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Chocolate-tablet boudins of quartzite are restricted to steep limbs of Dq-folds along the SW coast of
Portugal. The chocolate-tablet geometry results from older vertical and younger horizontal quartz veins.
Both sets of veins developed during similar conditions by extension fracture in pre-existing necked
domains: (1) both veins show stretched crystal fibers; (2) the boudin aspect ratio is the same in vertical
(3.0 £+ 1.4) and in horizontal sections (2.9 + 1.2); (3) temperatures obtained from fluid inclusions are
similar (200 + 20° for vertical and 230 + 22 °C for horizontal veins) and are compatible with temper-
atures obtained from illite crystallinity (ca. 200—ca. 250 °C). Given thermal equilibrium between the host
rock and the precipitating fluid, the chocolate-tablet boudins formed close to the metamorphic peak. We
interpret that the vertical veins developed after the limbs of the D;-folds had attained their steep attitude
and the orientation of the greatest and intermediate principal strain axes had interchanged. Subse-
quently, the initial strain field was restored and opening of horizontal veins led to the chocolate-tablet
geometry. The direction of the main shortening direction was constant from the initial buckling stage
via isoclinal folding and during all boudinage stages.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Boudinage is a process where a competent layer embedded in an
incompetent material is segmented as a result of stretching parallel
to the layer. The name boudin was first used by Lohest (1909) to
describe structures in metamorphosed Devonian sediments of the
Ardennes, Belgium, although they were re-interpreted recently as
structures unrelated to boudinage (Kenis et al., 2002). These
structures are barrel-shaped in profile and each barrel is separated
from the next by a vein. In three dimensions, they appear as large
flattened cylinders or “sausages” (boudins) lying side by side. The
geometry of boudins is one of a complete spectrum of geometries
from isolated rectangular blocks (torn boudins of Goscombe et al.,
2003) to a regular thickening and thinning of the competent
layer known as pinch-and-swell structure (drawn boudins of
Goscombe et al., 2003). This spectrum results from a range of
rheological behavior of the competent layer from brittle, when
tensile fracture occurs, to ductile, when ‘failure’ occurs by localized
necking.
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Most boudins described in the literature show a cylindrical
geometry. Wegmann (1932) found non-cylindrical boudinage
where two perpendicular sets of boudin necks occur. He termed
such boudins with rectangular plan-view chocolate-tablet structure.
Similar structures are described from natural rocks deformed in
various conditions for different tectonic settings (Ramberg, 1955;
Coe, 1959; Fyson, 1962; Ramsay, 1967; Schwerdtner and Clark,
1967; Crespo-Blanc, 1995; Casey et al., 1983; Ormand and Czeck,
2003; Albertz and Paterson, 2002; Witkowski and Crespi, 2002;
Tricart et al., 2004). Chocolate-tablet boudins are common in
individual competent sedimentary layers and are often exceedingly
well formed in competent pyrite-rich layers of diagenetic origin
contained in incompetent sediments (Casey et al., 1983; Ramsay
and Huber, 1983: Figs. 13.29 and 13.30).

The formation of chocolate-tablet boudins is still a matter of
debate. Chocolate-tablet boudinage is generally assumed to be
characteristic for oblate deformations where the principal short-
ening axis, Z, is perpendicular to the boudinaged layer (Weijermars,
1997, p. 250; Zulauf et al, 2003). If this assumption is true,
chocolate-tablet boudins should frequently occur in rheologically
anisotropic rocks, because flattening deformations are common
(Pfiffner and Ramsay, 1982). However, if the boudins arise during
a single oblate deformation, their necks should be generally rather
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irregular, or mostly radial, although they might occur more
frequently and show a wider separation where they are sub-
perpendicular to the maximum extension direction (Ramsay and
Huber, 1983). This predicted irregular geometry was confirmed
experimentally by Ghosh (1988), Zulauf (2004), and Zulauf et al,,
(2010), who found that boudinage for a flattening bulk strain
with equal layer-parallel extension in all directions leads to the
development of roundish or polygonal boudins in plan-view.
Chocolate-tablet boudins, on the other hand, should develop as
a result of polyphase deformation or could be controlled by
a mechanical anisotropy in lineated rocks (Ramsay and Huber, 1983,
p. 65; Ghosh, 1988; Reber et al.,, 2010). In the present study, we
examine well exposed chocolate-tablet boudins that formed in
Carboniferous siliciclastics along the SW coast of Portugal (Marques
et al., 2010; Reber et al., 2010). The exposures are located close to
the village Almograve (Fig. 1). The rocks are syn-orogenic Late
Visean to early Late Namurian slate and intercalated quartzite in
a S-vergent foreland fold and thrust belt of the South Portuguese
Zone (Fig. 1) within the Variscan belt of western Europe (Brejeira
Formation, Oliveira, 1990; Quesada, 1991). The tectonic evolution of
this region is described in numerous recent papers (e.g. Silva et al.,
1990; Soriano y Casas, 2002; Onezime et al, 2002, 2003 and
Marques et al., 2010). Pressure-temperature conditions ranged
from diagenetic to the lower anchizone (Abad et al., 2001). S-ver-
gent folds and thrusts formed during the Mississippian as a result of
independent particulate flow of the not fully lithified turbiditic

B /A
O
A Variscan Belt. of Western Europe ?
< 5!
4 iy Cantabrian Zons (North Gondwana =
= o foreland fold and thrust belt)
e { N
2 oY B West AsturianLeonese Zone (North
-—— -‘q Gondwana metamorphic belt) {
> Centrallberian Zone (Gondwanan e
> authochthon with Cambro-Ordovician uv:,\\
% \agmartis r e
= B orer Zone (Gondwanan EX j)-f o
authochthon with strong i
Cadomian imprint) - ,_;T'
B Fara-autochthonous and allochthonous ‘\Kj‘ J MON
units including ophiolites and HF rocks ]\\\\ —
South Portugusse Zona Ay
(Bouth Laurentia (valonia?) | {
é to Almograve
Study area
Bedding traces <
—— Boudinedbeds ~
—— Faults ~
— —  Antiform axial trace <
— —  Synform axial trace
Aeoli Py
[ ] Aeolian sand dunes ¥ NB7°38' 15
Beach sand \;\\
B  Triassic? rocks - Lapa das
[] Ccarboniferous Culm. Mertola Fm. Pombas
o
[
A W &°40' 30"
AC 505, ,MOS  MON A
Sl S e
S SR ; ey (e

Fig. 1. Location and geology of the study area in the Variscan belt of Iberia. (A) Location
of the study area and geologic sketch map of the West Europena Variscan belt indi-
cating the position of the South Portuguese Zone and its relation to other major
paleogeographic units. Grey lines are boundaries of tectonometamorphic units. Black
lines with triangles are major thrusts. (B) Geologic map of the coastal exposures
surrounding Almograve and location of the studied outcrops depicting chocolate-
tablet boudins. (C) SSW—NNE downplunge cross-section of the study area and loca-
tion of the main outcrops with chocolate-tablet boudins.

sediments (Marques et al., 2010). Subsequent NNE-trending dextral
strike-slip faults formed late during the major folding event
(Marques et al., 2002).

Apart from collecting and analyzing a set of structural obser-
vations, we analyzed the deformation microstructures and fluid
inclusions to constrain the deformation mechanisms and temper-
ature. Based on these new data, we present a model that explains
chocolate-tablet boudinage to be the result of progressive orogenic
shortening with an almost constant orientation for the main
shortening direction, whereas the directions of the greatest and
intermediate strain axes interchanged twice, creating the two
perpendicular sets of boudin necks.

2. Methods

Field investigations were conducted along a N—S trending
section to determine the overall structure and to characterize the
geometrical parameters of boudins (Fig. 1). Apart from planar
fabrics like bedding and cleavage planes, we measured the orien-
tation of fold axes and crenulations. Moreover, we determined
boudin thickness, boudin width, and neck width in both vertical
and horizontal sections along the studied profile as well as the
crosscutting relationships between the two sets of quartz veins in
the boudin necks. Thin sections of boudins and neck domains were
made to investigate the type of veins inside the neck domains and
the deformation microstructures to help constrain the thermal
history of the rocks.

Four samples of slates were investigated by X-ray powder
diffractometry to determine illite crystallinity. Samples were
crushed using an agate mortar or grinder and then dispersed in
diluted formic acid. After multiple washings, the rock powder was
treated with Na-polyphosphate to prevent coagulation. The clay
mineral fractions (<2 pm) were extracted using a centrifuge
machine and were evaporated onto cristal mounts, obtaining
a preferred orientation of the phyllosilicates that yielded about
10 g/cm? of clay. This separation minimized the influence of detrital
micas. From each sample several X-ray analyses were conducted to
determine variations of illite crystallinity.

For X-ray diffractometry measurements a PANALYTICAL PW
3040/60 X'Pert System using a PW 3050/60 goniometer, a fine-
structure copper tube and X'CELERATOR detector system PW
3015/20 were used. The illite crystallinity values are detected by full
width of half measurements of the intensity of the 10 A illite base
peak maximum. Using international CIS-standards by Warr and
Rice (1994), the IC values were calibrated to Kiibler indices
(Kiibler et al., 1979), that are sensitive to detect very low-grade
regional metamorphic temperature conditions between 200 °C
(0,42 A2@) and 300 °C (0,25 A20).

Fluid inclusions microthermometry was performed on doubly
polished thin sections using a Linkam THM 600/S/Geo heating-
freezing stage coupled to a TMS 94 temperature controller with
an error of +1 °C. The stage is mounted on an Olympus microscope
with a 100x objective. The heating and cooling stage was calibrated
using synthetic fluid inclusion calibration standard: CO, and H,0
from ©Bubbles Incorporation. The isochors were calculated using
the program PVTX v2.1 from ©Linkam Instrumental.

3. Results
3.1. Structural geometries

Deformation of quartzites and slates in the studied region was
polyphase. The first deformation (D) produced SW-vergent folds

with low plunging axes (Figs. 1 and 2). The deformation formed an
axial-plane cleavage in mostly of the fine-grained lithologies and
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a widely spaced cleavage in the quartzites. The second deformation
(D7) involved folding around subvertical axes (Fig. 3). Because of D5,
the strike of bedding (Sp) and Sq-cleavage planes vary considerably
along the studied section. This variation explains why the folds in
the central part of the study area are south vergent (Fig. 2b),
whereas in the northern and southern part they are SW-vergent
(Fig. 2a, c). The steep axis D, folds are probably related to dextral
transcurrent movements (Marques et al, 2010). D;-folds are
slightly asymmetric, open to tight, with thickened hinges and
thinned limbs, particularly if they dip steeply to subvertical. This
layer thickness change is interpreted to result from flattening strain
due to amplification of the D;-folds.

Chocolate-tablet boudins are present only in steep forelimbs of
asymmetric tight D;-folds (Fig. 1), although single sets of linear
boudins with necks normal to the fold axis may occur in gentle to
moderately dipping layers outside of the studied section (see also
Marques et al., 2010). The boudins have a “torn” morphology (sensu
Goscombe et al., 2003), because they occur either as barrel or as
bow-tie vein boudins. This geometry holds for both horizontal and
vertical sections (Fig. 4b,d). Vein-filled fractures are largely
restricted to the neck domains and contain fibrous quartz. The
quartz veins are horizontal and parallel to the fold axis, or sub-
vertical and normal to the fold axis. In most cases, the sub-
horizontal veins postdate the subvertical veins, although a small
number of subhorizontal veins are older (Figs. 4a,c and 5) (Marques
et al.,, 2010; Reber et al., 2010).
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Fig. 3. Schematic drawing of chocolate-tablet boudins in quartzite layers in the steep
limbs of D;-folds with minor D, folds and locally developed S, cleavage. Long side of
block could be ca. 5 m.

Fig. 2. Bedding orientations of shale and quartzite layers along the studied cross-section shown in Fig. 1C. (a) N part, (b) central part, (c) S part. Lower-hemisphere equal-area

projection.
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When considering the relationship between boudin width (W) increase in boudin width with layer thickness is approximately
and layer thickness (Hy), the number of data from horizontal linear in horizontal sections (Fig. 6):
sections (132) is greater than from vertical sections (43), because it
is easier to sample along the horizontal than the vertical. The Wa = 16+ 2« Hy (3)

Fig. 4. Examples of chocolate-tablet structures in interbedded Carboniferous shales and quartzites. (a) View perpendicular to subvertical bedding. Boudin necks are largely
decorated by quartz veins. Note that most subhorizontal necks and quartz veins are mostly younger than subvertical necks with quartz veins, because they transect them. Width of
figure is ca. 8 m. (b) Horizontal section showing pinch-and-swell structures that are part of chocolate-tablet boudin morphology (hammer with length of 30 cm for scale). (c)
Crosscutting relationships of quartz veins exposed on subvertical bedding plane. Note that the subvertical vein in the center-left part of the photograph is younger than the
horizontal veins because it offsets them (hammer with length of 30 cm for scale). (d) Vertical section showing distinctive boudin and pinch-and-swell morphologies. Length of
hammer is 30 cm.
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Fig. 5. Picture of outcrop labeled MOS in Fig. 1. The observed surface corresponds to
the bottom of a slightly overturned bed. Detailed inset of the oucrop and sketch with
the observed crosscutting relationships between the axis perpendicular veins (sub-
vertical) and the axis parallel veins (subhorizontal). Most but not all subhorizontal
veins are younger because they transect the vertical veins. Length of hammer is 30 cm.
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Fig. 6. Wavelength (width) of boudins (W;) vs. finite layer thickness (Hy) for horizontal
sections of chocolate-tablet boudins. For further explanation see text.

where the dimensions of W, and Hy are in cm. The correlation
coefficient is R = 0.7. The aspect ratio, Wy, for the boudins is:

Wy = Wa/Hp (4)

Inserting values for W, and Hy into Equation (4), results in Wy
values of 2.9 + 1.2 for horizontal sections, and 3.0 + 1.4 for vertical
sections.

3.2. Boudin-related microfabric

The boudins developed in beds composed of impure, fine-
grained, moderately sorted quartzites where bedding is well

Fig. 7. (a) Photograph of quartzite boudin showing convolute bedding in the lower
dark part and discordant contacts in the light material. Apart from small quartz veins
inside the boudin, a wide quartz vein is present in a neck domain at the left side of the
picture. White frame indicates the outline of detailed picture shown in (b). The dark
lobate thin layer in the central part of (b) is a stylolite which also cuts through a small
quartz vein.
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preserved (Fig. 7a). In the slates most of the Sqi-cleavage planes
result from pressure solution as is indicated by dark seams of
enriched heavy minerals and other insoluble phases (Fig. 8a). In the
quartzite boudins, the S1-cleavage planes are widely spaced or
absent. Evidence for solution-precipitation creep in the quartzite
boudins is also present in form of pitted quartz grains (Fig. 8b),
stylolites (Figs. 7b and 8c,d), and quartz fibers in strain shadows of
quartz grains (Fig. 8e). In a few samples, the matrix consists locally
of calcite replacing quartz grains margins. Quartz grain sizes vary
from 0.01 to 0.50 mm. The mostly moderately rounded, mono-
crystalline quartz grains show serrated grain boundaries, undula-
tory extinction, deformation lamellae, and kink bands (Fig. 8f).
Accessory detrital minerals in the quartzites are feldspar, chlorite,
epidote, titanite, white mica and opaque phases. Feldspar grains are
altered to secondary minerals such as sericite or zoisite.

Small veins are present inside boudins and show a first-phase
mineralization of an opaque phase, probably hematite, and
a second phase of blocky quartz grains. The blocky quartz grains
occur in the vein centers and show several wall-rock-parallel
inclusion trails consisting of the minerals present in the opaque
phase. Other small veins inside the boudins are filled only with
syntaxial quartz fibers. Discrete small-displacement faults are
decorated by opaque phases and show quartz fibers inside en
echelon dilational jogs.

3.3. Microfabric of the neck domains
Almost all neck domains, both vertical and horizontal, show

centimeter-scale quartz veins that are up to 4 cm wide. Most quartz
veins in the vertical necks have at least two generations of

Fig. 8. Photomicrographs of quartzite boudins. (a) Bedding contact between pelitic (dark) and psammitic layer (light). The closely spaced Si-cleavage in the pelitic domain
(horizontal in picture) is characterized by enrichment of insoluble phases. The same S;-cleavage is refracted and widely spaced in the psammitic part. Parallel polarizers. (b) Large
pitted quartz grain results from indentation of a smaller quartz grain. The contact between both grains is decorated by dark insoluble phases. Parallel polarizers. (c) Stylolite
transecting quartz grains. Parallel polarizers. (d) Same picture like in (c) but with crossed polarizers. (e) Quartz fibers in strain shadow between two quartz grains. Crossed
polarizers. (f) Numerous kink bands affecting a quartz grain. Note also the serrated boundary of the quartz grain. Crossed polarizers.
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symmetrically arranged fibers (Fig. 9c). The first generation of fibers
developed along vein walls and consists of small fibers that are
mostly straight and 0.2—0.5 mm wide. Syntaxial growth of these
fibers is indicated by optical continuity between the fibers and the
grains of the wall-rock. The second generation of quartz fibers
occupies the center of the vein and consists of fibers showing
optical continuity with the first generation of fibers. Moreover,
most second-generation fibers form a crystallographically contin-
uous link from one side to the other and thus can be interpreted as
‘stretched crystal fibers’ (sensu Ramsay and Huber, 1983). The
stretched crystal fibers are wider than the first generation of fibers,
ranging from 0.4 to 2.0 mm. The boudin necks also contain nar-
rower veins mineralized with only one generation of narrow fibers
(Fig. 9a). These fibers are morphologically similar to those formed
during the first generation of the wider veins.

Most quartz veins of the horizontal necks also show two gener-
ations of fibers (Fig. 9d). The first generation consists of syntaxial
fibers, which are 0.1—-0.4 mm wide, occurring at the vein margins.
The younger generation in the central part of the veins consisting of

P

stretched crystal fibers that are, however, larger than those of the
vertical necks. The width of the stretched crystal fibers varies
between 0.5 and 3.0 mm. Some second-generation fibers consist of
blocky minerals.

All fibers show fluid inclusions which are either homogeneously
distributed within the crystals or occur as fluid inclusion trails,
many of which are aligned subparallel to the vein walls (Fig. 10c).
Weak to moderate crystal-plastic deformation of the quartz fibers
of both vertical and horizontal veins is indicated by undulatory
extinction, deformation lamellae, kink bands, and serrated grain
boundaries (Fig. 9¢,d and 10a,b,d). Subgrains are restricted to high-
strain domains (Fig. 10a,b).

3.4. Constraints on deformation temperature

X-ray diffraction analyses of four slate samples show that the
whole-rock and fine fraction (<2 pm) of the slates mainly consist of
illite and chlorite together with minor amounts of kaolinite
(Table 1). Illite dominates in the clay fractions. Illite is dioctaedral,

Fig. 9. Photomicrographs of quartz veins from the neck domains. All pictures produced under crossed polarizers, apart from (b). (a) Quartz fibers in vein of vertical neck resulting
from syntaxial growth from one wall to the other (stretched crystal fibers). (b) Fine-grained impure quartzite is cut by a small vertical quartz vein which shows numerous wall-rock-
parallel inclusion trails. Both quartzite and vein quartz are affected by two stylolites. (c) Two phases of fiber growth in quartz vein of a vertical neck. (d) Large irregular blocky quartz

crystals inside a vein of a horizontal neck domain. For further explanation, see text.
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Fig. 10. Microstructures and fluid inclusions in vein quartz of neck domains; all pictures produced with crossed polarizers. (a) Bent quartz fiber of vertical vein shows undulatory
extinction, kink bands, subgrains, and serrated grain boundaries. (b) Kink bands, serrated grain boundaries, and subgrains in deformed vertical vein of a neck domain. (c) Fluid
inclusions in vertical quartz vein are either homogeneously distributed or arranged subparallel to the vein wall. (d) Deformed quartz fiber of a vertical vein showing undulatory

extinction, serrated grain boundaries and partly subgrains.

Al rich and consists of about 75% 2M and 25% 1M polytypes. The CIS
calculated illite crytallinity values range from 0.37 to 0.43 A20 with
a mean of 0.39, suggesting uppermost diagenetic to very low-grade
metamorphic conditions and temperatures ranging between
200 °C and 250 °C (Ferreiro-Mdhlmann, 1994). This temperature
interval is consistent with the previous characterization of illite
crystallinity in the South Portuguese Zone (Abad et al., 2001).

Fluid inclusions were examined in two of crosscutting veins
located in the boudin necks. The chronology of the different fluid
inclusion populations is a relative to their host mineral and their
overgrowth (Mullis, 1976). In both cases, the horizontal vein post-
dates the vertical vein. Veins are mainly composed of small quartz
crystals. Samples Mn4 and Mn7 showed no CHy4, CO; or HHC gases
in the fluid for primary, pseudo-secondary or both inclusion types.
As none of the investigated fluid inclusions contained any observ-
able gas component, salinity was determined from the ice melting
temperature in NaCl-equivalence after Potter et al. (1978). In both
samples, the fluid inclusion assemblage is a two-phase type trap-
ped during quartz growth (Mullis, 1987).

In sample Mn?7, the fluid inclusions from the vertical veins have
a size of 4—10 pm and an estimated vapour/liquid volume ratio of

Table 1
Results of X-ray diffraction analyses of the four different slates analyzed in this study.
Illite 001 10 A Mlite Kaolinite  Chlorite Comment
FWHM CIS Kiibler ~ Rel %  Rel % Rel %
ALMO 1 0.399 63.7 43 32.0
ALMO2 0372 60.4 8.9 30.7
ALMO 3 0430 93.0 0.0 7.0 ?analcime
ALMO 4  0.370 71.9 0.0 28.1 ?smectite

0.10, a mean (homogenization temperature) Th; = 180 + 30 °C, and
a mean (melting temperature) Ty, = 2.80 + 0.50 °C corresponding
to a salt density of 4.61% NaCl eqwt.

Fluid inclusions in the horizontal veins of sample Mn7 vary in
size from 4 to 10 pm. The vapor/liquid ratio is estimated at 0.10, and
the mean Th; is 220 + 44 °C corresponding to a density of 5.27%
NaCl eqwt (T, = —3.25 4+ 0.30 °C).

In sample Mn4, the fluid inclusion size in the vertical neck varies
between 3 and 10 um and their vapor/liquid ratio is estimated at
0.10. The mean Th; is 173 + 20 °C, the inclusions have a density
around 5.39% NaCl eqwt, with a T, = —3.35 4 0.30 °C.

The fluid inclusions in the horizontal neck of sample Mn4 have
a size of 4—10 pm and an estimated vapor/liquid volume ratio of
0.10, a mean Th; = 196 + 22 °C, and a mean Ty, = —3.40 + 0.20 °C
corresponding to a high density of 5.50% NaCl eqwt.

Therefore, the type and distribution of fluid inclusions (primary
and secondary) in both types of veins is similar. Also, the fluid
composition and derived formation temperature of both sets of
quartz veins are the same within uncertainty. Assuming a normal
geothermal gradient of 30 °C km™! during vein opening, the
formation temperature of the fluid inclusions are calculated at
200 + 20 °C and 200 =+ 24 °C for the vertical veins, and 230 + 22 °C
and 230 + 44 °C for the horizontal veins (Fig. 11a—d).

4. Discussion

The crosscutting relationship of vertical and horizontal necks
suggest that the chocolate-tablet boudins did not form during one
single deformation event, but result from two-phase necking and
fracturing, starting with the development of the vertical necks and
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Fig. 11. Temperature estimates from fluid inclusions. (a) Horizontal neck of sample Mn4. (b) Vertical vein of sample Mn4. (c) Horizontal vein of sample Mn7. (d) Vertical vein of

sample Mn7. For further explanation, see text.

veins followed by horizontal necks and veins, although some
horizontal extension occurred coevally (Fig. 5; Reber et al., 2010).

At first sight, the formation of each set of necks and boudins was
related to brittle tensile failure and resulted in torn boudins. In this
particular case veining and boudinage are closely associated (see
also Cervantes and Wiltschko, 2010, and references therein). Tensile
fracture boudinage is controlled by the transfer of stress from the
ductile matrix (slate) to the brittle quartzite layer (e.g. Ramberg,
1955; Hobbs, 1967; Lloyd et al., 1982; Narr and Suppe, 1991; Wu
and Pollard, 1995; Bai et al., 2000).

The barrel geometry of the boudins suggests that brittle tensile
fracture was probably not the only mechanism which contributed
to the formation of the boudins. This assumption is also supported
by the boudin aspect ratio, Wy, that is controlled by the rheological
parameters of matrix and layer (e.g. Ramberg, 1955; Smith, 1977,
1979). The aspect ratios obtained for the two sets of boudins
(2.9 £+ 1.2 in horizontal sections, and 3.0 + 1.4 in vertical sections)
are in the range of ratios described from natural torn boudins in the
literature (Goscombe et al., 2003). Experiments using rock analogs
have shown that viscous necking or a combination of viscous
necking and subsequent extension fracture results in boudin aspect
ratios ranging from 3 to 12 (Schépfer and Zulauf, 2002; Zulauf and
Zulauf, 2005; Enama-Mengong and Zulauf, 2005; Zulauf et al.,
2010; Zulauf et al., in press).

The similar Wy values in vertical and horizontal sections suggest
that the boudinage in both directions (vertical and horizontal)
occurred under similar conditions. Microthermometry based on
fluid inclusions also suggest that both sets of necks and veins have
formed under similar temperatures (200 & 20 °C for the vertical
veins, and 230 + 22 °C for the horizontal veins). This temperature
range reflects conditions at or slightly above the diagenesis/
anchimetamorphic transition that is also indicated by the illite
crystallinity data. Given the host rock and the precipitating fluid
were in thermal equilibrium, the fibrous quartz of the neck
domains should have developed close to the metamorphic peak.
The deformation microstructures of the quartz fibers (undulatory
extinction, kink bands, deformation lamellae, lobate grain bound-
aries and rare subgrains) indicate dislocation glide as the most
important mechanism, which is compatible with the proposed
temperature conditions listed above (e.g. Oncken, 1990; Zulauf
et al,, 2002). Evidence for pervasive operation of recovery and

recrystallization of quartz that should be expected in quartz veins
deformed at T > ca. 270 °C (Voll, 1976; Takeshita and Hara, 1998;
Nishikawa and Takeshita, 2000; Zulauf, 2001; Stipp et al., 2002),
is lacking. The same applies to the quartz grains inside the boudins.
We interpret the presence of stylolites, pitted quartz grains, and
quartz fibers in strain shadows of quartz grains to have occurred
during the fluid-assisted particulate flow (Marques et al., 2010).
Recrystallization fabrics observed in sparse polycrystalline detrital
quartz grains of the quartzite could be inherited from the previ-
ously deformed rocks in the provenance area.

The large number of wall-rock-parallel fluid inclusion trails
inside the stretched crystal fibers suggests the veins to have formed
by the ‘crack-seal’ mechanism (Ramsay, 1980). This means that the
fibers grew sequentially by the alternately development of small
openings and cementation by quartz precipitation. The precipi-
tating fluids contributed to solution-precipitation creep, particu-
larly in the slates (Marques et al., 2010). Solution-precipitation
creep is active at low to moderate differential stress, when
tension gashes may form.

From the results presented above we conclude that the
chocolate-tablet structures inside the Carboniferous slates and
quartzites near Almograve developed close to the local meta-
morphic peak during the latemost increments of the D; short-
ening phase. During D¢-folding the main shortening direction
was subhorizontal and oriented perpendicular to the fold axes,
while the intermediate strain axis was oriented parallel to the
fold axes and the main stretching axis was subvertical (Fig. 12b).
Shortening under these conditions led to southwest-verging
tight to isoclinal folds with steep backlimbs to subvertical or
slightly overturned forelimbs. The process by which the
chocolate-tablet boudins formed is interpreted to be sequential
sets of extension-related fractures that developed during one
progressive deformation phase. After the limbs of the D;-folds
had attained their steep attitude, especially the forelimb,
progressive shortening caused flattening of the steep limbs with
the main shortening direction being still oriented subhorizontal,
i.e. subvertical to bedding. The two other principal strain axes,
however, switched their attitude. The intermediate strain axis
was now oriented subvertical and the main stretching axis was
subhorizontal, i.e. parallel to the fold axes. In this environment
layer-parallel horizontal extension led to the first set of necks and
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Fig. 12. Model of folding and subsequent polyphase evolution of chocolate-tablet
boudins near Almograve. Red arrows show major shortening direction. Blue arrows
show main stretching direction. (a) Sequence of shale and quartzite before deforma-
tion. (b) Horizontal shortening results in folding and progressive steepening of limbs.
(c) Consistent shortening cannot be accommodated by further thickening but by
extension parallel to the strike of bedding resulting in the first-phase of boudinage
with vertical necks. (d) Extension in the steeper or overturned limb results in hori-
zontal necks. The combination of horizontal and vertical necks results in chocolate-
tablet boudins. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article).

extension fractures, both of which are subvertical (Fig. 12c).
Subsequently, the orientation of the main stretching axis and the
intermediate strain axes were interchanged once more. The
stretching axis rotated again into vertical, and the intermediate
strain axis was again horizontal and parallel to the fold axes. As
a result the second set of (horizontal) necks and extension frac-
tures formed in the steeper or slightly overturned forelimbs of
some folds (Fig. 12d). Similar conclusions have been drawn from
detailed analyses of the progressive changes in the stress-strain
fields in folds developed under similar conditions elsewhere
(e.g. Pfiffner, 1990; Gutiérrez-Alonso and Gross, 1999).

It has to be emphasized that the orientation of the main
shortening direction did not significantly change during D,-folding
and during subsequent stages of necking and boudinage. This
assumption is compatible with results of Marques et al. (2002,
2010), who concluded that in the southwest Portugal domain the
stress field did not appreciably change its orientation during
Variscan folding. Our conclusions are further in line with the results
of Reber et al. (2010), who performed numerical simulations
investigating the evolution of stress orientations during folding to
test whether and how these two successive sets of fractures were
related to folding. 3D simulations demonstrate that the principal
stretching axis rotates with and within bedding, in the fold limb,
from a fold axis parallel to a fold axis orthogonal direction.

A similar formation of chocolate-tablet boudinage with fibrous
crystal growth like that described in the present study has been
described from Leytron, Valais, Switzerland, where the deforma-
tion history was found to be a succession of plane-strain incre-
ments with the shortening direction perpendicular to the
boudinaged sheet and the extension direction showing a progres-
sive change in orientation within the sheet (Casey et al., 1983).

5. Conclusions
The following conclusions can be drawn from the present study:

e Formation of chocolate-tablet boudins in Carboniferous pelitic
and psammitic layers near Almograve is intimately related to
folding in the foreland fold and thrust belt of the external
Variscides.
Folds and boudins developed during progressive shortening of
the mechanically stratified layers with the main shortening
direction being constant in horizontal orientation. A two-fold
switch of the intermediate and greatest principal strain axes
led to two sets of extension fractures (boudin necks) that are
perpendicular to each other, resulting in chocolate-tablet
boudins.

e From the shape and aspect ratio of the boudins, we conclude
that the boudin width was not controlled by extension fracture
but by ductile necking that was accommodated by solution-
precipitation creep. Ductile necking led to a reduction in
layer thickness and thus a drop in strength of the pinched
domains that made the latter prone for subsequent extension
fracture.

e Chocolate-tablet boudins, separated by two sets of orthogonal
necks, cannot develop inside a mechanically homogeneous
competent layer in a flattening type of bulk deformation, but
require at least two phases of extension under nearly plane-
strain conditions. This conclusion is in line with results of
analog modeling, which show that a single phase of pure
flattening results in tablet boudins which have a polygonal
shape in plan-view (Ghosh, 1988; Zulauf et al., 2010, in press).
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