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Abstract Fine extinction bands (FEBs) (also known as
deformation lamellae) visible with polarized light micros-
copy in quartz consist of a range of nanostructures, infer-
ring different formation processes. Previous transmission
electron microscopy studies have shown that most FEB
nanostructures in naturally deformed quartz are elongated
subgrains formed by recovery of dislocation slip bands.
Here we show that three types of FEB nanostructure occur
in naturally deformed vein quartz from the low-grade met-
amorphic High-Ardenne slate belt (Belgium). Prismatic
oriented FEBs are defined by bands of dislocation walls.
Dauphiné twin boundaries present along the FEB bounda-
ries probably formed after FEB formation. In an example
of two sub-rhombohedral oriented FEBs, developed as two
sets in one grain, the finer FEB set consists of elongated
subgrains, similar to FEBs described in previous transmis-
sion electron microscopy studies. The second wider FEB
set consists of bands with different dislocation density and
fluid-inclusion content. The wider FEB set is interpreted as
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bands with different plastic strain associated with the pri-
mary growth banding of the vein quartz grain. The nano-
metre-scale fluid inclusions are interpreted to have formed
from structurally bounded hydroxyl groups that moreover
facilitated formation of the elongate subgrains. Larger fluid
inclusions aligned along FEBs are explained by fluid-inclu-
sion redistribution along dislocation cores. The prismatic
FEB nanostructure and the relation between FEBs and
growth bands have not been recognized before, although
related structures have been reported in experimentally
deformed quartz.

Keywords Nanostructures - Fine extinction band (FEB) -
Fluid inclusion - Low-temperature tectonic deformation -
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Introduction

Densely spaced, intragranular, sub-planar microstructures
visible with polarized light microscopy are widespread in
quartz deformed at (sub-)greenschist conditions (Chris-
tie and Raleigh 1959; Blenkinsop and Drury 1988; Derez
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et al. 2015). These microstructures are commonly known
as deformation lamellae. Derez et al. (2015) and Trepmann
and Stockhert (2013), however, introduced new terminol-
ogy. In the non-genetic scheme for quartz intragranular
microstructures of Derez et al. (2015), deformation lamel-
lae are termed fine extinction bands (FEBs). Trepmann
and Stockhert (2013), on the other hand, use the term short
wavelength undulatory extinction (SWUE) to describe sub-
planar structures that are formed by cyclic deformation in
the seismically active upper crust. In this paper we will use
the term fine extinction bands. FEBs have been related to a
range of nanostructures and associated genetic interpreta-
tions (Table 1), indicating that the microstructures observed
at the scale of polarized light microscopy can be explained
by a wide variety of crystallographic defects (Derez et al.
2015). Using TEM, natural FEBs have dominantly been
identified as elongate subgrains bounded by curved dis-
location walls containing well-ordered arrays of two to
three sets of dislocations (McLaren et al. 1970; McLaren
and Hobbs 1972; White 1973; Blenkinsop and Drury 1988;
Drury 1993; Trepmann and Stockhert 2003; Vernooij and
Langenhorst 2005). McLaren and Hobbs (1972) further
noted the occurrence of voids along the FEB boundaries.
White (1973) also found other structures associated with
FEBs in vein quartz including deformation twins, frac-
tures and dislocations in slip bands. Experimentally formed
FEBs in synthetic quartz have also been identified as elon-
gate subgrains (McLaren et al. 1970), though also as alter-
nating zones with high and low concentration of tangled
dislocations (McLaren et al. 1970; Twiss 1974; Morrison-
Smith et al. 1976), as walls of poorly ordered dislocations
(Trepmann and Stockhert 2013), and as amorphous bands
(Christie and Ardell 1974).

Recently, a variable FEB morphology in polarized
light microscopy has been discussed by Derez et al.
(2015). FEBs can have a variable width (mostly <5 pum
thick using polarized light microscopy), continuity,
shape, extinction angles (~5°) and inclusion densities
(Derez et al. 2015). How the FEB morphology is related
to the specific nanostructures is not resolved in suffi-
cient detail at the moment. Further, the presence of fluid
inclusions is generally accepted to facilitate FEB forma-
tion (Tarantola et al. 2010), but the origin of fluid inclu-
sions in FEBs is still disputed. In this paper, the relation
between the FEB morphology and the associated nano-
structure is therefore assessed by studying FEBs with
polarized light microscopy, universal stage and an inte-
grated electron microscopy approach. This integrated
methodology has been proven successful in studying the
kinematics of planar deformation features by Hamers
et al. (2016, 2017).

We were able to show that FEBs are related to elongate
subgrains, on the one hand, and to two previously unidenti-
fied nanostructures, on the other. The formation processes
of these different nanostructures are compared to FEB for-
mation processes suggested in the literature. In addition,
new insights are gained in the relationship between fluid-
inclusion distribution and FEBs.

Geological setting

The vein quartz studied comes from the High-Ardenne
slate belt (HASB) (Fig. 1a), which is part of the Rhenoher-
cynian foreland fold-and-thrust belt located at the northern

Table 1 Summary of the deformation mechanisms suggested for FEB formation

Brittle mechanisms
Fracturing and healing

Shear

Crystal-plastic mechanisms
Large variety of slip planes
Twinning

Translation gliding

Basal <a> slip for sub-basal FEBs and prism <c> slip for sub-prism
FEBs

Basal <a> slip in combination with Brazil twins

Basal <a> slip in combination with recovery

Basal <a> slip in growth layers
Other mechanisms

Shear melting

Becke (1892), Den Brok (1992), White (1973)
Christie and Raleigh (1959), Ingerson and Tuttle (1945), Turner (1948)

Heard and Carter (1968), Ord and Hobbs (2011)
Judd (1888)

Savul and Mircea (1948)

Carter and Friedman (1965), Christie et al. (1964)

McLaren et al. (1967), White (1973)

Christie and Ardell (1974), Drury (1993), Vernooij (2005), Vernooij and
Langenhorst (2005)

Blacic (1975)

Christie and Ardell (1974)

References to experimental studies are italicized
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Fig.1 a Geological map of Southern Belgium showing the main
tectonostratigraphical units and the sample locations: (F) Fosset
(50°01725"N, 5°33/48"E, WGS84) (sample FOS1) and (H) Herbeu-
mont (49°47'51"N, 5°13'17"E, WGS84) (sample HBOSHV13). BP
Brabant Parautochton, GI, RI, SI, SVI Givonne, Rocroi, Serpont and
Stavelot-Venn basement inlier, respectively. b Timing of veining in
the HASB with respect to the tectonic inversions related to the Vari-
scan orogeny. The differential stress and fluid pressure evolution are
tentatively indicated (after Depoorter et al. 2014). BNV bedding-
normal veins (Van Noten et al. 2012), BPV bedding-parallel veins
(Van Noten et al. 2012), CDV cleavage-discordant veins (Depoorter
et al. 2014; Van Baelen 2010), SOV syn-orogenic veins (Jacques et al.
2014), Ao differential stress, o, vertical stress, o;, 03 maximum and
minimum principal stress, respectively, P, fluid pressure, P, lithostatic
pressure

extremity of the late Palacozoic Central European Variscan
orogenic belt (Oncken et al. 1999). The metasediments in
the HASB were deformed from the late Visean until the
early Moscovian (325-310 Ma) under sub-greenschist
conditions (Fielitz and Mansy 1999). The HASB contains
several quartz vein generations that can be related to the
tectonic stress inversions at the onset and during the latest
stages of the Variscan orogeny (Fig. 1b).

FEBs are widespread in the vein quartz of all vein gen-
erations in the study area. This paper focuses on FEBs in a
representative deformed quartz grain selected from both an
early- and a late- to post-orogenic vein. In both samples a
wide variety of FEB orientations with respect to the crystal

lattice commonly occur in an individual grain (Derez et al.
2015). For the selected early-orogenic vein sample, FEBs
were studied in 140 and 55 grains in the x—y and the x—
sections, respectively (Derez et al. 2016). In the second
vein sample, 19 grains with FEBs were studied in detail
with polarized light microscopy.

The first quartz grain is from a typical early-orogenic
intermullion vein within a micaceous quartzite bed belong-
ing to the early Devonian (Pragian) Anlier Formation in
Fosset (Belgium) (sample FOS1) (Kenis et al. 2005). The
quartz vein is oriented at a high angle to the bedding [bed-
ding-normal vein (BNV) in Fig. 1b] as a result of a regional
hydraulic fracturing event during the latest stages of burial,
at the onset of the Variscan orogeny (Kenis et al. 2005; Van
Noten et al. 2012). Early-orogenic bedding-normal veins
were inferred to have formed at near-lithostatic fluid pres-
sures between ~150 and ~250 MPa, based on microther-
mometry of primary fluid inclusions and on an independent
chlorite geothermometer indicating veining around 390 °C
(Kenis 2004).

The second quartz grain is taken from a late- to post-
orogenic cleavage-discordant vein (CDV) in the La For-
telle Quarry, Herbeumont (Belgium) (sample HBOSHV13)
(Fig. 1b) within a fine-laminated pelite also belonging to
the Anlier Formation (Van Baelen 2010). The vein formed
in an extensional regime, after the main stage of the Vari-
scan orogeny. Vein deformation resulted from cleavage-
parallel shearing with generally top-to-the-south kinemat-
ics. Taking into account a geothermal gradient between
30 and 50 °C/km (Beugnies 1986; Schroyen and Muchez
2000), microthermometry on re-equilibrated and primary
fluid inclusions indicates vein formation and deformation
at sub-lithostatic fluid pressures below ~220 MPa and tem-
peratures between ~270 and ~390 °C (Van Baelen 2010).

Methods

Standard 30-um-thick thin sections were studied using
polarized light microscopy and electron microscopy. The
thin sections were polished to microprobe standards and
further polished with a 0.02-um colloidal silica suspension
for an hour. Polarized light microscopy images were taken
with a Leica DMLP light microscope equipped with a DP
200 camera linked with the Deltapix Viewer LE software
package at the Department of Earth and Environmental Sci-
ences of the KU Leuven.

The complete orientation of FEB planes with respect
to the crystal lattice was measured using a combination
of universal stage microscopy and electron backscatter
diffraction (EBSD) and plotted in the new stereographic
projection template of Ferriere et al. (2009). Using an
Ernst Leitz Wetzlar Universal Stage (Department of
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Earth and Environmental Sciences, KU Leuven) the ori-
entation of the FEB plane was measured with respect to
the sample reference frame. On the same location in the
grain, crystallographic orientation data were obtained by
EBSD orientation imaging microscopy with a FEI Nova
NanoSEM 450 equipped with a field emission gun and
with an Edax Hikari xp EBSD camera, at the Depart-
ment of Materials Engineering of the KU Leuven. EBSD
operating conditions used were low-vacuum mode,
15 mm working distance, 70° sample tilt and 20 kV
acceleration voltage. The measurements were preformed
on a hexagonal grid, with a step size of 1 um. For the
automated indexing and processing of the data, the TSL
software OIM analysis 7 was used. A reference file for
trigonal quartz was used, enabling identification of Dau-
phiné twin boundaries (DTBs). To improve the signal-
to-noise ratio, the maps were processed with the Neigh-
bour Confidence Index Correlation algorithm; changing
the orientation of points with a confidence index below
0.1 into an average orientation of its directly neighbour-
ing points, and the Neighbour Orientation Correlation
algorithm; changing the orientation of points that do not
belong to a grain with a set grain tolerance angle of 5°
and a confidence index below 0.1 into an average orien-
tation of its directly neighbouring points.

The FEBs were further characterized by means of
electron probe micro-analyser cathodoluminescence
(EPMA-CL) spectrometry with a JEOL xCLent spec-
trometer on a JEOL JXA-8530F FEG-EPMA at the
Department of Earth Sciences of the Utrecht University.
For CL acquisition 10 kV acceleration voltage, 20 nA
beam current and a dwell time of 20 ms were used. The
samples were carbon coated to prevent charging. The
CL analyses were performed before any other electron
microscopy, in order to have a fresh luminescent signal,
undisturbed from previous electron imaging. With the
JEOL xCLent software package, different wavelength
ranges of the CL spectrum (in the red, green and blue
ranges) have been manually selected around observed
peaks in the spectrum. The intensities of the wavelengths
are displayed in a grayscale.

Finally, the FEB nanostructure was investigated by
transmission electron microscopy (TEM). Bright field
overview images were taken with a FEI TECNAI 12
TEM at 120 kV, and more detailed images were taken
with a FEI TECNAI 20F TEM at 200 kV, at the EM
Square Microscopy Centre of the Utrecht University.
TEM foils (~200 nm thick) were prepared, orthogonal
to the thin sections, by focused ion beam milling with a
Nova Nanolab 600 FEB-SEM at the Utrecht University.
An additional protective layer of Pt was deposited on top
of the layer of interest for the preparation of the TEM
foil.

@ Springer

Results
FEB orientations

The FEB orientation data (universal stage measurements)
are shown with respect to the crystal lattice frame (deduced
with EBSD) in the new stereographic projection template
of Ferriere et al. (2009). Eighty-eight per cent of the FEBs
in sample FOS1 are parallel to {51-60} planes (within a 5°
range) (Fig. 2a) and have a single sub-prismatic orientation.
In the HBOSHV 13 sample, the orientation of one FEB set
is scattered between the r-, z-, &- and m-planes, while the
other FEB set is sub-parallel to the z- and &-crystal planes
(Fig. 2b). Only 13% of the FEBs in the HBOS8HV 13 sample
are oriented within a 5° range of a crystal plane.

Prismatic FEBs

Polarized light microscopy

The prismatic FEBs in the FOS1 sample are particu-
larly straight, alternating broad (~10 pum) and very thin
(~2 ym) FEBs (Fig. 3a). Alternating FEBs show a differ-
ence in extinction angle up to 3°. Fluid inclusions are only
observed at the intersection of the FEBs with fluid-inclu-
sion planes (FIPs; a planar arrangement of fluid inclusions).
Fluid inclusions forming part of a FIP are locally aligned
parallel to the FEBs (Fig. 3b) and are concentrated in one
of the alternating FEB sets (Fig. 3b).

EBSD analysis

The microstructure of the narrow and broad FEBs observed
with light microscopy (Fig. 4a) is also clear in EBSD
mapped data (Fig. 4b, c¢). Narrow FEBs tend to show
poorer EBSD pattern quality. FEBs are bounded by low-
angle boundaries, with misorientation angles between 2°
and 6° (Fig. 4c, d). In some places, DTBs are aligned paral-
lel to the FEB boundaries (DTB, Fig. 4c). In many places,
small, patchy regions are indexed as DTBs, although these
small regions are hard to distinguish from misindexing.
Misorientation axes for the FEBs are shown in Fig. 4e for
the angles between 3° and 5°.

CL spectrometry

A typical CL spectrum from an area with prismatic
FEBs (Fig. 5) shows a high intensity in the red wave-
length range (608—677 nm) and minor intensity in the
blue (365-488 nm) and green (534-544 nm) wavelength
ranges. CL and orientation contrast maps show the FEB
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lower-hemisphere
— thin section
> blind circle

Fig. 2 FEB orientation with respect to the crystal lattice based on
universal stage microscopy and EBSD. The poles to the FEB planes
are plotted in a lower-hemisphere equal-angle projection. Crystal
directions that have low Miller—Bravais indices are also indicated as
circles with 5° radius. The location of the poles to the y, o, 7, 1, &, z
and m planes is indicated. The great circles mark the orientation of
the thin section of the studied grains. The grey regions mark the blind

mXYZ sample axes

\a x wide FEBs (n=16)
o fine FEBs (n=15)
<)

lower-hemisphere
a/ — thin section

@ blind circle
m X, Y, Z sample axes

regions where FEB orientations cannot be measured because of a lim-
ited rotation in the universal stage. a FEBs in the selected grain in
the xy section of sample FOS1 are close to the prismatic m planes. b
FEBs in the selected grain in the zy section of sample HBOSHV 13 are
close to rhombohedral planes. n number of FEBs plotted. Plot pro-
duced with OpenStereo 0.1.2

Fig. 3 Cross-polarized light (XPL) microscopy images of the pris-
matic FEBs in sample FOS1. The projection of the c-axis in the thin
section plane is marked with a thin line, c. a Lower magnification
image showing the location of the regions of Fig. 6 (white rectangle);

boundaries have stronger red and green intensity than the
rest of the grain (Figs. 6a—c, arrow 1). The orientation
contrast image shows alternate light and dark bands, con-
sistent with the crystal lattice misorientations detected in
the EBSD maps of a nearby area. Some bands terminate
at orthogonal boundaries (Fig. 6a, arrow 2), while other
bands have a lenticular geometry (Fig. 6a, arrow 3). The

the arrows correspond to those indicated in Fig. 6 and are referred
to in the text. The location of the TEM foil is indicated with a thick
white solid line, TEM. b Detailed image of the fluid-inclusion plane
(FIP) showing the alignment of fluid inclusions along the FEBs

red and green CL further highlights small fluid-inclusion
alignments (Fig. 6a, b, arrow 4). Weaker darker hori-
zontal bands are also apparent in the red (and to a lesser
extent, the green) CL image, one of which is shown by
arrow 5 in Figs. 6b. Bands with a slightly brighter blue
CL correspond to the brighter bands in the orientation
contrast image (Fig. 6a, d, arrow 1).

@ Springer
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Fig. 4 EBSD data from prismatic FEBs in sample FOS1. a Polarized
light microscopy image of the area in maps b and c. b Pattern qual-
ity map (areas of residual Pz-coating are indicated). ¢ Misorientation
map with maximum misorientation angle of 10° relative to a refer-
ence point indicated by a white star. Higher misoriented regions with
a Dauphiné twin law (DTB) (180° rotation around the c-axis with
tolerance angle of 5°) are indicated with red lines. The DTBs sur-
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rounding a few pixels can result from misindexing. d Misorientation
profile A-A’ indicated in the misorientation map (c). Interpreted FEB
boundaries are indicated with black arrows. e Lower-hemisphere
equal-angle inverse pole figures showing misorientation axes distribu-
tion for misorientation angles between 3° and 5°, calculated between
all neighbouring points in the white rectangle in map (c)
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Fig. 5 CL spectrum of a point measured in the CL map of the pris-
matic FEBs in sample FOS1. Grey regions indicate the wavelength
ranges used for the CL maps in Fig. 6 (614-671, 531-546, and 385—
489 nm)

TEM analysis

The TEM section made across the prismatic FEBs shows
four zones which have a higher dislocation density rela-
tive to the rest of the image (Fig. 7a). Zones 1-3 contain
long narrow subgrains separated by sub-parallel subgrain
boundaries. In addition to these elongate subgrain bound-
aries Fig. 7b also shows two parallel planar structures,
each marked by displacement fringes parallel to the trace
of the planar feature, typically found for DTBs (McLaren
and Phakey 1969). A contrast change, associated with a
misorientation difference across a subgrain boundary, is
not observed in the regions either side of the twin planes,
showing that both planar structures are pure twin bounda-
ries. These twins correspond to the bright CL bands at an
angle of ~45° to the left in Fig. 6b—d, arrow 6, that were
not recognized as extinction bands with polarized light
microscopy.

Although the TEM images show a superposition of all
nanostructures present throughout the thickness of the
TEM foil, the subgrain boundaries possibly end against
a twin boundary (Fig. 7b, arrow 1), or link to other sub-
grain boundaries (Fig. 7c, arrow 1), or end in an area with
a high dislocation density (Fig. 7c, arrow 2). The sub-
grain boundaries are often connected by individual dislo-
cations (Fig. 7b, arrow 2 and Fig. 7c, arrow 3). Subgrain
boundaries oriented at a low angle with respect to the
TEM foil are visible as hexagonal patterns of dislocations
(Fig. 7c, rectangle). In all zones, the dislocations are con-
centrated along the boundaries.

Contrary to zones 1-3, zone 4 consists of a single subgrain
boundary containing well-aligned dislocations (Fig. 7d).
Along this subgrain boundary many fluid inclusions occur,
often having an elongate negative-crystal shape (Fig. 7e).

A comparison with the forescatter image (Fig. 6a) shows
that zones 1 and 2 correspond to very narrow FEBs, while

zones 3 and 4 represent FEB boundaries. The boundaries of
these prismatic FEBs thus correspond to a single subgrain
boundary or to a network of subgrains with a high disloca-
tion density.

Sub-rhombohedral FEBs
Polarized light microscopy

The second quartz grain, sample HBOSHV13, contains
two FEB sets (Fig. 8). One FEB set is very straight, with
a wide spacing and large 6° difference in extinction angle
between the bands. The second more anastomozing FEB
set has finer spacing and smaller extinction differences.
Fluid inclusions are locally present along the FEBs, close
to intersections between FEBs and FIPs.

EBSD analysis

In the EBSD maps, only the wider FEB set was detected in
the form of low-angle subgrain boundaries along the FEB
boundaries (Fig. 9).

CL spectrometry

In orientation contrast maps only the wider FEBs produced
some contrast (Fig. 10a). In the corresponding CL maps
both FEB sets are visible (Fig. 10b). In a CL map combin-
ing the red (577-710 nm) and the blue (378-483 nm) lumi-
nescence signal, FEBs occur as alternating red and blue
bands (Fig. 10c). In case of the wider FEBs, this mainly
results from a varying red(/green) intensity and a more
continuous low blue intensity. The wider FEBs show an
alternating bright—dull red(/green) luminescence (Fig. 10d,
e). In case the red(/green) CL is more dull, sometimes the
blue CL is more bright (Fig. 10d—f, arrows 1-3). These
bands often have a lenticular shape and can have a slightly
varying orientation. The fluid-inclusion-rich FEBs show a
bright red CL signal (Figs. 8 arrow 4, 10d, arrow 4).

The finer FEBs are alternatingly dull and bright lumines-
cent, in the red(/green) and blue wavelengths (Fig. 10d—f,
arrows 5 and 6). The blue CL map additionally shows a
darker region in the lower left corner (Fig. 10f, arrow 7).

TEM analysis

The TEM foil across the sub-rhombohedral FEBs has
generally a much higher defect density than the prismatic
FEBs. The foil is divided into five zones corresponding to
the zones identified with CL. Zones 1, 3 and 5 correspond
to the more red zones containing the finer FEBs, while
zones 2 and 4 have a higher blue intensity (Figs. 10, 11a,
b).

@ Springer
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Fig. 6 CL analysis of prismatic FEBs in sample FOS1. a Forescat-
ter image. b—d Maps displaying the measured intensity of selected
ranges of wavelength bounding peaks in the spectrogram of the total
mapped area (Fig. 5). The wavelength ranges are 614—-671 nm (red),
531-546 nm (green) and 385-489 nm (blue), respectively. The inten-

Zones 1, 3 and 5 all contain lenticular subgrains with
a variable elongation direction in the different zones
(Fig. 12a, b). Dislocations occur in networks are often
curved (Fig. 12b, c, arrows 1), and many dislocation loops
are present (Fig. 12b, c, arrows 2). The dislocation arrange-
ment in the boundaries varies from well-aligned (Fig. 12c,
upper side of the subgrain boundary) to more tangled
(Fig. 12c, bottom side of the subgrain boundary). In zone 5,
some bands with fringes are interpreted as twins (Fig. 12d,
brackets). These twins are sub-parallel to the subgrain
boundaries and contain dislocations along them. In zones
1, 3 and 5 there is a high concentration of nanometre-scale
fluid inclusions (Fig. 12b, c, arrows 3), and in zones 3 and

@ Springer
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sities are displayed in a grayscale. The arrows serve as reference
points for comparison with Fig. 3 and are referred to in the text. The
location of the TEM section is indicated with a thick white solid line,
TEM

5 some fluid inclusions up to 200 nm wide are observed
(Fig. 12a, d, arrows 1).

Zones 2 and 4 have a lower dislocation density than the
other zones. Instead these zones contain parallel straight twin
boundaries (Fig. 12e, f, arrows 1).

Interpretation
Prismatic FEBs

All techniques consistently show that the prismatic FEBs
are bounded by a single subgrain boundary, or by a
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Fig. 7 TEM analyses of the
prismatic FEBs in sample
FOSI1. a Overview bright field
composite image of the com-
plete TEM section. b—e Bright
field images

Fluid »
inclusion

Zone 1

subgra:m}
boundary

band of subgrain boundaries, with misorientation angles
mainly between 2° and 5°. These boundaries resulted in a
red CL, in agreement with Hamers et al. (2017) and low
EBSD pattern quality.

The prismatic FEB microstructure in this study forms
as bands of sub-parallel subgrain boundaries. This micro-
structure differs to sub-basal FEBs described in the litera-
ture, in which single subgrain boundaries occur (e.g. Drury
1993; Trepmann and Stockhert 2013). We suggest that the
prismatic FEB structure is similar to transition bands in
metals based on their similar morphology (e.g. Lobanov
et al. 2013). The bands of closely spaced subgrain bounda-
ries with high dislocation density correspond to the hinge
zones of lattice folding, while the wider bands with low

dislocation density correspond to the fold limbs. A wide
hinge zone is formed in metals when the deformation
occurs during cold-working. During subsequent annealing
or stress relaxation the hinge zones recover into bands of
subgrains. To form a transition band microstructure, some
difference in slip activity is required to produce the lattice
misorientations, which become concentrated in the hinge
zones. Misorientation axes obtained from EBSD indicate
that {r}<a> is the main slip system involved, assuming that
the misorientation results from the presence of edge dislo-
cations (Neumann 2000; Lloyd 2004). A micro-fold struc-
ture could develop, if slip on the {r}<a> system occurred
on the same slip plane but with different shear sense on
either side of the FEB boundary. Alternatively, activation of
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Fig. 8 Cross-polarized light (XPL) microscopy images of the sub-
rhombohedral FEBs in sample HBOSHV13. The projection of the
c-axis in the thin section plane is marked with a thin line, c. The
arrows correspond to those indicated in Fig. 10 and are referred to in
the text. The location of the TEM foil is indicated with a thick white
solid line, TEM. A fluid-inclusion plane (FIP) showing the alignment
of fluid inclusions is indicated

different planes of the {r}<a> system would result in the
build-up of lattice misorientations. If the FEB boundary
consists of screw dislocations, the misorientation axes sug-
gest a combination of {z}<a> and (c)<a> slip according to
Lloyd (2004).

In metals a transition band structure is specifically
developed by static recovery following cold-working defor-
mation. In naturally deformed quartz, deformed in the
upper crust, a history of high strain rate and high-stress
deformation followed by stress relaxation, associated with
the seismic cycle, will be common (Trepmann and Stock-
hert 2013). Trepmann and Stdckhert (2013) showed that a
specific type of FEB structure, i.e. SWUE, with prismatic,
rhombohedral and basal orientations, is developed in “kick
and cook” experiments, involving a low-strain, high-stress
deformation, followed by deformation and recovery dur-
ing stress relaxation. The prismatic FEB structure may be a
natural analogue of SWUE produced by a “kick and cook”
deformation history.

The prismatic FEBs are associated with DTBs, which
are thought to have formed syn- to post-FEB formation
since they are clearly influenced by the FEBs presence.
The prismatic FEBs are generally not associated with fluid
inclusions, as none are observed in the TEM zones 1-3
(Fig. 7). The fluid inclusions in the single subgrain bound-
ary of zone 4 are therefore interpreted to be redistributed

@ Springer

remnants of a FIP that is present near the TEM foil loca-
tion. This is clearly indicated by the fluid-inclusion align-
ments along FEBs, observed with polarized light micros-
copy. Fluid-inclusion redistribution can take place by
water leakage via pipe diffusion along dislocation cores
as described by Bakker and Jansen (1994). In this way, the
FEB boundaries with their high dislocation density can
serve as pathways for fluid-inclusion redistribution.

Sub-rhombohedral FEBs

This example consists of two sub-rhombohedral FEB sets
in a single grain, showing different spacing and misorienta-
tion, related to different nanostructures.

Within the wider FEBs (zones 1, 3 and 5 in Fig. 12),
the finer FEBs consist of lenticular subgrains showing a
weaker cathodoluminescence in both blue and red wave-
lengths. FEBs like this are common in quartz (McLaren
and Hobbs 1972; White 1973; Blenkinsop and Drury 1988;
Drury 1993; Trepmann and Stockhert 2003, 2013), and in
metals (Drury 1993 and references therein).

The formation of natural FEBs bounded by single sub-
grain boundaries have been explained in previous stud-
ies by recovery of slip bands with tangled dislocations,
resulting from concentrated dislocation glide on a single
slip system (Drury 1993; Trepmann and Stockhert 2013).
During dynamic recovery, the dislocations move out of
the slip band by climb and cross-slip. The moving disloca-
tions combine with other dislocations to constitute a new
subgrain boundary parallel to the initial slip band (Drury
1993). This is a likely model for the elongate subgrains
constituting the finer sub-rhombohedral FEBs. The dislo-
cation network with the curved dislocations and the occur-
rence of dislocation loops are characteristic of a recovered
structure in quartz (Drury 1993). The strong development
of a recovered slip band structure suggests that the zones
containing fine FEBs have accumulated high strains, on dif-
ferent slip planes.

The role of Dauphiné twinning in the formation of these
lenticular subgrains is unclear and may be more important
than previously acknowledged: DTBs can have been pre-
cursors for the observed subgrain boundaries [e.g. DTBs
observed parallel to the subgrain boundaries in zone 5
(Fig. 12d)]. Further research is required to study this
relation.

The lenticular subgrains identified with TEM could not
be directly correlated with the polarized light microscopy
or the EPMA-CL observations. At the micrometre-scale
the FEBs are parallel and continuous, while the individual
subgrains have irregular boundaries at the nanometre-scale.
The FEBs, moreover, result from the superimposed effect
of the nanostructure present throughout the whole thickness
of the thin section, containing stacked subgrains. The effect
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Fig. 9 EBSD data from sub-rhombohedral FEBs in sample
HBO8HV13. a Misorientation map with maximum misorientation
angle of 3°; white regions show small misindexed regions. b Misori-
entation profile indicated in the misorientation map. Interpreted FEB

of the misorientation angle between subgrains is, therefore,
unlikely to be resolved using polarized light microscopy.
The wider FEB set corresponds to elongated subgrains,
with different defect microstructures in different bands.
The blue luminescent zones 2 and 4 show a lower nano-
metre-scale fluid-inclusion content, dislocation density and
development of the second set of fine FEBs than the red
luminescent zones. Therefore, the strain level is inferred
to be higher in the red luminescent zones. We suggest
that this higher strain level can be induced by an initially
higher structurally bounded hydroxyl concentration in the
quartz, since numerous experimental studies on quartz sin-
gle crystals have shown that strain concentrates in bands
with a higher hydroxyl concentration (Blacic 1975; Mor-
rison-Smith et al. 1976; McLaren et al. 1983; Mainprice
and Jaoul 2009). In natural vein quartz, a variable grown-
in hydroxyl content can be induced by variations in speed
of crystal growth, resulting in growth banding typically

5000000

4000000

3000000

— Point-to-origin
— Point-to-point
— Pattern quality

boundaries are indicated with black arrows, though the uncertainty
(black horizontal lines) on the boundary location is higher than for
the prismatic FEBs (Fig. 4)

parallel to the sub-rhombohedral crystal planes. The lattice
misorientations between the growth bands can result from
a varying slip activity between the growth bands (Blacic
1975; Morrison-Smith et al. 1976).

The nanometre-scale fluid inclusions in the inferred
high hydroxyl or water content bands (zone 1, 3 and 5)
are thought to have formed by clustering of structurally
bounded hydroxyl groups. The model of fluid-inclusion
formation from structurally bounded hydroxyl groups was
originally based on the observations of fluid-inclusion for-
mation during experimental heat treatment (above 600 °C
at atmospheric pressure) of quartz (amethyst and citrine)
(McLaren and Phakey 1966; McLaren and Retchford
1969; Morrison-Smith et al. 1976). Structurally bounded
hydroxyl or hydrogen concentrations reported range from
10 to 10,000 H/10° Si in natural quartz, measured by infra-
red absorption spectrometry (Kilian et al. 2016). Based on
the lowest and highest concentration of H atoms measured
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Fig. 10 CL analysis of the sub-rhombohedral FEBs in sample
HBO8HV13. a Forescatter image. b Map showing the total CL
intensity in a grayscale. ¢ Map showing a combination of red (577—
710 nm) and blue (378-483 nm) wavelengths. d—f Maps displaying
the measured intensity of selected wavelength ranges in the spec-
trogram of the total mapped area. The wavelength ranges in d-f are
612-676 nm (red), 534-545 nm (green) and 373-487 nm (blue),

in natural quartz, a volume of quartz ranging from about
1.07 to 1.07 x 107%um® is needed to provide sufficient
water for a round fluid inclusion with a radius of 10 nm
(calculation is given in the Online Resource).
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CL total
counts

3681
12282

Red
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respectively. The intensities are displayed in a grayscale. The bright
spot in the middle of all maps is caused by a local absence of a
C-coating. In the maps (b—f), the narrow vertical bands are artefacts
resulting from the vertical scanning strategy. The arrows serve as ref-
erence points for comparison with Fig. 8 and are referred to in the
text. The location of the TEM section is indicated with a thick white
solid line, TEM

Comparing these calculated quartz volumes with the
density of fluid inclusions observed in the TEM images
(maximum 4 per 1 um?, e.g. Fig. 12b—d), we conclude
that the nanometre-scale fluid inclusions can be formed
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Fig. 11 TEM bright field over-
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view images of the complete
TEM foil across the sub-

rhombohedral FEBs in sample
HBOS8HV13. a—c Overviews
with indications of the zones
(dashed lines) and the locations
of the images present in Fig. 12
(white rectangles), respectively

from structurally bounded hydroxyl groups, assum-
ing that the quartz contains H/Si concentrations in the
ranges used for the calculations in the Online Resource.
Fluid inclusions along dislocations can be formed at
the same time when quartz with a high water content is
deformed by crystal-plastic deformation (McLaren et al.
1983). Alternatively, fluid inclusions can form during
static recovery of wet quartz, in which the initial water
content concentrates along dislocation cores (Drury
1993). We interpret the larger-scale fluid inclusions (up
to 200 nm wide) observed in the TEM foil within the
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1
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zones as redistributed fluids from nearby fluid inclu-
sions in a FIP.

Correlation between polarized light, EBSD, CL
and TEM nanostructures

The combined TEM and EBSD data show the vari-

able extinction observed using polarized light microscopy
results from the superimposed effect of the nanostructures
present throughout the whole thickness of the thin section.

An integrated electron microscopy approach is necessary to

@ Springer
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Fig. 12 Bright field images of
different zones in the TEM foil
across the sub-rhombohedral
FEBs in sample HBOSHV 13.
Images were taken with various
diffracting conditions, in order
to visualize as many disloca-
tions as possible

deduce the deformation mechanisms involved (Twiss 1974;
Hamers et al. 2017).

In the literature, CL is generally related to a range
of crystal defects in quartz (Gotze et al. 2001; Stevens-
Kalceff 2009; Gotze 2012). For example, CL in the red
wavelength range (620-650 nm) has been related to the
presence of hydroxyl groups (Si—-OH), peroxy link-
ages (Si—-O-0-Si) or strained Si—O bonds that evolve

@ Springer

Zone 5

y45z
X

to non-bridging oxygen hole centres (Si-O®) during
electron bombardment (Go6tze et al. 2001). Non-bridg-
ing oxygen centres have also been related to twinning,
mechanical deformation, particle bombardment, rapid
quartz precipitation (Ramseyer et al. 1988) and the pres-
ence of nonbonding alkali ions as Nat, Li* or Kt (Ste-
vens-Kalceff 2009). Hamers (2013) and Hamers et al.
(2016, 2017) have shown that subgrain boundaries and
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twin boundaries produce a strong red CL signal, mak-
ing red-filtered CL imaging a very useful way to image
planar defects in quartz, provided the boundaries can be
resolved.

Comparing the CL with the TEM analyses of the pris-
matic FEBs, the association of red CL to the subgrain
boundaries and bands of subgrain boundaries is very clear.
For the microstructure with two FEB sets, the redder zones
1, 3 and 5 are associated with both a higher dislocation
density and a higher fluid-inclusion concentration. Fluids
are, however, non-luminescent, so the CL should originate
from defects associated with the fluid inclusions. Possibly
these fluid inclusions are associated with dislocations as
suggested by Viti and Frezzotti (2001) based on TEM anal-
ysis. Fluid inclusions can also be associated with a higher
concentration of hydroxyl groups (Si—-OH).

Blue CL is generally related to the presence of Ti** and
APt (and Lit, Na®, K™ or H" as charge compensators)
(Stevens-Kalceff 2009) and to intrinsic defects (Gotze et al.
2001). A concentration gradient in Ti*' across the FEBs
in this study is considered unlikely, since Ti** concentra-
tion in quartz is only significant above 500 °C (Miiller et al.
2003). A concentration gradient in AI** cannot, however,
be excluded. If so, one possibility is that FEBs are sealed
microfractures, with the AI** originating from the ambient
fluid. However, the TEM nanostructures are not consistent
with sealed fractures, which usually have very high fluid-
inclusion concentrations (Blenkinsop and Drury 1988;
Lloyd and Knipe 1992). For the prismatic FEBs, varia-
tions in blue CL are interpreted to be related to variations in
crystal lattice orientation.

Discussion and conclusion

By using an integrated approach of polarized light micros-
copy, universal stage microscopy, EBSD, EPMA-CL and
TEM, we show that a range of different nanostructures can
account for FEB characteristics, such as width and extinc-
tion angle, observed using polarized light microscopy.
Based on TEM analyses, two new FEB nanostructures are
identified in naturally deformed quartz; FEB boundaries
consisting of a network of subgrain boundaries, and FEBs
as bands with different dislocation density and fluid-inclu-
sion content.

Prismatic FEBs are shown to be bounded by a network
of subgrain boundaries. This microstructure is explained by
different slip system activity in alternating bands, result-
ing in bands of tangled dislocations formed during a high-
stress deformation stage, that were subsequently recovered
during stress relaxation. The prismatic FEB structure is
therefore similar to the structure produced by Trepmann

and Stockhert (2013) during “kick and cook™ experiments
simulating deformation in a seismic—aseismic cycle.

The TEM data of a second example with two FEB sets
developed in one grain show that different FEB sets in one
grain can be formed by different mechanisms. The finer
FEB sets are elongated subgrains, which can be interpreted
as recovered slip bands (Drury 1993). The wider FEB set is
defined by bands with different dislocation density, fluid-
inclusion content and development of elongate subgrains.
These wide bands can be interpreted as zones of different
plastic strain, associated with the primary growth band-
ing in the quartz grain. We infer that the bands with high
dislocation density, water-inclusion content and fine FEBs
are high strain bands formed in wet growth bands. In con-
trast, the bands with lower dislocation density, lower-water-
inclusion content and with no fine FEBs are low-strain
growth bands with a lower-water concentration. This type
of growth controlled deformation microstructure has been
recognized in experimentally deformed synthetic quartz
(Blacic 1975; Morrison-Smith et al. 1976). This is the first
time that this structure has been recognized in naturally
deformed quartz.

The occurrence of the different FEB nanostructures,
with a range of orientations, including, basal, sub-basal,
rhombohedral and prismatic FEBs, suggests that the vein
quartz in the HASB has recorded a cyclic deformation,
with very high-stress peaks, followed by stress relaxation.
This history may be related to seismic—aseismic deforma-
tion cycles.
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