten t  
of  the  Ju ra  Main  D & o l l e m e n t  and  the sample  local i t ies :  B = Be lchen ,  Bb = B r z b e r g ,  S = Schaf ishe im,  W = Wiesen .  (b) 

M a p  to show the loca t ion  of  the cross-sect ion.  The  heavy  l ine is the Swiss na t iona l  border .  

Laubscher 1986). Outside these decoupling horizons, 
the dominant deformation mechanisms of Jura over- 
thrusting were friction-controlled shear along discrete 
surfaces, fault brecciation, and pressure solution 
(Wohnlich 1967, Laubscher 1977, 1978). 

For our investigations, we sampled the Muschelkalk 
evaporites at Schafisheim and Wiesen well, and the 
Keuper evaporites at the Belchen motorway tunnel. At 
Schafisheim, the Jura Main Drcollement ('Hauptab- 
scherhorizont') was encountered in a hinterland position 
with respect to the Jura proper (Jordan & Nfiesch 1989). 
The evaporites from the recent Wiesen well originate 
from the Jura boundary thrust ('Randfiberschiebung'), 
one of the most prominent detachments branching from 
the Main Drcollement. At the Belchen motorway 
tunnel, the Keuper evaporites act as a roof thrust of a 
duplex sequence built up by the approximately 70 m 
thick carbonate 'Hauptmuschelkalk', which is inter- 
layered between the two evaporite sequences (Wohnlich 
1967, Laubscher 1976, 1984, Jordan 1988). 

Both evaporite sequences are rich in interlayers vary- 
ing from pure shales to dolomites, and ranging from 
several mm to several m in thickness. The clay fraction 
comprises illite, corrensite and chlorite (Prasad 1970, 
Peters et al. 1986, Matter et al. 1988). Corrensite, a 
swelling clay mineral which has a decisive influence on 
specific surface area and therefore on the rheology of 
shales (Nfiesch 1989), makes up 10-50% of the clay 
fraction, and in some samples even as much as 80% 
(Peters et al. 1986, Matter et al. 1988). In the marly 
interlayers, very fine-grained dolomite and subordinate 
magnesite is found (Jordan & Nfiesch 1989). 

At Schafisheim, the ambient conditions effective dur- 
ing Jura overthrusting can be characterized as moderate- 
to high-strain rates (1.8 x 10-13-1.3 x 10 -12 s -1) and 
low temperatures (_<80°C) and confining pressures (ca 

45 MPa). At Belchen and Wiesen, temperatures 
(<70°C) and confining pressures (ca _<40 MPa) were 
slightly lower. At Belchen, the strain is less intense than 
at the two other locations, and the overall strain rate 
estimate is somewhat lower (ca 5 x 10-14-1 × 10 -12 
s - l ) .  

In order to distinguish deformation patterns typical of 
shales proper from patterns restricted to shale inter- 
layers in evaporites, we sampled naturally strained Opa- 
linus shale (an arenitic and carbonaceous clay-stone that 
was deformed during Jura overthrusting). The samples 
used for laboratory work (Table 1) originate from the 
B6zberg well (Niiesch 1989). 

FIELD OBSERVATIONS 

Three deformation patterns 

At least three deformation patterns can be dis- 
tinguished within the shale-anhydrite multilayers of 
Jura evaporite shear zones. Pattern 1 is characterized by 
incompetent, ductilely deformed anhydrite and boudi- 
naged shale interlayers. It is common at Schafisheim, 
but is also found at Wiesen and Belchen. In pattern 2, 
the relative competence of shales and anhydrite is 
reversed with respect to pattern 1. Anhydrite layers are 
invariably deformed ductilely, but they are boudinaged 
in a pinch-and-swell manner when strongly strained. 
Pattern 2 is quite common within the moderately de- 
formed evaporites of the Belchen section, is also found 
at Wiesen, but is absent at Schafisheim. There is a broad 
field of transition between patterns 1 and 2. Pattern 3 is 
characterized by boudinaged brittle anhydrite layers 
within highly ductile shale-gypsum cataclasites. Pattern 
3 is found at Wiesen where it is restricted to the bottom 
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Table 1. Mineralogical compositions and grain sizes of the lithologies used in the 
experiments that provided the data for the compilation of Fig. l0 

Anhydrites Gypsum Clay 
Wandflue type Riburg type Felsenau type B6zberg type 

Mineral composition (%) 

Anhydrite 95 91 c a  3 - -  

Gypsum < 1 2-3 c a  85 - -  
Dolomite 2-3 c a  5 - -  - -  

Calcite - -  - -  - -  c a  10 
Q u a r t z } }  c a 8  c a 3 0  

Mixed layer - -  c a  25] 
lllite c a  2 c a  2 - -  c a  10| 55 Chlorite c a  4 c a  I 0 ~  c a  

Kaolinite - -  c a  10J 
/ 

Others - -  - -  - -  c a  5 

Grain size (mm) 
Range An: 0.05-0.1 An: 0.05-0.3 ? CI: 0.01--0.04 
Mean An: 0.07 An: 0.12 Gy: 0.1 - -  

An: 0.01 
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and top few tens of cm of the shear zone, i.e. close to 
important aquifers, and at Belchen section where it is 
commonly associated with late thrusts, as well as in 
many outcrops of the frontal part of the Jura boundary 
thrust. 

At Wiesen, where all three patterns are found, there is 
a clear indication from overprinting evidence that there 
was a transition in time from pattern 1 to pattern 3 
associated with a continuous change in transport direc- 
tion. This suggests that the three patterns resulted from 
successive changes in deformation regime during the 
upward movement of the hangingwall. From field evi- 
dence, it can be postulated that this sequence of defor- 
mation regimes is characterized by decreasing temper- 
ture and overburden (syntectonic denudation). Obvi- 
ously, changes in the state of equilibrium between anhy- 
drite and gypsum are closely related to changes in 
deformation pattern. In pattern 1, anhydrite is the only 
stable form of Ca-sulfate, in the country rock as well as 
in vein fillings. In pattern 2, gypsum successively re- 
places anhydrite as a vein filling, while in pattern 3 
gypsum is the dominant type of Ca-sulfate, and anhy- 
drite appears as unchanged relics in the country rock. As 
the state of equilibrium between anhydrite and gypsum 
is controlled not only by temperature and confining 
pressure but also by the presence and salinity of pore 
water (e.g. Berner 1971), these two latter factors have to 
be considered as equally important in determining the 
deformation regime. 

Within the shales of patterns 1 and 2, strain is strongly 
concentrated along discrete surfaces. Generally, there 
are two types of shear surfaces: slickensides and sulfate 
veins. There is, however, a broad variety of intermedi- 
ate structures. Nevertheless, sulfate-free and sulfate- 
coated shear surfaces are aligned in a well-defined 
geometry relative to the shear-zone boundary, resem- 
bling an R-Y-system (Fig. 2). Actually, "R" and "Y" 
have to be put in quotation marks because the "R"- 
surfaces formed originally not as R-surfaces, but as 
steeper surfaces which have been rotated into this stable 
position. During this rotation they suffered considerable 

amounts of extension resulting in sulfate coating. 
Correspondingly, the "Y"-surfaces, although originally 
in a Y-orientation, have been rotated into a position 
inclined relative to the shear-zone boundary. The inter- 
sections of "R"- and "Y"-surfaces in the shales result in 
lozenge-shaped bodies, varying in diameter from tenths 
of a mm up to some tens of cm. Many of these bodies are 
subdivided into geometrically similar sub-bodies (Fig. 
3a). 

In pattern 3, deformation becomes pervasive, result- 
ing in large-scale shale cataclasites commonly rich in 
secondary gypsum. These 'shale-gypsum-tectonites' 
(Jordan 1988) behave as a nearly homogeneous isotropic 
medium, being the least competent lithology during Jura 
overthrusting. 

Fig. 2. Hinge of a nearly isoclinal similar fold of anhydrite (white) and 
shale multilayer from the Belchen section. Shales (grey, black) are 
dismembered into lozenge-shaped bodies by " Y ' -  and "R"-surfaces. 
Notice the symmetry of shear surfaces in both fold limbs relative to the 
axial plane. (a) Rotated dolomite porphyroclast in sheared anhydrite. 
(b) Strained anhydrite vein with mylonite-like texture. (c) Lozenge- 

shaped pull-aparts of a thin shale layer. 
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Friction-controlled processes in shale deformation 

The most apparent friction-controlled processes are 
the formation of and the sliding along slickensides. 
Commonly,  the slickensides in shales of Jura evaporite 
shear zones are characterized by highly polished, mostly 
planar surfaces. On irregular, undulous surfaces, polish- 
ing is most prominent on crests and depressions oriented 
normally to the shear direction (Fig. 5a). The mirror- 
like surfaces are produced by a very strong preferred 
orientation of the platy clay minerals or mineral aggre- 
gates parallel to the shear surface. The thickness of the 
slickenside domains normal to the surface, i.e. the 
domain of strong alignment of clay particles parallel to 
the slip surface, ranges from 1 to 4/zm (Fig. 3b). In these 
zones, commonly formed as drag zones, the packing of 
the clay particles is distinctly denser than in the nearby 
domains within the shale rhomboids. Furthermore,  the 
average grain size of clay aggregates decreases towards 
the slickenside surface. In summary, the dominant de- 
formation mechanism of shales in this deformation 
regime can be described as cataclasis along narrow 
discrete shear zones resulting in a grain-size reduction 
and progressive alignment of the clay minerals or 
mineral aggregates parallel to the shear-zone bound- 
aries. Finally, slickensides are formed that take up all 
the shear movements.  

At Wiesen, polished flexural-slip surfaces sporadi- 
cally show polygonal structures (Figs. 3c and 5b). The 
polygons are outlined by small grooves or steps (20-100 
/xm in width or height). Accumulations of fine-grained 
dolomite (<10 /zm) are common along these bound- 
aries. The polygons are elongate in the direction of 
maximum strain, and their surfaces are nearly co-planar. 
This structure turns into a 'fish scale' structure when the 
slip surface is bent. The 'scales' are formed by inclined 
polygons that form distinct steps. Steps likewise associ- 
ated with accumulation of fine-grained dolomite are also 
found outside the polygonal and scaly structures (Fig. 
3d). 

Striations on slickensides are common. The 20-30 p.m 
wide striae are carved by idiomorphic feldspar and 
quartz grains. Within the striae, the texture of the clay 
minerals is roughened with respect to the original 
polished surfaces (Fig. 3d). 

The early development of 'shale-gypsum-tectonites '  
was also friction-controlled as can be seen by noting the 
influence of secondary pore space on bulk rheology. 
Field evidence suggests that 'shale-gypsum-tectonites '  
developed from shale cataclasites. Dilatation resulted in 

new pore space, subsequently filled by secondary gyp- 
sum which acted as a lubricant. Generally,  this process 
nucleated from a discrete shear zone involving progress- 
ively increasing portions of the surrounding shales. 
Therefore ,  there is a significant difference between the 
mechanism of slickenside development,  and the mech- 
anism responsible for the formation of 'shale-gypsum- 
tectonites' ,  and this difference cannot be explained very 
easily. In the former case, deformation was increasingly 
focused on discrete shear surfaces, which in many cases 
were sulfate-coated. Within the nearby cataclastic zones 
in the periphery of the lozenge-shaped shale bodies, no 
sulfates precipitated. Within the 'shale-gypsum- 
tectonites' ,  however,  no discrete shear surfaces are 
found, rather the shear zones became increasingly 
broader  with increasing strain, and there was an import- 
ant precipitation of sulfates within the cataclastic zones. 
We suggest that four factors were responsible for this 
difference in behavior: the confining pressure; the pres- 
ence of pore water; the chemistry of the pore water; and 
the mechanical behavior of the shales proper. 

Brittle vs ductile deformation in shales 

In the shales of evaporite shear zones, no evidence for 
ductile deformation in a strict sense was found. At the 
scale of individual clay minerals or mineral aggregates, 
deformation was brittle throughout  the whole range of 
deformation regimes. On the rock scale, however, duc- 
tile deformation occurred, commonly in relation to the 
occurrence of secondary sulfates (sulfate-lubrication on 
discrete shear surfaces or gypsum-lubricated cataclasis), 
and this was generally related to an obvious decrease in 
bulk strength. 

Sulfate-coating occurs in patterns 1 and 2 on both the 
"Y"- and "R"-surfaces, although it is more abundant on 
the extensive "R"-surfaces (Fig. 3a). Generally, sulfates 
started to grow as calcite step-like features, with growing 
directions parallel to the shear direction (Laubscher 
1984). In this configuration, they acted as a perfect 
lubricant, provided the sulfates were less competent  
than the shales. In pattern 1, anhydrite was definitely 
less competent  than shale, but even in the transition 
regime between regimes 1 and 2, anhydrite could have 
acted as a lubricant assuming pure vein anhydrite was 
distinctly less competent  than impure country rock an- 
hydrite. Coming into the stability field of gypsum, once 
again a very low-strength lubricant was available. How- 
ever, in patterns 1 and 2, sulfate-free slickensides are 
found. This would indicate that, under  certain geometri- 

Fig. 3. Slickensides in shale layers of evaporite shear zones: (a) Side and top views of a group of lozenge-shaped shale 
bodies and sub-bodies (from the fold in Fig. 2). Notice the anhydrite-coated "R"-surfaces. (b) Section normal to foliation of 
shale layer intersected by "R"- and "Y"-surfaces. The "R"-shear is accompanied by a small drag zone parallel to the 
slickenside, showing grain-size reduction of clay aggregates. The solid seam along the shear zone and the small lozenge- 
shaped body in the acute angle of the shear zones both consist of clay minerals similar in chemical composition to the matrix; 
they are interpreted as domains of very small-sized clay aggregates smeared during sample preparation (SEM picture, 
Belchen). (c) Fish scale structure on flexural-slip surface (top), on which removed block moved upwards, and polygonal 
structure (bottom) produced by N-S flexural-slip (SEM pictures, Wiesen) cf. Fig. 5(b). (d) Striae on polished surface carved 
by feldspar grains (top) on which the removed block moved down; polished surface outside striae (middle left) and 
roughened surface inside striae (middle right) (both details of top picture); and steps associated with dolomite accumulation 

(bottom). (All SEM pictures, Belchen.) 
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Fig. 4. Microstructures of experimentally deformed shales. (a) Intact rock sample with layering parallel to or, 21% strain at 
IIX) M Pa cp, T = 21)°C and/" = 10 -4 s -  i. (b) Detail beneath the bulge of the deformed rock sample shows pervasive kinking. 
(c) Kinked shear band cut by R- and P-shears indicated. (d) Sinistrally deformed clay fraction gouge with 30 weight % 
water• The bulk shortening direction al is horizontal• Nicols are crossed, kingk (K) appear dark and are cut by R-shears (R). 
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Fig. 5. Slickensides in shale layers of evaporite shear zones. (a) 
Slickensides on surfaces outlining lozenge-shaped bodies: undulating, 
polished and striated "Y"-surface (1) with highly polished crests (la) 
and depressions ( lb)  oriented normal to the shear direction and "R"- 
surface (2) coated by a sulfate vein (3). (b) Polished surfaces on 
subordinate monocline within a flexural slip surface showing scaly 
structures on 'inclined' area (1) and polygonal structures on 'plane' 
area (2). Blow ups show details of normal view (left) and schematic 

cross-sections. 

cal conditions, friction-controlled sliding along slicken- 
sides was competitive relative to ductile flow in sulfates. 
Sulfate-free slickensides are most common in "Y"-  
positions and as flexural-slip surfaces of tight folds. Both 
surfaces can be interpreted as transpressive. 

Within the 'shale-gypsum-tectonites', friction- 
controlled processes were nearly totally overshadowed 
by ductile flow in gypsum. As outlined above, there are 
some significant differences in the development of slick- 
ensides and 'shale-gypsum-tectonites'. In the following, 
a possible genesis of the low-strength 'shale-gypsum- 
tectonite' is proposed. Generally, these tectonites are 
restricted to areas of thin overburden and to domains 
close to important aquifers (carbonates or thrust sur- 
faces). This suggests their formation is favored by con- 
ditions of low confining pressure, significant water con- 
tent and, possibly, excess pore pressure. Pore water in 
unaltered and sealed evaporites inside and outside the 
Jura orogenic belt has high NaCI content ("post- 
Stephanian salt-rich fluids", Mullis & Stalder 1987). 
Within the Jura, a general decrease in the NaCI-content 
of pore fluids during Jura overthrusting time has been 
documented, and this is probably the result of thrusting- 
induced changes in the ground water circulation to favor 
meteoric water access (Mullis 1987). We suggest that 
this low NaCl-water found its way into the evaporites 
when their seal was broken. This opening of the for- 
merly closed system was possibly caused by the inversion 
of relative competence between anhydrite and gypsum 
that resulted in a consequent shifting of main shear 
movements from anhydrite to shales (dilatation). A low 
NaCI-content would depress the stability field of gypsum 
from a pressure equivalent to ca 200 m overburden (at 
high NaCI) to a pressure equivalent to ca 1.2 km over- 
burden (at low NaCI) under the estimated ambient 

conditions of temperature (MacDonnald 1953, Berner 
1971). As increasing pore pressure does not explain the 
broadening of shear zones, we suggest that accessing 
water changes the deformation mechanism of shales in 
favor of pervasive deformation. Finally, we suggest that 
in this deformation regime, the crystallization pressure 
of gypsum exceeds the swelling pressure of shales, thus 
explaining the deposition of gypsum within the dila- 
tation zone of shales. 

A comparison with the deformational behavior o f  
Opalinus shale 

Due to the lack of any lubricant, deformation of the 
Opalinus shale is predominantly brittle. Nevertheless, a 
large number of deformation structures comparable to 
those in the evaporite sequences can be found. De- 
formed Opalinus shale is divided by shear surfaces into 
lozenge-shaped bodies of various sizes. Three ge- 
ometries can be distinguished: Y - R  bounded bodies, 
which are common, and R - P  and Y - S  bounded bodies, 
which are rare. The Y- and R-surfaces are polished or 
relatively rough surfaces. Generally, they developed 
from kink bands, which suffered strong reduction in 
aggregate size. The slickensides are often depleted in 
carbonate which, we suggest, reduced the frictional 
strength. Part of the carbonate is redeposited on exten- 
sional surfaces within the shale proper. In the Opalinus 
shale, pervasive deformation is restricted to subsurface 
domains and areas of high water content. Under these 
conditions, shale is nearly cohesionless ('clay plasticity', 
see below). Therefore, the Opalinus shale differs signifi- 
cantly from the shales of the evaporite shear zones, 
where pervasive cataclasis in connection with gypsum 
lubrication is found at greater depths. 

EXPERIMENTAL RESULTS 

Generally, the mechanical behavior of the Opalinus 
shale (Ntiesch 1989) corresponds to that of other tested 
shales (e.g. Handin etal. 1963, Chappell 1974, Summers 
& Byerlee 1977, Byerlee 1978, Rutter & White 1979, 
Wang et al. 1980, Logan et al. 1981, Rutter et al. 1986, 
Maltman 1987). In the present paper, however, we 
concentrate on the influence of changes in temperature, 
strain rate, confining pressure and water content on both 
strength and microstructural evolution. 

Adsorbed water in Opalinus shale 

The amount of adsorbed water in the shale depends 
on the specific surface area of the clay minerals and, 
therefore, on the mineral composition, as well as on the 
confining pressure (Madsen & M/iller-Vonmoos 1985). 
The specific surface area of both Opalinus shale and 
shale interlayers in the two evaporite sequences is about 
140 m 2 g-1 (Matter etal. 1988). Absorption experiments 
(Fig. 6) yielded 1.8 weight % adsorbed water for the first 
bound-water layer and 4% for two, ca 6% for three and 
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Fig. 6. Numberofwaterinterlayersasa function ofconfining pressure 
(area of clay mineral surface is 140 m 2 g-t). Dots indicate measure- 

ments by Madsen et al. (1976). 

even up to 10% for four adsorbed water interlayers. 
Thus, 1.8% corresponds to the average water content of 
specimens used for experimental work (see below), 
while 10% is about the normal water content of natural 
Opalinus shale close to the surface. Starting with satu- 
rated shales, water in the fourth bound-water layer 
begins to be forced out as free pore water when the 
confining pressure exceeds 5 MPa. At 25 MPa (corre- 
sponding to ca 1 km depth), only two water interlayers 
are adsorbed, while 400 MPa is needed to remove all 
adsorbed water from the clay minerals (Fig. 6). We 
suggest that these data would also apply to other shales 
with comparable contents of swelling clay minerals and 
thus comparable specific surface areas. 

Specimen preparation and experimental configuration 

Three different kinds of specimens of Opalinus shale 
were deformed: intact rock samples with layering paral- 
lel to el, intact rock samples with layering normal to ol, 
and sintered specimens. 

The cored rock samples showed a porosity of 10%. To 
prepare the sintered specimens, Opalinus shale was 
crushed and the sieved fraction (<125/zm) was mixed 
with 12 weight % water. Sintering under an isostatic 
pressure of 5 MPa at room temperature resulted in 
cohesive cylinders with 20% porosity. After drying at 

105°C for 24 h, the water content is nearly zero (theoreti- 
cal value). As hydrating started immediately after re- 
moval from the drying apparatus, standard sealing pro- 
cedures resulted in samples with approximately 1.8% 
water content. A 0.4% water-content specimen was 
manufactured for one test series (Fig. 8). An approxi- 
mate water content of 1.8% was also shown by cored 
rock samples that were dried and sealed the same way. 

The experiments were performed in a triaxial defor- 
mation apparatus, described by Mfiller & Briegel 
(1977), at confining pressures (cp) ranging from 0.1 to 
400 MPa, at temperatures from 20 to 350°C and at strain 
rates from 10 -4 to 10 -6 s-l.  Most of the samples and 
specimens were strained in a coaxial configuration. 
Simple shear experiments were performed on shale 
gouges between limestone cylinders precut at an angle of 
35 ° to the shortening direction using a configuration 
similar to that described by Friedman & Higgs (1981). 

Mechanical observations 

The strength of dry sintered specimens and rock 
samples (1.8 weight % water) was generally indepen- 
dent of strain rate but dependent on confining pressure. 
The sintered specimens compacted during the experi- 
ments resulting in a decrease of porosity from 20 to 10%. 
On the other hand, cored rock samples showed dila- 
tation (e.g. 7% at 30% strain and 50 MPa cp). The intact 
rock samples deformed with Ol parallel to the layering 
showed higher cohesion (34.4 MPa) and internal friction 
(cp = 14.5 °) than those with cr 1 normal to layering 
(c = 29.8 MPa, tp = 13.6 °) corresponding to the results 
of Donath (1961). The cohesion of sintered samples is 
16.3 MPa with internal friction tp = 27.4 °. 

Up to 200°C, the strength of the sintered specimens 
(with 1.8% water) deformed at strain rates of 10 -4 s-1 is 
independent of temperature (Fig, 7). Experiments at 
temperatures above 200°C indicate stick-slip, which we 
suggest is caused by increasing embrittlement as a result 
of dewatering (drained experiments). The correspond- 
ing maximum strength values show strong scattering, 

I n f l u e n c e  of t e m p e r a t u r e  
dry pressed specimens 
(1 .8  w e i g h t %  wa te r ,  ~ = 1 0  .4 s - l )  • 0.1 MPa c p  

350 / i o  5 0 M P a  c p  

3 0 0  ductile behaviour J &  I • 100 MPa c p  

2 5 0  't' / I Q 150 M P a c p  

~ & & Q / I ~. ZOO MPa c p  

---- "\ I, 20o ~ == 8 3oo~a~p . . . .  " , /  , J \  - -  

150  • _ _ n  _ _ • _  _ _ ~ _ : / _  _ _ _ j ~  transitional behaviour 

1 O0 ~ ~ 0  ' ~  ~ - ^ 
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Fig. 7. Strength of sintered "dry' (1.8% water) specimens at 10% 
strain vs temperature. Up to 200°C, strength is independent of tem- 
perature. Experiments above 200°C indicate stick-slip, dewatering 

and embrittlement. 
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Fig. 8. Strength of sintered specimens at 10% strain vs water content.  

probably caused by variations in the amount of dewater- 
ing from specimen to specimen. Generally, with increas- 
ing temperature the deformation regime changes from 
more or less cataclastic ('ductile') to transitional and 
brittle behavior (Fig. 7). 

The influence of water was investigated in exper- 
iments on sintered samples with known water contents 
ranging from 0.4-12% (Fig. 8), with all other ambient 
conditions fixed. At 50 MPa cp, ca 2.8 weight % water is 
adsorbed (cf. Fig. 6), and excess water is denoted as pore 
water. It can be shown that variations in layer water 
(from undersaturated to saturated) have a distinct influ- 
ence on bulk strength. A small increase in pore water 
content from 2.8 to 5% reduces the bulk strength by 
30%. Although the specimens were drained, pore press- 
ure built up within them (see below) that, depending on 

absolute water content, came close to the confining 
pressure. 

Sintered specimens manufactured from different 
sieve fractions show the influence of variations in 
mineral composition to be moderate. Reduction of clay 
mineral content from 90 to 10% in favor of a polyminer- 
alic silt fraction (quartz, feldspar, micas, etc.) resulted in 
a strength increase of only 20%. Nevertheless, differ- 
ences in strength of the differing mineralogies is signifi- 
cant in that strain is Concentrated within the clay-rich 
part of those deformed rock samples with lithological 
anisotropies. 

Microstructural observations 

In the following we mainly concentrate on coaxially 
deformed rock samples (1.8 weight % water) with layer- 
ing parallel to al. At 0.1 MPa cp a combined pattern of 
extension fractures and shear fractures is formed. The 
crushed zone of about 1 mm width in the lower part of 
the specimen indicates particle size reduction (Fig. 9a). 
The corresponding stress-strain curve shows brittle fail- 
ure. At 25 MPa cp and higher, all samples show propa- 
gating conjugate kink bands that are cut by subsequent 
sub-parallel (R-type) shear fractures. The kink bands 
become broader with increasing confining pressure. All 
deformation curves from 25 to 150 MPa show brittle 
failure (Fig. 9), followed by stick-slip at lower stress 

\ 
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¥;¢/ 
L~t * ' ,  

~ ~ ~  300 
(MPa) 
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rock  samples with layering parallel to al T=2O*C ~ = IO-"='S -I 
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Fig. 9. Experimental ly deformed rock samples with layering parallel to al at T = 20°C and k = 10 -4 s -  ~; (a) 0.5% strain at 
0.1 MPa cp; (b) 9% strain at 25 MPa cp; (c) 19% strain at 50 MPa cp; (d) 22% strain at 250 MPa cp and corresponding s t ress-  

strain curves. 
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levels. This coincides with the observations of Jackson & 
Dunn (1974). 

At 25 MPa cp, two dominant shear fractures with a 
subordinate network of extension fractures developed 
and overprinted very small (0.1 ram) kink bands. At 50 
MPa cp, a system of conjugate kink bands (1 mm wide) 
developed. With increasing strain, the kink system prop- 
agated in the form of alternating conjugate kink bands in 
the direction of the smallest quadrant of the sample 
(eastern quadrant in Fig. 9c). At 100 MPa cp (Figs. 4a- 
c), the kink zones were about 3 mm wide and were 
overprinted by R- and P-shears after a maximum kink 
angle was reached (Fig. 4c). Even the smallest part of 
the sample bordered by two shear factures showed a 
pervasive kinking (Fig. 4b). 

At 250 MPa cp the kink band widened from the rim of 
the sample towards the core (Fig. 9d). This configur- 
ation depends upon the pressure shadow due to the 
experimental rig. The development of rounded clasts in 
kink bands is noteworthy. The corresponding stress- 
strain curve shows transitional behavior. 

The coaxially deformed wet specimens (>1.8% 
water) differ in overall shape from 'dry' ones. Generally, 
deformation is 'ductile', i.e. pervasive cataclasis is 
favored by the presence of water. Sintered samples with 
adsorbed layer water are deformed ductilely through- 
out, resulting in a barrel-shaped form. All specimens 
with free pore water are 'vase'-shaped (i.e. they bulge at 
the undrained end) indicating that the pore pressure 
could not dissipate through the sample to the drained 
end during the experiment. Therefore, we suggest that 
crushed shale rock flours can reduce the permeability as 
has been suggested for clay gouges (Morrow et al. 1984). 
Figure 4(d) shows a sinistrally deformed clay gouge with 
30% water. The clay minerals were originally subparal- 
lel to the border of the precut limestone. During defor- 
mation some clay minerals were kinked (K) and devel- 
oped a foliation normal to bulk a~. This foliation was cut 
by R-shears (R), which are now subparallel to the shear 
zone. Sliding on bound water layers is suggested to be 
common on R-shear surfaces. Nevertheless, despite the 
high water content, deformation is also accommodated 
by kinking and shearing as in the 'dry' specimens. This is 
in accordance with observations in wet shale and clay by 
Riedel (1929), Maltman (1987) and others. 

In summary, kinking and shearing on R- and P- 
surfaces, and sliding on water interlayers (R-surfaces) 
are the most important deformation mechanisms in 
shales. Under all experimental conditions utilized, 
shales do not leave the brittle field. Nevertheless, 
samples with high water content show low-strength 
pseudo-viscous pervasive cataclasis ('clay plasticity') at 
low temperatures and low confining pressures. At high 
temperatures and high confining pressures water is 
forced out, provided drainage is possible, and the 
samples behave like a 'dry' specimen. We propose this 
deformation mechanism to be responsible for shale 
deformation at near surface conditions (<150 m), e.g. 
within sliding horizons of large landslides. In contrast, 
deformation in low water ('dry') specimens is increas- 

ingly focused on discrete shear surfaces as strain in- 
creases. With increasing confining pressure, the initial 
(cataclastic) kink bands become broader and the num- 
ber of slickensides increases. This results in a more 
ductile (cataclastic) behavior. Nevertheless, cataclasis 
never becomes really pervasive, because increasing con- 
fining pressure as well as increasing temperatures causes 
dewatering which results in embrittlement and so an 
increase of internal friction. 

DISCUSSION 

Field vs experimental evidence 

Experimental results confirm the existence in the 
subsurface of a regime of low-strength pervasive 
cataclasite-type deformation in shales not known in 
other rock types. The existence of such a deformation 
regime can be explained by particularities of shales, 
mainly the ability of clay minerals to adsorb and to hold 
water. This layer water decreases the strength of clay 
and therefore of shales significantly even, as we suggest, 
when no excess pore pressure is built up. Furthermore, 
at higher strain rates, the ability of shales to reduce 
permeability may result in local excess pore pressures. 
At slow strain rates, we presume that drainage occurs 
even in shales, due to the presence of fractures and silty 
interlayers. Within evaporites, the cataclasitic-type de- 
formation becomes ductile due to the precipitation of 
gypsum within the dilatation-induced pore space. Petro- 
logical, chemical and/or structural particularities 
depress the onset of deformation of this type to a greater 
depth than that at which it occurs in shale formations. 

The experimental evidence is that in 'dry' specimens 
strain is focused on slickensides as strain increases, 
although deformation starts as kink bands (in agreement 
with field observations from deformation regimes of 
greater depth). Obviously, the onset of pervasive cata- 
clasis is shifted to increasingly greater depths as water is 
successively forced out by ambient pressure and tem- 
perature, resulting in a progressive increase of cohesion 
and internal friction (~), while the values for 'external 
friction' on slickensides stay more or less constant. This 
explains the absence of pervasive shale cataclasites 
within the Jura overthrust. Even at depths greater than 
1.5 kin, strain within shales is concentrated on discrete 
surfaces (Matter et al. 1988). 

Inversion o f  relative competence in the light o f  
experimental work 

The inversion of relative competence of shales and 
anhydrite observed within the evaporite shear zones of 
the Jura can be explained by reference to a simple 
compilation of experimental data (Fig. 10). We used the 
experimental data on the mechanical behavior of shales 
(Nfiesch 1989), anhydrite (Mfiller & Briegel 1978, 
Mfiller et al. 1981), and gypsum (Baumann 1984). The 
data are presented in a plot of depth vs strength. Tern- 
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Fig. 10. Compilation of mechanical data of shales, anhydrite and gypsum calculated for the ambient conditions of Jura 
overthrusting. This compilation provides a qualitative explanation for inversion of relative competence of anhydrite and 
shales (IP = inversion point) and for the occurrence of three (or four) different deformation regimes and consequent 

patterns (see text). 

perature and confining pressure are directly related to 
depth, assuming a surface temperature of 10°C, a geoth- 
ermal gradient of 40°C km -1 (Diebold & Mfiller 1985), 
and a specific weight of the overburden of 2.5 g c m  -3. 
The plot is constructed for strain rates of k = 10 -13 $ - I  

(heavy lines) and k = 10-14 s- i  (fine lines). Deformation 
rates are taken as pure shear instead of simple shear for 
an easier comparison with published rock mechanics 
data. Qualitatively, there is no significant difference 
between a pure and a simple shear compilation. Quanti- 
tatively a factor of 1.74 has to be introduced (Nye 1953, 
Jordan 1987, Schmid et  al.  1987), causing a stretching 
along the horizontal axis of the plot. However, this 
factor is well below other uncertainties and so it is 
ignored here. We used a combination of two tested 
lithologies in order to get the lowest strength of anhy- 
drite under all conditions, i.e. for the ductile domain and 
the brittle-ductile transition we used the AWP-data 
(fine-grained anhydrite of Wandflue type, deformed 
parallel to layering), and for the residual strength we 
used the AR-data (medium-grained anhydrite of 
Ryburg type, cf. Mfiller & Briegel 1978, Mfiller et al. 

1981) (Table 1). The mechanical data for shales are from 
a combination of various clay deformation experiments. 
Primarily, we calculated a strength--depth curve for 
'saturated' clay minerals, assuming no additional pore 
pressure. Additionally, within the stability field of 2- 
WIL (water-interlayer) clay, we also calculated the 
curve for 1-WIL clay, assuming that 1-WIL clay survives 
as a semi-stable configuration during syntectonic denu- 
dation, provided that the system is closed. These curves 
give maximum strength values only, since strength can 

be significantly reduced by the presence of pore press- 
ure. For the gypsum-anhydrite equilibrium the data of 
Berner (1971) were used. 

The compilation predicts an inversion of competence 
(i.e. of relative strength of shale (clay) and anhydrite) at 
the inversion point IP on Fig. 10, although all potential 
mutual chemical and mechanical effects of interaction of 
the several lithologies involved, such as anhydrite veins 
in shales, gypsification, etc., are excluded. Assuming 
that the shifting of the accommodation of bulk tectonic 
movements from anhydrite to shales causes a breaking 
up of an originally closed system, resulting in a sudden 
hydration of the undersaturated 1-WIL swelling clay- 
minerals (see above), a stress drop within shales has to 
be expected, which is indicated in the compilation. 

The depth of ca 2 km (at ~ = 10 -13 s -1) predicted for 
the inversion point, however, does not agree with field 
evidence that yields an inversion at ca 600 m. We suggest 
that there are various possibilities to explain this discrep- 
ancy. There are several uncertainties in extrapolation of 
field data toward low stresses• Furthermore, in compil- 
ing the plot, all interactions between the involved litho- 
iogies have been deliberately omitted. Now, adjusting 
for all factors that result in a correction of shale strength 
toward lower stresses, like excess pore water, strain 
dependency of pore water influence and sulfate lubri- 
cation, brings the inversion point toward even greater 
depths. On the other hand, all factors 'reducing' the 
anhydrite strength, like additional pressure solution 
(Laubscher 1984) and low-strength deformation mech- 
anisms, not yet detected in laboratory experiments, 
would tend to reconcile the plot with field evidence. 
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Likewise correction of deformation rate estimates 
toward lower strain rates would shift the inversion point 
toward shallower depths. However, in the present plot, 
even when unrealistically slow strain rates of k = 10 -15 
s -1 are assumed, competence inversion is predicted at 
depths of greater than 1 km. Finally, this model is based 
on a threefold system of shales, anhydrite and gypsum, 
which does not correspond fully with nature where, for 
example, the presence of dolomite has an obvious influ- 
ence on the rheological behavior of shales as well as that 
of anhydrite. In both cases, an increase in dolomite 
content causes increasing strength. However, consider- 
ing that dolomite is more abundant within the shales 
than within thesulfates, no significant modification of 
the compilation is to be expected. 

In summary, the compilation of data in Fig. 10 gives a 
good qualitative overview of deformation regimes in 
evaporite shear zones. Nevertheless, for quantitative 
estimates, further experimental and field work has to be 
done, especially in the area of anhydrite deformation. 
The plot gives a good overview of the three deformation 
regimes. Regime 1 can be localized at depths below the 
inversion point. Regime 2 corresponds to the region 
between the inversion point and the point of dramatic 
drop in strength of shales, which is preceded by or, in 
naturally deformed evaporites may coincide with, the 
brittle-ductile transition of anhydrite and the onset of 
gypsification. Regime 3 is restricted to an even shallower 
domain. There is some evidence that under subsurface 
conditions, gypsum behaves brittlely, and is more com- 
petent than shales. This fourth deformation regime 
would correspond to the uppermost 400 m in Fig.10. 

pervasive deformation in the second domain is strongly 
related to the penetration of water and decreasing ambi- 
ent pressure. The resulting very low-strength 'shale- 
gypsum-tectonites' are the lubricants of the shallow part 
of Jura overthrust. In sulfate-free Opalinus shales, how- 
ever, pervasive deformation is restricted to even shal- 
lower depths ('shale-plasticity'). 

In summary, the three questions outlined at the begin- 
ning of the paper can be answered in the following way: 
(1) the decisive peculiarity of shale deformation in 
evaporites is sulfate lubrication, which not only reduces 
the strength but also influences the deformational beha- 
vior of shales, e.g. depresses the onset of the subsurface 
type of pervasive cataclasis ('shale-gypsum-tectonites'); 
(2) shale deformation outside evaporites is generally 
friction-controlled, within evaporites, sulfate lubri- 
cation reduces the amount of friction; (3) within the 
shallow domain, shales have a lasting influence on bulk 
deformational behavior of evaporite detachments and 
d6collements (taking over of bulk shear movements by 
shales and 'shale-gypsum-tectonites' when anhydrite 
becomes brittle). 
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CONCLUSIONS 

In the shale-evaporite multilayers of evaporite shear 
zones in the Jura, three deformation patterns can be 
recognized. They result from variations in relative com- 
petence, deformation mechanisms and water access. 
Qualitatively, the three deformation regimes that pro- 
duced these patterns can be simulated by a simple 
compilation of experimental data. 

In a strict sense, shales behave brittlely under all 
ambient conditions encountered in nature and experi- 
ment. One can distinguish between a domain in which 
strain is focused within narrow shear zones aligned in a 
well-defined geometry ("Y"-"R", etc.) and a domain 
with cataclasite-type deformation. Contrary to classical 
rock behavior, the latter pervasive deformation regime 
is found at shallow depth, while the former is restricted 
to deeper domains. The 'true' cataclastic zone of shale 
deformation (connected to high ambient pressures) is 
only found in room temperature experiments. In the 
first domain, slickensides develop from kink- or drag- 
like shear zones. This development coincides with a size 
reduction and a progressive alignment of clay aggregates 
parallel to the shear zone. Within the shale interlayers of 
the evaporites, the slickensides may be coated by sec- 
ondary sulfate that acts as a lubricant. The onset of 
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