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Deformation conditions in the northern Subalpine Chain, France, 
estimated from deformation modes in coarse-grained limestone 
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Abstract--In low-temperature experiments, the deformation mode and ductility in a single rock type are most 
directly controlled by the confining pressure and strain magnitude. A graphical technique is developed from 
published experimental microstructural data that allows for the determination of deformation mode for coarse- 
grained limestone on the basis of mierostructural point-count data. The deformation mode and strain are used to 
constrain the confining pressure during thin-section scale deformation by comparison with experimental 
deformation results. The technique is applied to coarse-grained samples of Cretaceous and Tertiary limestone 
from the northern Subalpine Chain, France, and reveals that the majority of samples deformed mostly by 
twinning in the uniform flow mode at minimum depths, estimated from deformation mode and strain, of between 
0 and 6.0 km and maximum depths, interpreted from peak metamorphic temperatures and geothermal gradient, 
of about 2.7-9.7 kin. In the remaining samples, brittle failure probably occurred at relatively shallow depths 
(<2.5 km) or in response to lowered effective confining pressure due to elevated fluid pressures. 

INTRODUCTION 

CONFININQ pressure is one of the principal environmen- 
tal controls on the internal (thin-section scale) defor- 
mation of rocks at low temperature (Handin 1966, 
Donath 1970, Donath et al. 1971). It is, however, diffi- 
cult to determine directly the confining pressure of 
natural low-temperature deformation. Confining press- 
ure estimates are generally calculated from depth esti- 
mates using an assumed pressure-depth gradient 
(Donath 1970, Hyndman 1985). Two methods are com- 
monly employed to estimate the depth: (a) metamorphic 
indicators, such as vitrinite reflectance, illite crystallinity 
or conodont color alteration, are used to estimate the 
maximum temperature, then the depth is calculated 
assuming a reasonable geothermal gradient (Groshong 
1975, Spang & Groshong 1981, Burkhard & Kalkreuth 
1989, Evans & Dunne 1991); or (b) overburden thick- 
ness is projected from a nearby area where the thickness 
can be measured (Groshong 1975, Spang & Groshong 
1981). There are several problems with using these 
maximum burial estimates to calculate the confining 
pressure during deformation. First, the internal (thin- 
section scale) deformation may not have coincided with 
maximum burial. Second, the low-temperature meta- 
morphic indicators are most sensitive to temperature. 
The peak temperature may not simply be due to the 
burial depth but also may be increased by overthrusting 
of a hot thrust sheet (Yonkee et al. 1989), passage of hot 
fluids through the rock, internal strain heating or shear 
heating along a major drcollement (Barr & Dahlen 
1989). Estimates based on metamorphic temperature 
may, therefore, overestimate the depth. If rapid exhu- 
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mation occurs before the temperature stabilizes, then 
estimates based on metamorphic temperature may 
underestimate the depth. Third, the geothermal gradi- 
ent is usually unknown and estimates based on incorrect 
gradients will over- or underestimate the depth. Fourth, 
the effective confining pressure may have been lowered 
by elevated pore fluid pressure (Secor 1965, Engelder 
1985, Hancock 1985). Depths and confining pressures 
estimated from temperature estimates are still in many 
cases the most reliable data and will be used as a 
constraint for the maximum confining pressure and 
depth in the present paper. The goal of the present paper 
is to constrain the pressure and depth of thin-section 
scale deformation within the range from surface con- 
ditions to maximum burial. 

It would be useful to have a technique for estimating 
the confining pressure that is sensitive to the conditions 
during the internal deformation only. Experimental 
data illustrate that in low-temperature deformation, the 
deformation mechanisms, deformation mode, and duc- 
tility depend directly on the confining pressure (Donath 
1970). The approach taken here is to extrapolate the 
results of experimental deformation studies to natural 
deformation by comparing the deformation mechan- 
isms, deformation modes and ductility of the experi- 
mentally deformed rocks and naturally deformed rocks 
as suggested by Donath et al. (1971). The confining 
pressure of deformation for naturally deformed rocks 
can be inferred based on the confining pressure for 
analogous experimentally deformed rocks. 

A deformation mode is the macroscopic expression 
(visible in hand sample) of the microscopic and submic- 
roscopic deformation (Donath et al. 1971), and ductility 
is the percent permanent strain before failure by fracture 
or faulting (Handin 1966, Donath et al. 1971). Defor- 
mation mode and ductility depend upon rock type and 
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the environmental conditions: confining pressure, tem- 
perature, strain rate, strain magnitude, pore fluids and 
pore fluid pressure (Heard 1963, Donath 1970, Donath 
& Fruth 1971). Confining pressure increase, tempera- 
ture increase and the presence of chemically active pore 
fluids tend to increase ductility (Handin 1966, Donath 
1970). Increased strain rates and increased pore fluid 
pressures tend to decrease ductility (Handin 1966, 
Donath 1970). By holding the rock type constant, the 
differences in deformation mode can be attributed to 
differing environmental conditions. 

In general, it is considered difficult to extrapolate 
experimental rock deformation results to naturally de- 
formed rocks, largely because of the differences be- 
tween the geological and experimental strain rates. 
However, experimental data for limestone and marble 
deformed at strain rates equal to or less than 10 -3 and 
temperatures below 400°C indicate that the ductility is 
largely independent of the strain rate, especially under 
conditions where the failure mode is brittle faulting 
(Donath 1970, Donath & Fruth 1971, Rutter 1974). The 
presence of pore fluids is generally unimportant to the 
deformation modes and ductility in low-temperature 
deformation unless syntectonic compaction occurs to 
elevate the fluid pressure or the fluid acts as an agent in 
pressure solution (Secor 1965, Rutter 1974, Groshong 
1988). At shallow depths (<10 km), deformation mode 
and ductility are most directly controlled by the confin- 
ing pressure and strain magnitude (Donath 1970, 
Donath et al. 1971). 

Experimental deformation of oolitic Crown Point 
Limestone (Donath 1970, Donath et al. 1971, Tobin & 
Donath 1971) at room temperature, dry, at confining 
pressures from 0.1 to 200 MPa and a strain rate of 3.9 × 
10 -5 s- 1 to total strains of 0.52-23.32%, showed that the 
deformation modes change systematically with confin- 
ing pressure and total strain. Deformation modes de- 
fined from the macroscopic observation of experi- 
mentally deformed cylinders of limestone (Donath 
1970, Donath et al. 1971) are extension fracture, brittle 
faulting, ductile faulting, incipient ductile faulting and 
uniform flow. Failure is recognized by the onset of 
falling stress with increasing strain. The uniform flow 
mode is characterized by deformation without failure 
and strain occurring dominantly by twinning (Tobin & 
Donath 1971). Beyond the ultimate rock strength, fail- 
ure occurs by one of the other deformation modes. The 
extension fracture mode is characterized by fractures 
parallel to the principal compression direction and ex- 
tension perpendicular to the fractures. The brittle fault- 
ing mode is defined by localized offset where cohesion is 
lost across a shear fracture or zone. Ductile faulting, in 
contrast, is defined by localized offset without loss of 
cohesion across a zone of velocity discontinuity in flow 
(Donath 1970). Incipient ductile faulting is defined by 
failure before a ductile fault is macroscopically visible. 
On a graph of total strain vs confining pressure (Fig. 1), 
the boundary between the uniform flow mode and the 
various failure modes is the ductility curve. 

If the deformation mode and strain are known for 
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Fig. 1. Deformation mode field diagram from Tobin & Donath (1971) 
with microstructural data presented as histograms. Columns 1, 2 and 3 
(left to right) represent normalized percentages of calcite grains that 
are: (1) undeformed (U); (2) twinned only (T); or (3) twinned and 
fractured or faulted (T + F), respectively. The fourth column rep- 
resents all grains counted in the rock that were cut by transgranular 
fractures or faults. The samples were deformed at room temperature,  
dry, at confining pressures from 0.1 to 200 MPa and a strain rate of 

3.9 x 10 -5 s -1 to total strains of 0.52-23.32%. 

experimentally deformed coarse-grained limestones, 
confining pressure can be inferred from the confining 
pressure vs strain deformation mode diagram (Donath 
1970, Donath et al. 1971, Wu 1989). Strain in coarse- 
grained limestone is commonly measured either using 
strain markers such as ooids or pellets for shape and 
orientation (e.g. Dunnet 1969) or distribution analysis 
(e.g. Fry 1979) to determine the finite strain (Ramsay & 
Huber 1984), or using twins in calcite cement or fossils to 
calculate the twinning strain (Groshong 1972, 1974). If 
the strain is known, the problem is reduced to determin- 
ing the deformation modes. Deformation modes in 
naturally deformed limestone have previously been 
interpreted visually with the same goal in mind; namely 
determining the confining pressure and depth of defor- 
mation (Wu 1989). In the present study, microstructural 
data for each of the experimental deformation modes 
(Tobin & Donath 1971) are inverted to define the 
deformation modes according to microstructure so as to 
ascertain that the deformation mechanisms and modes 
in the naturally and experimentally deformed lime- 
stones are directly analogous. Microstructural data are 
then used to determine the deformation modes for 
naturally deformed limestone from the northern Sub- 
alpine Chain (France) which are then used with calcite 
twin strain data to help constrain the confining pressures 
and depths of deformation by comparison with the 
deformation mode diagram of Donath et al. (1971). 

MICROSTRUCTURAL DEFORMATION-MODE 
DIAGRAM 

Statistical analysis of microstructural point count data 
from experimentally deformed coarse-grained lime- 
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stone (Tobin & Donath 1971) revealed that the different 
deformational modes were best characterized micro- 
structurally on the basis of four categories of grains (Fig. 
1). Three of the categories are grains that are: (1) 
unreformed; (2) twinned (e-twins); and (3) twinned and 
fractured or faulted. The percentages of coarse grains 
for these three categories are normalized to 100% so 
that slightly different rock types can be directly com- 
pared (Tobin & Donath 1971). Category (4) is a whole- 
rock percentage representing grains cut by transgranular 
discontinuities (extension fractures or faults). Tobin & 
Donath (1971) concluded that three of the four micro- 
structural categories of coarse grains were useful in 
actually distinguishing the deformational modes: (1) 
undeformed grains; (2) twinned and fractured or faulted 
grains; and (3) transgranular discontinuities. The uni- 
form flow and incipient ductile faulting modes are 
characterized microstructurally by a near total absence 
of transgranular extension fractures or faults (0--0.3%). 
The incipient ductile faulting mode has higher percent- 
ages of grains with twins and extension fractures or faults 
(7.3-14.3%) than does the uniform flow mode (0.6- 
7.0%; Fig. 1). The ductile faulting and brittle faulting 
modes have transgranular discontinuity percentages of 
6.5-25.2%. The microstructural characteristics of the 
single extensional fracturing sample (Fig. 1) are virtually 
indistinguishable from the brittle faulting samples. 
Therefore, the extension fracture sample is included 
with the brittle faulting mode (Tobin & Donath 1971). 
The brittle faulting samples are distinguished from the 
ductile faulting samples by having much greater percent- 
ages of undeformed grains: 20.3-45.6% for brittle fault- 
ing vs 3.4-12.5% for ductile faulting. 

In order to define uniquely the deformation modes 
graphically on the basis of the microstructures, the three 
microstructural categories that Tobin & Donath (1971) 
determined could distinguish the deformation modes 
are used to define the axes of a graph (Fig. 2). The 
transgranular extension fracture and fault percentage is 
plotted vs the percentage of grains with twins and 
fractures or faults (T + F) divided by the percentage of 
undeformed (U) grains. The transgranular extension 
fractures or faults percentage separates the brittle fault- 
ing and ductile faulting samples from the uniform flow 
and incipient ductile faulting samples. The (T + F)/U 
axis separates the uniform flow samples from the incipi- 
ent ductile faulting samples because the uniform flow 
samples have fewer grains with twins and fractures or 
faults. The brittle faulting samples are separated from 
the ductile faulting samples by the considerably greater 
abundance of undeformed grains in the brittle faulting 
samples. Using the transgranular fractures or faults 
percentage and (T + F)/U for the axes gives the best 
separation of the modes on a binary graph. To spread 
the data along the (T + F)/U axis, a four-cycle log scale is 
used. All (T + F)/U values between 0 and 0.01 are 
plotted at 0.01. The resulting graph yields uniquely 
defined deformation mode fields without data overlap 
(Fig. 2). The boundaries between the deformation mode 
fields are shown using straight lines that evenly split the 

data gaps and the area of the data gap is shaded (Fig. 2). 
More precise placement of the boundaries would 
depend on additional experimental data. This graph will 
be used to define the macroscopic deformation modes 
for naturally deformed limestone from the northern 
Subalpine Chain. 

APPLICATION TO THE NORTHERN SUBALPINE 
CHAIN 

Study area 

The northern Subalpine Chain of Haute-Savoie, 
France, is a fold-dominated fold-thrust belt consisting of 
Mesozoic and Cenozoic sedimentary strata located be- 
tween the Molasse Basin to the northwest and external 
basement massifs to the southeast (Collet 1927) (Fig. 3). 
The northern Subalpine Chain is structurally beneath 
the Prealps, which were emplaced by the Pennine thrust 
(Collet 1927) that has since been eroded leaving klippen 
of the Prealps. The uppermost stiff lithotectonic unit and 
the best exposed unit in the northern Subalpine Chain is 
the Cretaceous Urgonian Limestone (approximately 
200 m thick; Charollais et al. 1977). The Urgonian 
Limestone was chosen for study because it is coarse 
grained, allowing for twin strain analysis and because it 
is well exposed across the width of the fold-thrust belt 
which allowed for sampling of the Urgonian Limestone 
through the range of metamorphism in the area (Ferrill 
1991a). 
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Fig. 2. Inverted deformation mode field diagram derived using 
microstructural data of Tobin & Donath (1971). The horizontal axis 
represents the grains cut by transgranular discontinuities (extension 
fractures or faults). The veItical axis is the percentage of grains with 
twin lamellae and fractures or faults (T + F) divided by the percentage 
of undeformed grains (U). All values of (T + F)/U between 0 and 0.1 

are plotted at 0.01. 
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Fig 3. Geologic map of the northern Subalpine Chain (after Goguel 1966, Ricour et al. 1969) showing locations for the 29 
samples, and metamorphic zone boundaries (Ro = 0.60, 1.60, 2.60 and 4.0; Table 1). Sample 86-5 is Hauterivian 
Limestone, samples 85-1 and 86-6 are Eocene limestone, and the remaining samples are Urgonian Limestone. Symbols 
used to mark the samples from different deformation-mechanism associations (Groshong 1988) are annotated using F and S 
to indicate samples having more than 3% grains cut by fractures (extension veins or faults; F), or pressure-solution surfaces 
(S). Diagenesis zone 2 (DZ-2) is between vitrinite reflectance values (Ro) of 0.3 and 0.6, diagenesis zone 3 (DZ-3) between 
0.6 and 1.6, diagenesis zone 4 (DZ-4) between 1.6 and 2.6, and anchizone (AZ-5) between 2.6 and 4.0 (Kfibler et al. 1979). 
The locations of metamorphic boundaries (after K(ibler et al. 1979) are based on vitrinite reflectance data and illite 
crystallinity data from Kfibler et al. (1979) and Aprahamian & Pairis (1981), combined using the equation of Guthrie et al. 

(1986) which converts illite crystallinity data (Kiibler index) to equivalent vitrinite reflectance values. 

M e t a m o r p h i s m  

The term me tamorph i sm as used here  includes any 
type of  mineralogical  change  including diagenesis 
(Kfibler e t  al.  1979). Published vitrinite reflectance 
(Kfibler e t  al .  1979), illite crystallinity (Kfibler e t  al.  

1979, A p r a h a m i a n  & Paris 1981) and me tamorph ic  
mineral  assemblage data  (Kfibler e t  al .  1979) for  the 
nor the rn  Subalpine Chain  indicate an increase in meta-  
morph i sm f rom low- tempera tu re  diagenesis at the f ront  
of  the belt th rough  anch ime tamorph i sm (see Table  1) in 
the internal  par t  of  the nor the rn  Subalpine Chain (Fig. 
3). The  me tamorph i sm is general ly thought  to be due to 
burial by the Prealps (Kiibler e t  al .  1979, A p r a h a m i a n  & 
Pairis 1981). 

Me tamorph ic - zone  boundar ies  in the study area are 
placed using publ ished vitrinite reflectance and illite 
crystallinity data  (K~bler  e t  al .  1979, A p r a h a m i a n  & 
Pairis 1981), and using the values for  the zone  bound-  
aries of  Kiibler e t  al .  1979) (Fig. 3). The  me tamorph ic  
zones represen ted  are diagenesis zones ( D Z )  2, 3 and 4 
and anchizone 5 (AZ5) .  M a x i m u m  tempera tures  for  the 

Table 1. Maximum temperature, depth and confining pressure inter- 
preted for the Subalpine Chain metamorphic boundaries (Fig. 3). Ro 
values are mean vitrinite reflectance values for boundaries between 
diagenesis zone 2 (DZ-2), diagenesis zone 3 (DZ-3), diagenesis zone 4 
(DZ-4) and anchizone (AZ-5) after Kfibler et al. (1979). Temperature 
ranges for boundaries are from Frey (1986) (upper anchizone bound- 
ary) and fig. 9 in Teichmfiller (1987). Frey (1986) estimates the 
temperature for the diagenesis-anchizone boundary to be 200°C. 
Depths calculated assuming a surface temperature of 10°C (Yonkee 
et al. 1989), and a geothermal gradient of 30°C km -1 (Sawatzki 1975, 
Aprahamian & Pairis 1981). Confining pressure was calculated from 
depth assuming a pressure gradient of 26.0 MPa km-1 (after Hyndman 

1985) 

Temperature Depth Pressure 
Boundaries Ro (°C) (kin) (MPa) 

Lowest value 0.43 55-105 1.5-3.2 39.0-83.2 
DZ2-DZ3 0.60 90-125 2.7-3.8 70.2-98.8 
DZ3-DZ4 1.60 1 5 0 - 1 7 0  4.7-5.3 122.2-137.8 
DZ4-AZ 2 .60  1 7 0 - 1 9 0  5.3-6.0 137.8-156.0 
Upper AZ 4.00 300 9.7 252.2 

boundar ies  are in terpre ted  using empirical  t empera tu re  
and mean  vitrinite reflectance data  f rom four  boreholes ,  
drilled for  geothermal  energy  in the Rhine  Graben ,  with 
geothermal  gradients  of  44-77°C k m - 1  (fig. 9 of  Teich- 
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mtiller 1987). For this wide range of geothermal gradi- 
ents, Teichm~iller (1987) found the best correlation was 
between the mean vitrinite reflectance and temperature 
rather than between vitrinite reflectance and thermal 
gradient or depth. This temperature-vitrinite reflec- 
tance correlation is used here to estimate temperatures 
for the metamorphic-zone boundaries. The range of 
peak metamorphic temperature estimated for each 
boundary is as follows: DZ2-DZ3 = 90-125°C; DZ3-  
DZ4 = 150-170°C; DZ4-AZ5 = 170-190°C (Table 1). 
The temperature for the boundary between diagenesis 
zone 4 (DS-4) and anchizone (AZ-5) may be as high as 
200°C, and the upper AZ-5 boundary is at around 300°C 
(Frey 1986, Burkhard & Kalkreuth 1989, Mosar 1989). 
Maximum burial depths, estimated from the peak meta- 
morphic temperatures using the geothermal gradient of 
30°C km -1 estimated for the northern Subalpine Chain 
(Sawatzki 1979, Aprahamian & Pairis 1981) and a sur- 
face temperature of 10°C (Yonkee etal. 1989), are in the 
range of 1.5-5.3 km for the DZ-2 and DZ-3 samples, and 
4.7-9.7 km for the DZ-4 and AZ-5 samples (Table 1). 
Maximum confining pressures were calculated from the 
estimated depths using a pressure-depth gradient of 
26.0 MPa km -1 assuming an average density of 2.65 
g cm -3 for the structurally overlying limestone- and 
shale-dominated Prealps (Dobrin 1976, Hyndman 1985, 
Mosar 1988, 1989). The maximum confining pressures 
are estimated to be between 39.0 and 137.8 MPa for the 
DZ-2 and DZ-3 samples, and 122.2-252.2 MPa for the 
DZ-4 and AZ-5 samples (Table 1). 

Sampl ing  

Twenty-nine oriented samples of grainstone and 
packstone (26 from the Urgonian Limestone, one from 
the underlying Hauterivian Limestone, and two samples 
of Eocene limestone) are used in the present study (Fig. 
3). The samples were collected with a wide aerial distri- 
bution (across-strike width as much as 19 km, along- 
strike length of 70 km) to represent the range of meta- 
morphic grades and the regional deformation in the 
area. Samples were specifically chosen to avoid the local 
deformation associated with fold hinges and faults (ex- 
cept for sample 87-26, near to a fault of unknown 
displacement). Two bedding-perpendicular thin sec- 
tions were cut from each sample (one parallel to strike 
and one parallel to dip) for the calcite strain-gauge 
analysis as recommended by Groshong et al. (1984b). 

Point-count  data 

Table 2. Categories of rock components in point counting. Each 
category, with the exception of micrite and microspar, is subdivided on 
the basis of whether the calcite is twinned or untwinned. Each category 
is then subdivided on the basis of whether the grains are cut by faults, 
extension fractures (veins) or stylolites, and whether the features are 
parallel (+ 15°), perpendicular (+ 15°), or oblique to bedding. Ghost 

fabric veins are discussed by Groshong (1988, p. 1336) 

1. Grains 
A. Micrite 
B. Microspar 
C. Coarsely crystalline fossil (>0.06 mm) 
E. Finely crystalline fossil (<0.06 mm) 
F. Other grains according to rock (fibrous fossils, replacement 

dolomite or silica, quartz) 
2. Intraparticulate material 

A. Drusy calcite cement (<0.06 mm) 
B. Blocky calcite cement (>0.06 mm) 

3. Interparticulate material 
A. Micrite 
B. Microspar 
C. Drusy cement (<0.06 mm) 
D. Blocky cement (>0.06 mm) 
E. Syntaxial rim cement 
F. Replacement dolomite 

4. Structural features 
A. Drusy-fill vein (<0.06 ram) 
B. Blocky-fill vein (>0.06 mm) 
C. Ghost fabric vein 
D. Fault zone 
E. Stylolite 

the microstructural categories of Tobin and Donath 
(1971) (Table 3). No porosity was observed in the 
samples. For the total number of points counted of 300- 
350 per sample, all percentages counted are estimated to 
be within + 5.75% of the actual area percentage (95% 
confidence) (Plas & Tobi 1965). The only microstruc- 
tures common to all samples are calcite e-twins. Veins 
and pressure-solution surfaces are present in many 
samples and microfaults were only observed in thin 
sections of one sample (87-17) (Ferrill 1991b, Ferrill & 
Groshong 1993). Mutual cross-cutting relationships of 
veins and pressure-solution surfaces in many samples 
suggest coeval formation, similar to observations from 
the Upper and Lower Glarus nappe complex in the 
Helvetic Alps (Groshong et al. 1984a). Increased 
crystal-plastic strain in the form of more twins and bent 
twins immediately adjacent to a bedding-perpendicular 
stylolite in one sample (87-1) suggests locally simul- 
taneous twinning and pressure solution. No coarse- 
calcite filled veins were found to lack twins. Incipient 
recrystallization along some grain boundaries in one 
anchizone sample (87-20) suggests relatively high defor- 
mation temperature, ca 250°C (Groshong et al. 1984a, 
Evans & Dunne 1991, Burkhard 1993). 

Point counting of 300-350 points was performed on 
the dip-parallel thin section from each sample, using the 
categories listed in Table 2. The microstructures in the 
strike and dip sections for each sample were qualitat- 
ively compared and found to be consistent (Ferrill 
1991b). The categories (Table 2) were subdivided on the 
basis of the microstructural characteristics of coarse 
calcite grains (undeformed; twinned; cut by extension 
veins, faults, or stylolites) (Figs. 4 and 5). The data for 
the coarse calcite cement and fossils were separated into 

Twin strain 

Twinning on the e plane is the most important crystal- 
plastic deformation mechanism in calcite deformed at 
low temperature because it requires the lowest shear 
stress to be activated (Turner 1953, Heard 1963, Carter 
& Raleigh 1969). In naturally deformed coarse-grained 
limestones from the Helvetic Alps deformed at less than 
270°C (Groshong et al. 1984a) and from the Central 
Appalachian Valley and Ridge Province deformed at 
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Table 3. Microstructural data for Subalpine Chain samples. Twin strain is the second invariant of strain used here as a measure of the total 
distortion by twinning (after Groshong et al. 1984a). Deformation-mechanism associations are: brittle framework deformation (II); semi-brittle 
framework deformation (III); and glide tectonite (IVG) (Groshong 1988). F and S are used to signify that more than 3% of the grains are cut by 
extension veins or faults (F) or pressure-solution surfaces (S). Zone refers to the metamorphic zone for each sample (see Fig. 3 for locations). 
Rock % coarse refers to the volume percentage of the rock consisting of coarse calcite. The U (undeformed), T (twinned) and T + F (twinned and 
fractured or faulted) values are normalized percentages of the coarse fraction of the rock. (T + F)/U is used in defining the deformation modes 
(Fig. 8). Total (%) F is the percentage of counted grains cut by transgranular extension fractures or faults. Mode refers to deformation mode 

(from Fig. 8) 

Twin Strain 
Deformation-mechanism U T T + F Total F 

Sample LDR PEV NEV association Zone Rock % coarse (%) (%) (%) (T + F)/U (%) Mode 

85-1 1.41 IIS DZ-3 29.41 89.00 11.00 0.00 0.000 0 UF 
85-2 0.13 0.79 0.44 IIF DZ-2 32.22 86.62 11.33 2.05 0.024 7.64 BF 
86-4 1.31 II DZ-2 33.01 69.61 30 .39  0.00 0.000 0 UF 
86-5 3.21 III DZ-2 28.51 74.15 25.85 0.00 0.000 0 UF 
86-6 1.31 IIFS DZ-3 14.83 64.23 35 .77  0.00 0.000 6.99 BF 
87-1 0.33 IIF DZ-3 14.40 66.67 31.11 2.22 0.033 4.8 BF 
87-3 0.97 IIFS DZ-3 20.14 52.47 45.91 1.62 0.031 3.84 BF 
87-4 0.73 5.14 1.01 IIS DZ-2 50.83 17.04 82 .96  0.00 0.000 0 UF 
87-5 2.75 III DZ-2 23.47 37.50 62 .50  0.00 0.000 0 UF 
87-6 0.88 IIFS DZ-2 22.16 74.48 21.47 4.05 0 . 0 5 4  14.81 BF 
87-7 1.31 IIF DZ-2 43.53 36.66 62 .58  0.76 0.021 7.64 BF 
87-8 1.50 II DZ-2 53.48 46.05 53.95 0.00 0.000 0.64 UF 
87-9 1.15 IIS DZ-3 29.70 47.87 52.13 0.00 0.000 0 UF 
87-10 0.78 IIS DZ-3 19.21 59.67 40.33 0.00 0.000 1.92 UF 
87-11 0.24 II DZ-3 20.89 68.17 31.83 0.00 0.000 0.32 UF 
87-13 0.87 II DZ-3 29.38 58.51 41 .49  0.00 0.000 0 UF 
87-14 1.43 IIFS DZ-2 28.30 27.10 71.73 1.17 0.043 4.18 BF 
87-15 1.40 IIFS DZ-3 25.62 35.03 57 .18  7.78 0 . 2 2 2  13.45 BF 
87-16 2.68 III DZ-2 39.66 29.85 68.76 1.39 0.047 2.48 UF 
87-17 2.67 IIIFS DZ-3 29.64 52.25 36.34 11.42 0.219 6.07 BF 
87-18 0.50 II DZ-3 31.06 64.23 35 .77  0.00 0.000 1.97 UF 
87-19 0.64 II DZ-2 20.39 60.32 39.68 0.00 0.000 0 UF 
87-20 4.95 12.47 10.96 III AZ-5 20.46 14.08 85 .92  0.00 0.000 0.32 UF 
87-21 1 2 . 4 8  17.25 16.97 IVG AZ-5 27.51 38.86 61 .14  0.00 0.000 0 UF 
87-22 2.46 IIIF DZ-2 33.75 75.23 23 .88  0.89 0.012 6.89 BF 
87-23 4.41 7.52 4.66 IllS DZ-4 26.91 42.16 57 .84  0.00 0.000 0 UF 
87-25 0.28 II DZ-2 16.78 88.68 11.32 0.00 0.000 1.9 UF 
87-26 1.07 6.59 1.11 IIS DZ-2 22.06 36.10 62.26 1.64 0.045 2.6 UF 
87-27 6.00 IIIFS DZ-2 12.82 77.22 22 .78  0.00 0.000 5.54 BF 

b e t w e e n  250 and  350°C (Evans  & D u n n e  1991), twin-  
ning d o m i n a t e d  the  i n t r ag r anu l a r  d e f o r m a t i o n  and  
accounts  for  67 -100% of  the  i n t r ag r anu l a r  s t rain.  In  the  
P rea lps  M e d i a n e s  P las t iques  d e f o r m e d  at <300°C,  
M o s a r  (1989) f o u n d  tha t  s t ra ins  m e a s u r e d  using de-  
f o r m e d  pe l le t s  and  calc i te  twin s t ra ins  a re  a b o u t  the  
same.  D e f o r m a t i o n  in the  un i fo rm flow m o d e  is pr inci-  
pa l ly  a c c o m m o d a t e d  by  i n t r ag ranu l a r  mechan i sms  
( D o n a t h  e t  al.  1971). T h e  twinning  s t ra in  should ,  there -  
fore ,  r e a s o n a b l y  e s t ima te  the  i n t r ag r anu l a r  s t ra in  and  
the  p re fa i lu re  s t ra in  in coa r se -g ra ined  l imes tones  de-  
f o r m e d  at  low t e m p e r a t u r e s .  

S t ra in  by  mechan ica l  e - twinning  of  calci te  was calcu-  
l a ted  for  the  Suba lp ine  Cha in  l imes tone  samples  using 
the  s t r a in -gauge  t e chn ique  of  G r o s h o n g  (1972, 1974). 
S t ra in  ca lcu la t ions  were  m a d e  using 60 twin sets pe r  
s amp le  (30 sets p e r  thin sec t ion  for  two bedd ing-  
p e r p e n d i c u l a r  th in-sec t ions ,  one  pa ra l l e l  to  d ip  and the  
o t h e r  para l l e l  to s t r ike) ,  the  inne r  wid th  for  th ick  twins,  
and  a tw inned  ma te r i a l  ra t io  of  0.5 for  thin twins (Gros -  
hong  1974). Two c lean ing  p r o c e d u r e s  were  used  to  
i m p r o v e  the  p rec i s ion  and  accuracy  of  the  s t ra in  
m e a s u r e m e n t s  (Ferr i l l  1991a, Fer r i l l  & G r o s h o n g  1993). 
In  the  first p r o c e d u r e  ( larges t  dev ia t ions  r e m o v e d ;  
L D R ) ,  the  20% of  the  twin sets having  the  larges t  
dev ia t ions  f rom the  ca l cu la t ed  s t ra in  t ensors  were  dis- 
c a r d e d  to  e l imina t e  gra ins  with the  larges t  m e a s u r e m e n t  

e r ro r s  and  i n h o m o g e n e o u s l y  d e f o r m e d  grains  (Gros -  
hong  1974, G r o s h o n g  e t  al.  1984b). F o r  samples  in which 
one - th i rd  o r  m o r e  of  the  twin sets had  nega t ive  e x p e c t e d  
va lues  (oppos i t e  sense  of  shea r  to  tha t  e x p e c t e d  for  
ca lcu la ted  s t ra in  t ensors ) ,  a s econd  p r o c e d u r e  was used.  
The  second  c lean ing  p r o c e d u r e  consists  of  s epa ra t i ng  
the  twin sets with nega t ive  expec t ed  va lues  ( N E V )  f rom 
those  wi th  posi t ive  e x p e c t e d  va lues  ( P E V )  in the  or ig ina l  
da t a  sets.  E a c h  sub-se t  was then  c l eaned  by  r emov ing  
the  one  to  t h ree  grains  (less than  7% of  the  grains)  with 
the  larges t  devia t ions .  Calc i te - twin  s t ra ins  a re  here  given 
as the  square  roo t  of  the  second  s t ra in  invar ian t  ( J aege r  
& C o o k  1979, G r o s h o n g  e t  al.  1984a, Fer r i l l  1991a) and  
for  the  L D R  p r o c e d u r e  r ange  f rom 0.13 to 12.48% 
(Tab le  3). Stra ins  ca lcu la ted  for  the  P E V  and N E V  da t a  
a re  as large  as 17.25 and 16.97%, respec t ive ly .  In  the  
no r the rn  Suba lp ine  Cha in  da t a  set ( samples  for  which 
the N E V  and P E V  da t a  were  s e p a r a t e d )  bo th  the  N E V  
and  P E V  strains a re  la rger  than  the L D R  strain.  The re -  
fore ,  the  L D R  strain  should  be  cons ide red  to  be  the  
m i n i m u m  twin s t ra in .  The  twin s t ra in  is used  he re  as an 
e s t ima te  of  the  p re fa i lu re  s t ra in  for  the  un i fo rm flow 
samples .  The  samples  tha t  fa i led  m a y  have  con t inued  to 
twin af te r  fa i lure  ( ind ica ted  by  tw inned  vein  calc i te) ,  and  
t he r e fo re  the  twinning  s t ra in  may  o v e r e s t i m a t e  the  pre-  
fa i lure  s t rain.  

Samples  hav ing  large  n u m b e r s  of  nega t ive  e x p e c t e d  
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Fig. 4. Photomicrographs showing examples of microstructures used to define deformation modes: (a) undcformed grains 
and cement (sample 87-25, 0.28% LDR twin strain); (b) thick twins in calcite cement (sample 87-20, 4.95% LDR twin 
strain, 12.47% PEV strain, 10.96% NEV strain); (c) transgranular extension veins (sample 87-22, 2.46% LDR twin strain); 

and (d) releasing bend in extensional microfault (sample 87-17, 2.67% LDR twin strain). 
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Fig. 5. Photomicrograph examples of: (a) uniform flow (sample 87-25, 0.28% LDR strain, DZ-2); (b) brittle (sample 
87-27, 6.00% LDR strain, DZ-2) mode samples from the frontal portion of the fold-thrust belt; and (c) a uniform flow 
sample (sample 87-20, 4.95% LDR strain, 12.47% PEV strain, 10.95% NEV strain, AZ-5) from the internal part of the 

belt. 
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values may have experienced inhomogeneous or non- 
coaxial strain. Teufel (1980) used experimentally de- 
formed limestone cylinders that were deformed by two 
non-coaxial shortening events (45 ° and 90 ° to each 
other) to test the calcite strain gauge technique for 
separating strain events. The two superposed strains 
were distinguishable using the calcite strain gauge by 
separating the PEV and NEV data from the original data 
set. The negative expected values in the original strain- 
gauge calculation for the experimentally deformed 
samples were greater than 40% (Teufel 1980). For the 
Subalpine Chain samples, the PEV and NEV strains 
may record individual twin strain events within a com- 
plex strain history. 

Twinning in samples from diagenesis zones 2 and 3 are 
characterized by thin twins which have no microscopic- 
ally visible width of twinned material but instead appear 
as thin dark lines. Twinning in the anchizone samples is 
dominated by thick twins which have measurable widths 
of twinned material and different extinction than host 
grain, however thin twins are also present and were 
measured. The diagenesis zone 4 sample appears to be in 
transition between thick and thin twinning. At tempera- 
tures below 150-200°C (DZ-4; Ro 1.6-2.6), increasing 
strain apparently occurred by the formation of new thin 
twins. Above the transition temperature, increasing 
strain mostly occurred by twin widening (Ferril1199 la). 

Deformation-mechanism associations 

A deformation-mechanism association is defined by 
Groshong (1988) as "the deformation mechanisms 
formed under the same environmental conditions in the 
same rock type". Twenty of the 29 limestone samples 
from the northern Subalpine Chain belong to associ- 
ation II (brittle-framework deformation) (Table 3), in 
which strain due to crystal-plastic glide (e.g. twinning in 
calcite) is in the range of 0-2% and crystal truncation 
occurs by extension fracture or faulting (IIF), pressure 
solution (IIS) or both (IIFS) (Groshong 1988). Eight 
samples belong to association III (semi-brittle- 
framework deformation), in which crystal-plastic glide is 
obvious (2-15% strain) and mineral truncation may 
occur by faulting or extension fracturing (IIIF), pressure 
solution (IllS) or both (IIIFS). In this paper, the terms F 
and S are only used when more than 3% of the grains are 
cut by extension fractures or faults (F) or pressure- 
solution surfaces (S). One sample (87-21) belongs to 
association IVG (glide tectonites) because the grain 
boundaries are visible and the crystal-plastic strain is 
more than 15% (PEV and NEV). The distribution of the 
deformation-mechanism associations is illustrated in 
Fig. 3. 

Deformation modes and deformation conditions 

(Fig. 7) at the thin-section scale and 11 samples de- 
formed by the brittle faulting or extension fracture 
modes (Fig. 8). The deformation mode and prefailure 
strain are used to constrain the confining pressure and 
depth of thin-section scale deformation between surface 
and maximum burial conditions by plotting the uniform 
flow samples (Fig. 7) and brittle faulting and extension 
fracture mode samples (Fig. 8) on strain vs confining 
pressure deformation mode diagrams. The uniform flow 
samples did not fail at the thin-section scale and there- 
fore are interpreted to have deformed at depths greater 
than those defined by the ductility curve for a given 
strain magnitude. The implication of the deformation 
mode for the brittle faulting and extension fracture 
samples is that failure occurred (i.e. a drop in stress 
occurred), however this cannot by proven unequivo- 
cally. 

For the uniform flow samples, the bars representing 
the twin strain magnitudes and ranges of maximum 
burial conditions (Table 1) generally plot within the 
uniform flow field on the strain vs confining pressure 
deformation mode diagram (Fig. 7). Several of the 
dashed bars which denote PEV and NEV strains overlap 
the ductility curve. The uniform flow samples reached 
twinning strains (calculated using the LDR procedure) 
of 0.24-12.48% (up to 17.25 and 16.97% for PEV and 
NEV calculations, respectively) without brittle failure at 
the thin-section scale (e.g. Figs. 5a & c). By using the 
minimum pre-failure strains of the uniform flow 
samples, minimum depths of deformation can be inter- 
preted from the ductility curve (Fig. 7). For example, 
according to the ductility curve, deforming to 12.48% 
strain (LDR; sample 87-21) without failure is 
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The microstructural deformation mode diagram (Fig. 
6) illustrates the deformation modes for the northern 
Subalpine Chain samples and reveals that 18 of the 
limestone samples deformed by the uniform flow mode 
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Grain s with transgranular fractures or faults (%) 

Fig. 6. Part of microstructural deformation mode diagram (Fig. 2) 
enlarged with Subalpine Chain data (Table 3) plotted to define 

macroscopic deformation modes for the samples. 
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Fig. 7. Uniform flow samples from northern Subalpine Chain. Verti- 
cal bars for each uniform flow sample represent the estimated range of 
maximum confining pressure (Table 1) and twin strain (Table 3) on the 
experimental deformation mode diagram (Fig. 1, rotated) of Donath 
et al. (1971) and Tobin & Donath (1971). Dashed bars labeled p and n 
represent PEV and NEV calcite twin strains, respectively. The duc- 
tility curve gives the minimum confining pressure of deformation at 
which a given strain magnitude could be reached before brittle failure 
occurred. The minimum confining pressure of deformation (estimated 
from the ductility curve) and the maximum confining pressure (based 
on metamorphic grade; Table 1) bracket the confining pressure during 

deformation. 

only expected at a confining pressure of 157 MPa or 
greater (Fig. 7), or at a depth of at least 6.0 km (assum- 
ing 26.0 MPa km-1). If the PEV strain calculation for 
sample 87-21 (17.25%) is used instead, then a minimum 
confining pressure of 230 MPa is predicted, correspond- 
ing to a minimum depth of deformation of 8.9 km. For 
sample 87-20, the PEV strain of 12.47% without failure 
leads to the prediction of a minimum confining pressure 
at the time of deformation of 157 MPa, corresponding to 
a depth of 6.0 km. Therefore, according to the defor- 
mation mode (uniform flow), the minimum strains with- 
out failure, and the ductility curve on the confining 
pressure vs strain graph (Fig. 7), it is estimated that the 
two anchizone samples (87-20 and 87-21) deformed at 
the thin-section scale at depths greater than 6.0 km. The 
maximum possible depth of deformation is estimated 
using the peak metamorphic temperature for these 
samples of 300°C, a surface temperature of 10°C and a 
geothermal gradient of 30°C km -1 to be 9.7 km (Table 
1). 

The sample from DZ-4 (87-23) has a LDR twin strain 
of 4.41%, and PEV and NEV twin strains of 7.52 and 
4.66%, respectively. Minimum confining pressures esti- 
mated using the strain magnitudes ductility curve (Fig. 
7) are 82 MPa for the LDR strain, 108 MPa for the PEV 
strain and 83 MPa for the NEV strain. The correspond- 
ing estimated depths for these three confining pressures 
(assuming 26.0 MPa km -1) are 3.2, 4.2 and 3.2 km, 

respectively. The estimated maximum depth at the time 
of peak metamorphism for samples 87-23 is 4.7-6.0 km 
(Table 1). Therefore, the internal deformation of the 
DZ-4 sample is interpreted to have occurred at a depth 
between 3.2 and 6.0 km. 

The 15 uniform flow samples from DZ-2 and DZ-3 
have LDR twin strains between 0.24 and 3.21% and 
PEV strains up to 6.59%. Using these strains and the 
ductility curve on the confining pressure vs strain defor- 
mation mode diagram yields minimum confining press- 
ures of approximately 0-100 MPa, or depths of 
approximately 0-3.9 km (Fig. 7). The maximum depth 
estimated for samples from DZ-2 is between 2.7 and 3.8 
km, and for DZ-3 is between 4.7 and 5.3 km (Table 1 and 
Fig. 9). 

The extension fracture and brittle faulting data do not 
relate to the confining pressure-strain deformation 
mode diagram in a simple way. Of the 11 samples that 
deformed in the extension fracture or brittle faulting 
modes (Fig. 8), the bar representing maximum burial 
conditions for only one sample (87-27) crosses the duc- 
tility curve (Fig. 8) into the extension fracture or brittle 
faulting fields where the data are expected to plot at the 
time of failure. The vertical bars that represent esti- 
mated maximum depths (Table 1) for the remaining 10 
samples plot on Fig. 8 in the uniform flow field. This 
suggests that either failure did not occur at the estimated 
maximum depth but occurred instead at a shallower 
depth, or that the effective confining pressure was sig- 
nificantly lower than that expected for the burial depth. 
Twins are found in all coarse calcite-filled extension 
veins which indicates that at least some twinning 

Total Strain (%) 
0 5 10 15 20 

0 - ~ -  0 
Extension Fracture 

50. 

Brittle Faulting 

II[I - 
a. II '~"~,, O%tz;,o 

100. " ~ '  x"e, 4 

,, £ 
a N~%% "-. 
'r= 150. 87-3 x 

sT-, ~ <)ebb,. % 6 . .~. 

0 Uniform \ ~, , 
Flow 

200 • 

250 • 
10 

Fig. 8. Brittlely-deformed samples (extensional fracture or brittle 
faulting) samples from northern Subalpine Chain. Vertical bars rep- 
resent the estimated range of maximum confining pressure (Table 1) 
and twin strain (Table 3) on the experimental deformation mode 
diagram (Fig. 1, rotated). Failure probably occurred at shallow depths 
or during lowered effective confining pressure due to high pore fluid 
pressure. 
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occurred after vein formation. This is similar to obser- 
0 

vations from the frontal part of the Helvetic Alps 0 
(Upper Glarus nappe complex) where measured twin 

d d ti . . . . .  strains are similar in magnitu e an orienta on for veins ,~H,, ... . . .  
,///~ 

and sparry calcite cement, indicating formation of the ; ~  
veins before twinning (Groshong et  al. 1984a). Twinned 50 . . . . . . .  ,~N~,'M'~ 

,////~ 

veins in samples from the Pine Mountain thrust sheet ,~H, .... . .  
"///// 

(southern Appalachians) record different strain often- ~ .... . .  
[L "////~ ,///// 

tations than the host due to non-coaxial twinning before g 100 " . . . . .  
and after vein formation (Kilsdonk & Wiltschko 1988). ~ 
The twin strains for the Subalpine Chain samples may ~ ~'3/': - : 
overestimate the prefailure strains for vein formation if o. , / / / / ,  

the host rock continued to twin after vein formation. .~ ~50. 
Assuming that the measured twin strain values are equal 8 
to or greater than the prefailure strains, the maximum 
confining pressures at the time of failure by extensional 200. 

Uniform fracturing or brittle faulting are estimated from the Flow 
ductility curve (Fig. 8) to be in the range of 0-50 MPa or 
maximum depths at the time of failure between 0 and 1.9 
km (Fig. 8). Failure in sample 87-27 may have occurred 250. 
at a confining pressure of as much as 62 MPa, or a depth 
of about 2.4 kin. According to the deformation mode 
diagram, failure by brittle faulting at a depth of 2.4 km 
would require progressive deformation beginning in the 
uniform flow mode and continuing through the incipient 
ductile faulting mode to brittle faulting. There is no 
microstructural evidence to suggest that the rock de- 
formed by incipient ductile faulting on the way to brittle 
faulting. Therefore, sample 87-27 also probably failed at 
a lower effective confining pressure than that predicted 
for maximum burial (Fig. 8). 

DISCUSSION 

In general, the minimum confining pressure estimates 
from the deformation mode, strain and ductility curve 
(on the confining pressure-strain deformation mode 
diagram) for the uniform flow samples show changes 
that are consistent with the lateral and across-strike 
changes in metamorphism in the fold-thrust belt (Fig. 
9). The general increase of confining pressure and depth 
at the time of the uniform flow deformation in the 
external-to-internal direction across the northern Sub- 
alpine Chain is further supported by the previously 
discussed transition from dominant thin twinning to 
dominant thick twinning related to the temperature of 
deformation (Ferrill 1991a). 

There are two obvious possibilities for explaining the 
low (effective) confining pressures of deformation for 
the brittlely deformed samples. First, elevated fluid 
pressure may have lowered the effective confining press- 
ure (Secor 1965), leading to failure at depths greater 
than those predicted for failure by the ductility curve on 
the confining pressure-strain deformation mode dia- 
gram. Porosity was not observed in the samples. Fossils 
and cement are equally deformed by twins, fractures and 
faults which suggests that the cementation generally 
preceded failure. However, the pressure-solution sur- 
faces seen in the samples indicate the presence of aque- 
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Fig. 9. Boxes illustrate the probable confining pressure during the 
thin-section scale deformation of all samples from the northern Sub- 
alpine Chain. The boxes are constrained by the deformation mode and 

twin strain, and the estimated maximum depths from Table 1. 

ous fluid in the rock during deformation. High-pressure 
fluid associated with adjacent shale strata or faults also 
cannot be eliminated as a possible cause of the brittle 
failure. 

Second, failure at shallow depth could have occurred 
relatively early or late in the burial (tectonic or sedimen- 
tary) and exhumation history, before and/or after maxi- 
mum burial. Point counts indicate that the twinning 
occurrence in the vein calcite is similar to that of the host 
grains, suggesting that veins may have formed relatively 
early, prior to maximum burial. 

CONCLUSIONS 

Thin-section scale deformation of limestone from the 
northern Subalpine Chain occurred by uniform flow and 
brittle faulting or extensional fracturing. The samples 
that deformed by uniform flow deformed mostly by 
twinning at minimum depths, estimated from the defor- 
mation mode and twin strain, of 0 to about 6.0 km, and 
maximum depths estimated from peak metamorphic 
data to be in the range of 2.7 to about 9.7 km. For the 
samples that contain extension fractures or faults, part 
of the twinning strain occurred after failure, as indicated 
by twinned calcite in extension veins. For these samples, 
the deformation mode and twin strain provide an esti- 
mate of the maximum depth at the time of brittle failure. 
The position of the ductility curve on the confining 
pressure-strain deformation mode diagram predicts 
brittle failure (vein formation and faulting) only at 
shallow depths (<2.4 km) for the generally low strains 
measured in the samples. However, the metamorphic 
data indicate that these samples were probably buried to 
depths of between 2.7 and 5.3 km, depths probably too 
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g r e a t  f o r  f a i l u r e  w i t h o u t  i n v o l v e m e n t  o f  e l e v a t e d  p o r e  

f lu id  p r e s s u r e .  T h e  f a i l u r e ,  t h e r e f o r e ,  p r o b a b l y  o c c u r r e d  

d u r i n g  r e l a t i v e l y  s h a l l o w  b u r i a l  ( < 2 . 4  k m )  o r  u n d e r  

c o n d i t i o n s  o f  l o w e r e d  e f f e c t i v e  c o n f i n i n g  p r e s s u r e  d u e  t o  

h i g h  f lu id  p r e s s u r e s .  
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