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Summary
STED nanoscopy (Stimulated Emission Depletion). which can resolve details
far below the diffraction barrier has been applied hitherto preferentially to life
sciences. The method is however also ideal for the investigation of geological
matrices containing transparent minerals, an application tested here, to our
knowledge, for the first time. The measurements on altered granitic rock
and sedimentary clay rock, both containing very fine-grained phases, were
conducted successfully. The STED fluorophore was dissolved in C-14-labelled
methylmethacrylate (C-14-MMA) monomer which was polymerised within
the rock matrix, thereby labelling the pore space in the geomaterials. Double
labelling provided by the C-14-labelled MMA enables autoradiography and
scanning electron microscopy (SEM), providing necessary complementary
information for characterisation and quantification of porosity distributions
and mineral and structure identification. Promising perspectives for further
investigations of geological matrices by using different fluorophores and the
optimisation of measuring procedures or even higher resolution are discussed.
The combination of these different methods enlarges the observation scale of
porosity from nanometre to centimetre scale.
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1 INTRODUCTION

The availability of nanoscopy based in Stimulated Emis-
sion Depletion (STED) in comparison to othermicroscopic
methods using fluorescence or electrons (SEM) is still
limited, although increasing. STED has been developed
during the last about 20 years1–6 and has been applied
preferentially to studies in life sciences, including living
tissues and cells.7,8 To date, few investigations of geological
samples has been proposed using this novel technique.
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Although high-resolution electron microscopic methods
[scanning electron microscopy (SEM) and transmission
electron microscopy (TEM)] are continuously contribut-
ing to progress in petrographic research, straight-forward
lens-based optical microscopy still has a key role in the
investigation of the pore space of rocks and mineral-based
matrices.9 STED microscopy has been implemented with
rather different laser systems ranging from femtosecond
pulsed to continuous-wave lasers. This shows the vari-
ability of the methodology, but this wide range of options
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may confuse untrained users looking for simplicity and
high-resolution power.10
The dimensions of rock pore parameters cover such

a wide range that a multitude of characterisation meth-
ods has to be applied for the investigation of both bulk
and spatial, mineral-specific properties.11–18 Fracture net-
works and spatial distribution of porosity can be conve-
niently characterised – with certain limitations of resolu-
tion – by optical microscopy and autoradiography using
radioactive tracers and PMMA (polymethylmethacrylate)
method.19–23 In crystalline rocks, fracture networks have
been characterised and porosities measured on the scale
of mineral grains. However, highly porous regions such
as altered and clay phases could not be studied in greater
detail due to resolution limitations given by the range of
the C-14 beta rays of the C-14-PMMA tracer used (20 μm).
The same limitations apply to clay stones in general, but
the use of H-3-PMMA brought some resolution improve-
ment, reaching nearly 10 μm.17,24 Recently the combi-
nation of different techniques such as the C-14-PMMA
method, X-ray μ-CT and SEMhas been proven to be a pow-
erful tool to characterise crystalline rocks in 3D, allowing
the creation of a more realistic representation of the rock
matrix for reactive transport modelling in heterogeneous
matrices.25–27
Pioneering work using fluorescence and confocal scan-

ning laser microscopy has been done within the Spanish
nuclear waste program19,20 where microfractographic
methods mainly for crystalline rocks were developed. Flu-
orescencemicroscopicmethods in general offer the advan-
tage of simple sample preparation but provide limited
spatial resolution. Advantages and disadvantages of
fluorescence microscopic methods include character-
istics such as resolution (xy, z), temporal resolution,
imaging depth, usability, cost, signal/noise ratio and
photobleaching.28 However, the resolution of confocal
laser microscopy based on fluorescence is limited by the
wavelength of the laser light used to about half of thewave-
length, which is not sufficient to study nanometre-scale
rock pores.
Fluorescence-based microscopy and nanoscopy depend

on the use of fluorescent dyes, for example fluorophores.
It was clear that fluorophores, which are common in
microscopic petrographic work, might not work for STED.
That is because using STED, the revolutionary idea to
overcome the diffraction barrier was to use two molecular
states of the fluorescent marker and photons switching
between these states. Thus the photophysical and photo-
chemical properties of the marker such as fluorescence
lifetime, quantum yield, fluorophore stability against
bleaching and oxidation, suitable absorption and emission
wavelengths, solubility and presence of reactive groups
are of outstanding importance. Some of these depend on

the technical equipment available, for example on laser
sources and filters. For application to geological material,
reactive groups were considered not important at this
preliminary stage; later, for interaction with minerals
or intercalation within sheet structures (clay miner-
als), for example, charged marker molecules might be
beneficial.
In the present paper, a possible application of STED is

proposed for visualising and characterising the pore space
of rocks with nanometre-scale pores. Such kinds of mate-
rials are very common; many different kinds of geologi-
cal materials such as altered crystalline rocks, sedimentary
clay rocks (such as mudstone and shale), or anisotropic
cementitious materials contain mainly nanometre-scale
pores, which are difficult to resolve using classical opti-
cal microscopy or even SEM. The advantage of lens-based
microscopy and autoradiography is the ease of use, the 3D
capability of the former and the capability to conduct stud-
ies on the rock core scale of the latter, as well as the possi-
bility to calibrate themeasurement of the emitted radiation
for porosity determination. STED has been used to depths
of more than 100 μm29; it is expected that transparent min-
eral phases will allow also investigations below the ground
rock surface.
The application of STED to geological materials raises

the following questions:

1. Is STED easily adaptable from biological samples to
crystalline and clay rock samples?

2. Is STED a possible method to characterise pore space of
crystalline and clay rock?

Sample preparation methods and suitable dyes, which
differ from those used for biological materials, are tested.
While in life sciences, biomolecules aremarkedwith a suit-
able, reactive fluorescent dye, in a geological material, the
space is marked by the impregnation with a resin in which
the tracers are immobilised. Wide-field UV microscopy
was utilised as a supplementary technique for preliminary
scoping imaging and selection of suitable geological sam-
ples. UV microscopy will also provide a point of compari-
son to STEDnanoscopy.Wewill also test a double labelling
technique, which allows for autoradiography by using a
radioactive tracer (C-14-MMA) and STED by using a suit-
able fluorescent dye (fluorophore), both after mixing in a
monomer MMA (methylmethacrylate) solution and fixed
by polymerisation. Two different rock types were analysed
with STED (crystalline granitic and sedimentary clay rock)
because the pore space of these two rock types is very
different: granitic rock contains a lot of microcracks and
also microporous alteredminerals, whereas the porosity of
sedimentary clay rock is mainly made of nanometre-scale
pores.
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2 MATERIALS ANDMETHODS

2.1 Geological samples

Crystalline rock sample was available from the Finnish
geological disposal site program for a nuclear waste repos-
itory. A rock sample from the Syyry site investigation area,
Central Finland (drill core SY1) was selected for this work.
As the Finnish crystalline bedrock from the Sievi, Syyry
site, generally, is rather fresh or only slightly altered, a large
number of drill cores had to be checked to find a more
strongly and selectively altered sample, containing highly
porous phases with very small pores.30,31 The main rock
type at this site is a slightly foliated, grey tonalite show-
ing locally various degrees of alteration, consisting essen-
tially of quartz, plagioclase and Na-feldspar, usually with
biotite and amphibole. It also contains K-feldspar (< 3%),
muscovite, epidote, apatite, sphene, chlorite, zircon and
opaques as accessory minerals. Alteration features, pre-
dominantly found along conducting fractures, were vari-
able degrees of plagioclase seritisation and biotite chlori-
tisation. The sample studied here was SY1, 917 m, which
is tonalite with mylonitic disrupture and strongly altered
plagioclase partly replaced by sericite. Chloritised biotite
has a porosity of 1.0%–3.0%. Fissure fillings of hydrother-
mal origin (laumontite, analcime, prehnite), weathering
products (montmorillonite, kaolinite, calcite) and defor-
mation (quartz, epidote, chlorite) were also found.31 In
sample SY1-917 m highly porous sheared and altered zones
dominate where porosities were above 5%. Altered phases
in crystalline rock, in general, tend to shift in pore size
towards a smaller radius, mostly tens of nanometres com-
pared to microfracture apertures of micrometre scale in
unaltered samples.12,32
Sedimentary clay rock samples (core number EST26095)

were extracted from the French Callovo–Oxfordian
mudstone formation (east part of the Paris Basin) inves-
tigated in the framework of the French radioactive
waste deep geological repository program. The Callovo–
Oxfordian mudstone (COX) is fine-grained; on the scale
of centimetre–millimetre, the mineral distribution of the
rock is relatively uniform without any particular features.
Average bulk porosity is about 14%, the connected porosity
is mainly located in the clay matrix (illite/smectite clay
type), whereas carbonate and tectosilicate grains (quartz,
feldspars) are essentially nonporous. Pore size is mainly
distributed between 2 and 100 nm.33 The microporous
clay matrix presents an average porosity of 40%−45%. As
accessory minerals, pyrite aggregates can be associated
with high or low porosity.34 Porosity maps derived from
the H-3-PMMA autoradiography method were compared
with SEM-BSE mineral maps.17 Essentially, at the scale of
a pixel of the autoradiograph (20 × 20 μm2), the measured

porosity results from a mixing of microporous clay and
nonporous carbonate and tectosilicate, that is difficult to
resolve by SEM. In this work, the aim is to compare the
C-14-PMMA autoradiographic images to STED images
and see if this combination improves the detection of
nanometre-scale pores at the scale of the autoradiograph
pixel. Mudstone samples are very brittle and easily break
upon preparation by drilling or sawing along the bed-
ding planes. The samples here were stabilised by the
impregnation with C-14-PMMA allowing us to study
centimetre-scale areas without disturbances.

2.2 Methods

2.2.1 Fluorescence dye selection for
geological material impregnation

In order to perform both STED nanoscopy and autora-
diography, a given sample needs to be impregnated with
both a radioactive tracer and a suitable fluorophore. The
fluorophore selection process was therefore guided by
the need to fix the fluorophore in place by a solid resin,
and the desire to incorporate double labelling with a
radioactive tracer into the impregnation protocol. There-
fore, we decided to use MMA as a solvent and work with
fluorophores that were, or could be made, soluble in it.
This solvent allows for fixation of the fluorophore in place
via polymerisation and is employed in the PMMA autora-
diography, which can provide quantitative measurement
of the spatial distribution of porosity.21,32,35 By doing the
impregnation with a mixture of C-14-MMA and fluores-
cent colorant, we aim to combine two imaging techniques
for studying the pore space at different scales. Thus, the
solubility of the colorant inMMA is important. The homo-
geneous distribution of both tracers in PMMA after poly-
merisation is important too for preserving the photooptical
characteristics also in the solid matrix. For preliminary
scoping imaging and selection of suitable geological sam-
ples, conventional wide-field fluorescencemicroscopy was
used which was working with photoactivation in the UV
at 360 nm (Hg lamp). The properties of the fluorophores
studied in this work are summarised in Table 1.
As a first test, we tried to use the Eu(III) complex as

a fluorophore for imaging pore space using STED. Wide-
field fluorescence micrographs of a generic altered gran-
ite impregnated with Eu(TTA)3 (TBPO)2 in PMMA (exci-
tation with 360 nm UV) were done on the first try. The
strong fluorescence of Eu(III) should make also small
pores visible. A simple synthesis method was applied to
create an Eu(III) chelate complex, which improves the
light absorption properties of Eu(III) and makes it soluble
inMMA.Europiumbeta-diketones have good luminescent
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TABLE 1 Fluorophores studied in this work

Fluorophore STED/UV Excitation wavelength max Emission wavelength max
Eu(TTA)3(TBPO)2 UV 360 nm 612 nm
Lumogen Red F305 STED 578 nm 613 nm

F IGURE 1 Typical absorption and emission spectrum of dye suitable for STED nanoscopy (left); suitable, optimized excitation, emission
and STED depletion wavelengths are indicated5 and absorption and emission spectrum of Lumogen F Red 305.39 Right-hand side legend:
Green line: Excitation spectrum; Red line: Emission spectrum

properties due to the unique electronic structure (f–f tran-
sitions) of Eu(III) and the antenna effect of the ligands
leading to efficient energy capture and transfer to themetal
ion and high fluorescence yield within a narrow emission
band.36,37 The beta-diketone complexes generally contain
two molecules of coordinated water which is bound to
the central cation according to its geometrical preferences
in complexes. The coordinated water can be replaced by
neutral electron donors such as phosphine oxides, which
increases the solubility of the complexes in organic phases
such as MMA.
In solid matrices such as PMMA, the thermal stability

of the complexes is enhanced and luminescence concen-
tration quenching is reduced. Eu(III)-β-diketonates and
their adducts with e-donors usually emit a hypersensi-
tive, strong red fluorescence (for these types of transi-
tions the term luminescence actually would be more ade-
quate). They are very efficient for wide-field fluorescence
microscopy with UV excitation; however, the electronic
5D0-7F transitions around 612 nm are characterised by very
sharp bands and long phosphorescence lifetimes in the
milliseconds range.38 These properties render the position-
ing of the depletion radiation wavelength for STED diffi-
cult and prevent rapid switching. However, they are still
useful in complementary UV microscopy.
As further candidates for the marker commercially

available compounds of the rhodamine and perylene fam-
ilies were considered. Both have high fluorescence quan-
tumyields, suitable absorption, and emissionwavelengths,
and photostability and consequently have been used for
STED. Perylenes seem to be more photostable due to the
central perylene structure resembling graphite, but stack-

ing reduces solubility. Perylene red (e.g. Lumogen Red
F305 or F300, BASF) has been designed especially for use
in PMMA. Its maximal absorption wavelength is 578 nm
(PMMA), maximal emission wavelength is 613 nm (www.
fluorophores.org) as shown in Figure 1. The compound has
a solubility of 5 g/L in MMA solubility which is increased
by side groups inclined to the perylene plane. This marker
has emission line with a broad Red-shifted shoulder mak-
ing adjustment of the depletion wavelength easy.

2.2.2 Sample impregnation

After the tracer selection was made, the rock sample
impregnations were started. A rock sample of altered
tonalite, SY1-917-1, was impregnated with C-14-MMA.21
Rock sample SY1-917-2 were impregnated with sin-
gle marker labelling using Eu(TTA)3 (TBPO)2. Another
tonalite sample (ref. SY1-917-3) was impregnated with sin-
gle marker labelling using Lumogen Red F305 (BASF, CAS
No.: 872005-48-6; mol. weight 1207 g/mol) (kindly pro-
vided by A. Böhm from Colorflex GmbH, Mannheim, Ger-
many) mixed withMMA. The dye concentrations inMMA
used in impregnations were 10−4, 10−5 and 10−6 M. Double
labelling Lumogen Red by addition of C-14-labeled MMA
(3700 Bq/mL) was applied on a Callovo–Oxfordian clay-
rich rock sample (ref. COX1). For thermal polymerisation,
a radical initiator (AIBN, 250 mg/100 mL) was added.40
The rock samples were dried under vacuum at 60 ◦C for

about 1 week and thereafter were saturated with Lumo-
gen Red F305- and 14C-labelled MMA also under vacuum
for about 1 week. Thermal polymerisation was achieved

http://www.fluorophores.org
http://www.fluorophores.org
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TABLE 2 Sample list and impregnation protocols

Sample code Rock type
Radioactive
tracer Fluorophore

Fluorophore
concentration (M)

SY1-917-1 Altered tonalite C-14
SY1-917-2 Altered tonalite Inactive Eu(TTA)3 (TBPO)2
SY1-917-3 Altered tonalite Inactive Lumogen Red F305 10−4

SY1-917-3 Altered tonalite Inactive Lumogen Red F305 10−5

SY1-917-3 Altered tonalite Inactive Lumogen Red F305 10−6

COX1 Callovo-Oxfordian mudstone C-14 Lumogen Red F305 10−4

COX1 Callovo-Oxfordian mudstone C-14 Lumogen Red F305 10−5

COX1 Callovo-Oxfordian mudstone C-14 Lumogen Red F305 10−6

at 58◦C within about 24 hours. The impregnated cores
were cut by low-speed diamond saw and the surfaces were
ground and polished; for autoradiography, grinding with
1000 mesh silicon carbide was sufficient, for STED also
polishing with 0.25 μm diamond paste was used for part
of the samples. For STED analysis, we prepared thick (2–
3 mm) polished samples of the crystalline rocks with or
without cover glass and thin sections (thickness about<30
μm)with andwithout cover glass, dimensions of about 10–
15 mm. The use of epoxy resin for fixing the cover glasses
didn’t always result in fully clear products and air inclu-
sions were sometimes present. All samples were fixed with
epoxy resin on standard microscopic slides (76 × 25 mm2)
on the centre part of about 20 × 20 mm2. The samples SY1-
917-3 and the double-labelled samples, COX1, were anal-
ysed by STED in the laboratory of Biophysics in Turku,
Finland.
The samples and the protocols applied to them are sum-

marised in Table 2.

2.2.3 C-14-PMMA autoradiography

After the sample preparation, autoradiographic imaging
of the C-14-MMA-labelled samples was performed. C-14-
PMMA autoradiography is based on measuring the radi-
ation from the sample material impregnated with C-14-
labelled methyl methacrylate (C-14-MMA), and imaging
its distribution throughout the sample. In this method, the
rock is impregnated with low-viscosity MMA doped with
C-14 or H-3. After total impregnation of connected pore
space, MMA polymerisation and subsequent sample han-
dling and digital image analysis, autoradiography deliv-
ers the quantitative porosity map of sample sections.32,35
The autoradiography employed in this work was based
on the storage phosphor screen technique. BAS TR2025
phosphor–europium complex imaging plates were used in
this work. The scanner used to read the autoradiography
imaging plates in this work was the Fuji FLA-5100.

F IGURE 2 Diagram of the design of a STED device. The
double laser design allows for excitation and stimulated emission to
be used together for STED (from https://www.abberior.com)

2.2.4 STED nanoscopy analyses

Superresolution microscopy was tested for visualising
and characterising the pore space of rocks presenting
nanometre-scale pores. Stimulated emission depletion
(STED) microscopy is one of the techniques that make up
superresolution microscopy. As nanometre-scale features
can be distinguished using this technique, it can also be
called nanoscopy. STED creates images by the selective
deactivation of fluorophores, minimising the area of illu-
mination at the focal point and thus enhancing the achiev-
able resolution for a given system (Figure 2). In this work,
we decided to use Lumogen F Red 305 as the fluorophore
and it was fixed in place via the impregnation protocol
described in Section 2.2.2.
To implement the STED technique, the microscope

design needs to include a second light beam (STED light)
besides the excitation beam. Molecules in areas subject to
STED light above the saturation threshold are forced into
the off state.
Here the initially used Leica TCS STED on SP5 plat-

form was one of the first superresolution microscope sys-
tems introduced in 2004. It is equipped with four standard

https://www.abberior.com
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pulsed excitation lasers; there are two lasers for STED exci-
tation (532 nm and 635 nm) and one for depletion (tune-
able within 690–1040 nm). The high-aperture microscope
objective used was 100×, oil immersion, numerical aper-
ture (NA) 1.4. Later, the next-generation instrument was
used, which also combined confocal and STED options
(Abberior Instruments GmbH, Göttingen, Germany; the
instrument is a resource of the EuroBioImaging organisa-
tion). This equipment has three excitation lasers: 488, 561
and 640 nm and two depletion lasers: 580 and 775 nm; it
has also 3d STED (special energy distribution) in the axial
direction, thus giving an improvement in axial resolution.
Both instruments were located at the Laboratory of Bio-
physics of the University of Turku (Finland).
Surface polished thick samples and thin sections for pet-

rographic investigations are often routinely prepared with
cover glass, which is adapted to the refractive index of
standard immersion oil. Although covered samples could
be investigated with STED, it was found that there is no
need for such mounting procedures. At the scales of these
images, no clear differences between surface-polished and
covered samples were observed. At the limit of resolution,
aberrations caused by the differentmaterials between sam-
ple surface and lens probably become more decisive. Thin
sections which must be as thin as possible (<30 μm is
desirable) have the advantage that the laser beam can be
easily directed to the desired mineral grains. Thick sec-
tions allow the investigation of deeper layers allowing 3D
images. When investigating rock samples it is beneficial to
avoid possible artefacts of near-surface zones and go fur-
ther into the depth; in living tissues, depths of more than
120 μm were achieved by STED.29 To avoid the surface
imperfections, most measurements were started already at
a certain depth, about 10 or 20 μm; the scanning depth was
increased in steps of 0.5 μm. In the images of this work,
only one plane of 40 steps is shown.
In rock matrices, transparency is expected to show

greater variability, depending also on the orientation of
mineral grains. All materials with a different refrac-
tive index between lens and sample surface can cause
aberrations.41 The refractive index of standard immersion
oil is 1.518; that of PMMA is about 1.489 (depending on the
degree of polymerisation) while those of the main mineral
components in granitic rock are slightly higher (1.53–1.59).
A general problem with geological samples is the loca-

tion of the laser beam, while on thin sections the posi-
tion could be roughly determined, in thick samples inci-
sions cut from the margins served only as a poor aid to
find the position. We also tried to use Al foil with punched
circular holes of 3 mm diameter, but foil thickness (90
μm) and imperfect flatness of these templates disturbed
the free movement of the optical lens. Most manufacturers
give a maximum working distance of about 130 μm; Leica

gives 90 μm. Experimental platforms allowing the integra-
tion of light microscopy and SEM by placing the objec-
tive lens into the vacuum chamber of the SEM recently
became available. Thereby correlative information within
exactly defined regions of interest can be achieved.42 Such
a platform is also commercially available by Delmic com-
pany (Delft, The Netherlands) and can be used also for
STED–SEM integration. At the STED platform we used
we did not have that option. For geological samples, there
would be additional testing on sample mounting practices
needed.

2.2.5 Electron microscopy on impregnated
samples

The samples prepared for STED nanoscopy were carbon
coated for the SEM analyses and the analyses were per-
formed using a field emission scanning electron micro-
scope (FE-SEM). Hitachi S-4800 (Hi-tachi, Tokyo, Japan).
model with Oxford instruments X-sight X-ray diffractome-
ter. The energy resolution of the EDS detectors used is
about 130 eV forMnKαwith processing capabilities multi-
channel analyser with 2048 channels at 10 eV/ch. The FE-
SEM-EDS systems were operated by Oxford Instruments
INCA and AZtec software. The analytical data obtained
was semiquantitative and the sum of the components was
normalised to 100%. Typical detection limits in point anal-
ysis for different elements range between 0.3 and 0.5 wt%.
The FE-SEM-EDS was used in high-vacuum mode with
backscattered signal, 20 kV accelerating voltage and 1–5 nA
probe current. The backscattered electron (BSE) images
and elemental distribution maps were obtained.

3 RESULTS

Granitic rock

Figure 3 presents the porosity patterns of sample SY1-917-1
determined with C-14-PMMA autoradiography method. A
typical feature in autoradiographs of many granitic rocks
are zones of enhanced porosity, mostly having the form of
mineral grains, which are distributed within a porous net-
work of cracks/fissures. Most frequently, such features are
observed in altered/weathered rocks. The crystalline rock
sample observed in this work (Sievi tonalite, sample ref.
SY1-917) presents strong hydrothermal alteration features.
Alteration is visible in the image of the rock section (Fig-
ure 3, left) discoloration due to biotite alteration and oxi-
dation of part of the Fe(II). Feldspar grains are milky due
to sericite formation. In the autoradiograph, the dark areas
indicate high porosity in these altered phases.
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F IGURE 3 Photo image of rock sample SY1-917-1 (left) and the corresponding C-14 PMMA autoradiograph (centre) showing the porosity
distribution of the sample. Porosity map from storage phosphor screen autoradiograph (right; down right below corner of the sample is
missing in the porosity map). Total porosity of altered tonalite was determined to be 7% ± 1% in this sample; the highest porosity of altered
phases is around 20%. The pixel size in these images is 10 μm

F IGURE 4 Wide-field fluorescence micrographs of altered
granite demonstrating different types of porosity (impregnated with
Eu(TTA)3 (TBPO)2 in PMMA; excitation with 360 nm UV) showing
feldspar (left), magnification 50×, biotite lamellae (centre),
magnification: 100× and porous fine-grained altered phases (right),
magnification: 50×

In order to improve the visibility of tiny fissures in
the matrix, a rather long exposure was used which over-
exposed the more porous phases. These porous phases
are most often sheet silicates (biotite, chlorite, different
clay minerals) with a large number of pores having aper-
tures below the resolution limit of the autoradiography,
and most optical microscopical methods. Figure 3 (cen-
tre) shows the increased intergranular porosity while most
details in the mineral grains are not visible. In the albite
grain, there are conspicuous leaching features increasing
the intragranular porosity. With C-14-PMMA autoradiog-
raphy, the porosity was determined to be 4%–9% in altered
grains; the same values were obtained by image analysis
from the BSE images. Pore diameters measured by Hg-
porosimetry were in a wide range of 2–50 nm (mesopores)
and >50 nm (macropores).31 Figure 3 (right) also presents
a porosity map of the sample. It can be seen that there
are several areas with porosity of around 20%. These cor-
respond with highly altered areas containing fine-grained
alteration products.
Figure 4 shows wide-field fluorescence micrographs of

an altered granite impregnated with Eu(TTA)3 (TBPO)2 in
PMMA demonstrating different types of porous phases. In
the feldspar (Figure 4, left) fissures perpendicular to the
surface are sharp while inclined fissures are blurred by flu-
orescent light from different depths within the translucent

feldspar. This is particularly disturbing in the case when
sericite inclusions are present which cause an intense illu-
mination of the whole grain. Also in the somewhat less
transparent biotite (Figure 4, centre), lamellae in the centre
are only partly clear. The structure of very porous, altered
fine-grained phases (Figure 4, right) is not resolved and
there are also opaque phases in this region. These regions
are not resolved by C-14 PMMA autoradiography either.
Suitable rock samples were selected with the help of these
two imaging methods for investigation by STED.
SEM BSE imaging of SY1-917-1 is shown in Figure 5. The

image on the left shows a highly altered fine-grained, iron-
rich phase. Other features present are plagioclase grains,
smaller epidote grains and fine-grained chlorite phase. The
image on right shows a fissure surrounded by fine-grained
alteration products. Plagioclase has experienced seriticisa-
tion and amphibole has become fine-grained.
In the confocal/STED images (Figure 6), very sharp fis-

sures are visible in the feldspar. In the altered tonalite,
there are features resembling clay minerals which are
sharper in the STED imaging compared to confocal imag-
ing. At high magnification, there are significant areas of
lower porosity in the rock matrix and finding specific
porous regions proved time consuming. In general, in the
STED images there aremore details visible thanwhat C-14-
PMMA autoradiographs or conventional microscopy can
reveal. SEM images of these areas could not be prepared,
because the exact positions could not be found. There-
fore, interpretations concerning the nature of the alter-
ation phases are not possible at this preliminary level of
the measurements.

Sedimentary clay rock (mudstone)

Figure 7 presents the distribution of porosity at the scale
of the sample using C-14-PMMAmethod. The sample was
impregnated with MMA that was double labelled with
Lumogen Red F305 and C-14 beta emitter. Using C-14-
PMMA method, total porosity of the COX sample was
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F IGURE 5 SEM BSE imaging of SY1-917-1. Left: Highly porous iron-rich phase. Intact plagioclase and epidote grains. Highly chloritized
grain. Right: Fissure surrounded fine-grained sericite and amphibole. Farther from the fissure are unaltered plagioclase and potassium
feldspar grains. Legend: Amp = Amphibole; Chl = Chlorite; Epi = Epidote; Kfs = Potassium feldspar; Plg = Plagioclase; Ser = Sericite. The
pixel size in these images is 413 nm

F IGURE 6 Confocal/STED images (one out of up to 40 planes, taken in steps of 0.5 μm) of SY1-917-2 impregnated with Lumogen Red in
PMMA showing tiny fissures in feldspar (left). Structures in highly porous altered phases (right). The pixel size in the image on left is 39 nm.
The pixel size in the image on right is 19 nm

determined to be 12% ± 2%; this value is in agreement
with the porosities previously found by Robinet et al.17 The
rock is very homogeneous in both the rock image and the
autoradiograph, as seen Figure 7. The visible cracks are
obviously artefacts caused by shrinking during the dry-
ing process. In the autoradiograph there are tiny light grey
spots representing less porous calcareous phases, appear-
ing in blue (low porosity) in the porosity map.
The detailed porosity at the scale of the pixel of the

autoradiograph (20 × 20 μm2) cannot be resolved by any
autoradiographic method, and even the use of SEM (Fig-
ure 8) is not sufficient to describe the porosity distribu-
tion at this scale, because pores are mostly nanometre
size in the clay matrix. SEM imaging however provides
mineralogical information, which could be correlatedwith

the STED porosity data. SEM imaging of the COX sample
shows that the chief features at the micrometre scale are
large (about 10- 100 mm) quartz and carbonate grains, and
smaller (about 1–10 mm) framboid-shaped pyrite grains.
Besides these larger grains, the bulk of the sample matrix
is composed of fine-grained clay minerals.
Figure 9 shows STED images of the COX sample. It rep-

resents a general view of the detailed porosity of the COX
sample (the bulk content of pyrite is quite low in this clay
rich rock; see for instance Figure 8). On the overview seen
on the upper left of Figure 9, some round shapes and pyrite
framboids are clearly visible surrounded by porous clay
ground mass. Conversely, on the overview at the lower left
of Figure 9, the nonporous and angular shaped grains cor-
respond to quartz or carbonate. A few holes (white spots)
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F IGURE 7 Photo image of COX clay rock sample (left), corresponding C-14-PMMA autoradiograph (centre) and porosity map of the
sample (right). In autoradiograph, darker the shade higher the porosity. Porosity map was obtained from storage phosphor screen
autoradiograph technique. The pixel size in these images is 10 μm

F IGURE 8 BSE image (left) and combination of elemental maps (right) of COX sample showing the spatial distribution of the minerals
at the scale of several hundred micrometres. Nonporous quartz grains (in top left there is a 100 μm size quartz grain), nonporous carbonate
grains (red), pyrite (blue/white) and clay matrix mass (green) are distinguished by the elemental map combination. Some macropores are
individualised at this scale (black colour), but the tiny pores of the clay matrix are not clearly revealed. Pixel size in these images is 124 nm.
(Colour legend: Green: Si; Red: Mg; Black: C; Blue/White: S)

are visible on the clay rich area. The detailed views (right
of Figure 9) allow discerning the porosity structure of the
clay rich zone at the scale of the autoradiograph’s pixel.
Note that the focal plane of overviews andmagnified views
images is not exactly the same. The STED images were
clearly sharper than the confocal images and a multitude
of small-scale features and phases present in the clay min-
eral groundmass could be observed. The STED images of
Figure 9 show that the fluorophore is found practically
throughout the whole sample area. Only a few conspicu-
ous grains have very low amount of fluorophore, indicating
low porosity. These are pyrite grains; the patterns of these
pyrites were used as markers to return to certain regions
of interest. They can easily serve also as marker in SEM
investigations because as heavy minerals, they are clearly
visible, particularly in the BSE mode.
Quartz and carbonate grains appear nonporous at this

scale; this is an information that was previously deduced
from the combination of autoradiographic and SEM/BSE
analysis.17 STED images here present a direct observa-
tion of the spatial distribution of porosity into the spe-
cific minerals. Within the clay matrix, the pore geometry

is not fully resolved but porosity appears to be evenly dis-
tributed. No particular variability was evident at the inter-
face between clay matrix and the largest mineral grains.
These findings are relevant in order to predict themechani-
cal and transport properties of the rock, which depends on
clay matrix properties and the content of the nonporous
grains.25,43

4 DISCUSSION

Far-field fluorescence nanoscopy is almost ideal for inves-
tigating the three-dimensional (3D) interior of transpar-
ent matrices, because it can resolve details far below the
wavelength of light. This statement is valid up to cer-
tain limits also for natural or artificial geological matri-
ces. On STED devices that were previously only used and
optimised for biological samples, we performed the first
imaging of geological matrices successfully. For the first
measuring sessions, a significant number of samples had
been prepared from several altered granitic rocks from
Finnish disposal site candidates which were impregnated
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F IGURE 9 Upper left: STED mode image of the COX sample, containing pyrite framboids. Pixel size is 200 nm. Upper right: A detailed
view of the upper left picture, where image size is 17.9 × 20.4 μm2, and pixel size is 20 nm. Lower left STED mode image of the COX sample, of
a zone containing quartz or carbonate grains embedded in clay. Image size is 68.8×70 μm2, and pixel size is 200 nm. Lower right: A detailed
view of the lower left picture, where image size is 20.6 × 21.6 μm2, and pixel size is 20 nm. The rectangles in the left-hand side images
represent the regions of interest (ROI) magnified by STED in right-hand side images. Ground porous matrix is mainly composed of clay
(interstratified illite/smectite), but contains also small nonporous grains and macropores. In these image, porous zones (zones containing
Lumogen dye) appears in white showing the porous phases in the sample. This is the opposite for autoradiographs where in the image dark
areas are congruent with the porous phases

with three different concentrations of the fluorophore in
MMAand prepared in different ways, surface polished and
with cover glass, as thick and thin sections. A large number
of images were obtained from all these specimens. Despite
the great heterogeneity of the products of the complex
alteration processes which have affected these rocks, sat-
isfactory results were obtained for all dye concentrations
and surface treatments. All of the dye concentrations pro-
vided sufficient contrast for microscopic imaging. A wider
set of concentrations could be used in future to optimise
the dye concentration. On thick sections, the position of
the altered porous phases could not be well adjusted for
imaging, while on translucent thin sections, the position
of the laser could be more easily observed through an ocu-
lar. Due to same reasons, SEM investigations of exactly the
same regions of interest were not feasible. A device where

both methods are integrated would therefore be ideal. The
results for the clay rock could be more easily obtained,
because clay phases are nearly evenly distributed in the
whole rock matrix and the COX samples are more homo-
geneous on the drill core scale than the altered granites.
Patterns of frequent, nonporous pyrite framboids could be
used for orientation purposes in STED and SEM. In the
STED images, porosity features were imaged which were
not visible by SEM; that was one of the goals of this study.
A general problem with geological samples is the location
of the laser beam; while on thin sections the position can
be easily determined, in thick samples, incisions from the
margins gave only a very rough idea of the position. We
tried to use Al foil with punched circular holes of 3 mm
diameter, but the foil thickness (90 μm) and the imperfect
flatness of these templates disturbed the free movement
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of the optical lens. Most manufacturers give a maximum
working distance of about 130 μm; Leica gives 90 μm.
Sophisticated optimisation procedures of the STED

equipment would be necessary to quantify the influences
of different fluorophore and sample parameters. Labo-
rious preparations and adjustments of lasers and filters
are difficult under conditions where the STED device
is not available on site. Optimisation is essential when
approaching the limits of resolution. For example, the
resolution shows a strong sensitivity to the image signal-
to-noise ratio.44 In geological materials, interaction of the
fluorophore with, for example, charges of mineral surfaces
can be beneficial when intercalation into very narrow
pores for example in sheet silicates is intended. Then
the molecular shape, conformation and charge and the
solvation of the fluorophore are essential. Theoretically,
all nanoscopy techniques provide molecular spatial res-
olution, which for geological matrices means that single
dye molecules intercalated between clay layers could be
excited separately if all interferences could be excluded.
The Eu(III) chelate proved to be very useful for selec-

tion of suitable rock types by conventional wide-field flu-
orescence microscopy with UV excitation. However, the
use of the Eu(III) chelate as fluorescent marker for STED
was postponed here, because no suitable laser wavelength
for photoactivation was available on the equipment used.
Other issues are the very narrow emission line at 615 nm,
which would have needed tests with very precise adjust-
ment of the filter for the depletion laser and the relatively
long lifetime of theEu(III) fluorescence,whichwouldneed
reconsideration of thewhole physical process and the puls-
ing of the lasers. The ligand TTA is very effectively sensitis-
ing the fluorescence of Eu(III),37 but it was found that the
ligand is not very stable during storage in contact with air
and sunlight at ambient temperature. The stability of com-
plexes with other more suitable ligands should be stud-
ied before considering application to STED. Other Eu(III)
complexes with high quantum yields in PMMAwere stud-
ied, for example, by Moudam et al.45
Some Rhodamine dyes and in particular dyes having a

perylene central structural unit are stable and sufficiently
soluble in MMA. Rhodamine 800 is a plane molecule hav-
ing a positive charge at the tertiary ammonium group;
interactions with negatively charged surfaces of silicates as
well as intercalation in interlamellar pores in clays may be
possible. Testingwould need specific sheet silicates, prefer-
ably pure phases or single crystals. In the PMMA polymer
matrix, perylene red is more photostable than rhodamine
800.46 Lumogen Red F305 was used here, but rhodamine
800was considered for future experiments, because it has a
positive charge at theN-atom,whichwould offer the possi-
bility to study interaction with negatively charged mineral
surfaces in sheet silicates. The solubility of the rhodamine

ion pairs would need experiments with more hydrophilic
MMA-HEMA copolymers.47–49 Another approach would
be to use a polymerisable fluorophore50 or make a flu-
orophore polymerisable via a chemical reaction.51 The
preparation of samples of pure biotite, chlorite and ver-
miculite was attempted, but the low adhesion between
the sheets caused problems resulting in sample prepara-
tion artefacts and these tests were postponed to the future.
Perylene structures are planar, resembling the graphite
structure; overlapping of the π-electrons of the aromatic
rings decreases solubility in all solvents. Suitable substi-
tution by side groups, which are turned slightly out of
the perylene plane increases the solubility of the dyes.52
The Lumogen dye is a relatively large molecule, but the
nearly plane structure might facilitate intercalation in nar-
row plane pores. The Lumogen Red F 305 molecule has
been designed especially for use in PMMA; the solubil-
ity in MMA is 0.5 g/L which was found to be more than
sufficient even in very-low-porous granites. The dye is
particularly photostable and photophysically suitable for
STED.
Double labelling is convenient and not prevented by

interactions during the polymerisation, so that the benefits
of getting information in different scales andwith different
resolution are achieved. In future, investigations on the dye
concentration should be optimised formatrices of different
porosity and structure. Regions of porous, altered mineral
phases are often oversaturated in autoradiographs where
the characterisation of the whole porosity distribution,
which is generally dominated by fissures, cracks and grain
boundaries, is intended. Sometimes the oversaturation of
the photon detectors was observed in the confocal/STED
measurements, but that could depend on the type of detec-
tors used. Obviously, there are extreme differences in flu-
orescence emission in these regions. These are primarily
caused by the amount of dye (porosity) in these phases,
but also the transparency of certain phases to light must be
assessed. Generally, a complex structure of porous regions
not resolved by C-14-PMMA autoradiography was observ-
able qualitatively. Use of the quantity of the emitted flu-
orescent light to make quantitative estimates concerning
porosity seem to be difficult due to photophysical reasons
(absorption and scattering), but half-quantitative estima-
tionsmight be possible. Ahigher resolutionPMMAautora-
diography by applying tritium as tracer, has been used by
Robinet34 to characterise the clay rock matrix in greater
detail than possible using C-14 as a tracer. As explained
above, combination with SEM mineral and porosity maps
could be used to separate low-porous carbonaceous zones
and regions of higher porosity in an argillaceous ground
mass (porosity increased from <5% to >30%).17 However,
even at longer exposure times in these phases no details are
resolved using the H-3-PMMA autoradiography method.



12 HELLMUTH et al.

There were numerous different relict structures in
altered phases visible by fluorescence, for example, of
grains aligned in preferential directions and also reg-
ular patterns, which seem to be connected to micro-
scopically visible regions/grains of varying yellow–green–
brown colour, probably indicating different degrees of
alteration. These features are as small as about 0.5–1 μm
and cannot be resolved by C-14-PMMA imaging. In the
crystalline rock SY1-917m such features are abundant; they
could not be studied in greater detail in these preliminary
method tests.
Similar features as those observed here by STED have

been reported in work on pseudomorphic alteration
(microscopic, SEM, BSE and TEM images); clay minerals
are also known to occur as pseudomorphs. The study of
those phenomena is a potential application for STED and
might even in part replace TEMwhich needs more sophis-
ticated sample preparation and operation, if sufficiently
high resolution could be achieved. There are numerous
examples in which, even with high levels of alteration,
the morphological features of, for example, original pla-
gioclase crystals are preserved in various sheet silicates.
It was also observed that smectite can be formed inside
plagioclase crystals, and probably originates from inclu-
sions of muscovite contained in these crystals.53 Fresh and
weathered biotite is often present in soils, which form on
slopes from bedrock, and is then found as individual min-
erals or in rock fragments. In many cases pseudomorphs,
formed by a variety of secondary minerals are found to
occur between the lamellae. There were secondary miner-
als, which retained some of the original biotite structure,
for example vermiculite and smectite. Micromorphologi-
cal aspects of biotite weathering are discussed and illus-
trated in detail in Bisdom et al.54 In situ weathering prod-
ucts from granitoid rocks of NW Portugal were studied by
Sequeira Braga et al.55; the resulting saprolites are charac-
terised by the preservation of the original granitic struc-
ture and texture. The principal mechanism responsible for
the weathering of primary minerals is the transformation
of mica into sheet silicates. Detailed complementary SEM
and XRDF studies would be needed to shed light on these
important weatheringmechanisms relevant in soil science
as well as for understanding radionuclide retardation.
Proceeding to smaller pore apertures would need more

investigations, possibly including different types of model
matrices. The ideal would be initially to study small
pores, which are ordered and aligned as in pseudomor-
phic altered phases confined in a rigid granite matrix and
having sufficient distance from each other. For that pur-
pose, some of the altered rock types used here seem to be
superior to preparations of bulk clay phases where orien-
tation of the clay phases is mostly random. The advan-
tage of the impregnation with double-labelled PMMA

(fluorophore and C-14 or H-3) is the fixation of the min-
eral structures, even if they, in case of clay, may be affected
by the structure or charge of the dye molecule itself.
STED high-resolution fluorescence microscopy might

be beneficial to support recent developments of grain-scale
matrix transport modelling by confirming model assump-
tions and giving direct input data. Indeed, the use of
pore-scale direct numerical modelling of flow and reactive
transport needs an accurate description of microscale rock
matrix properties, in particular, of intra- and intergranular
pore surfaces, which is limited by the resolution of current
X-ray microcomputed tomography (X-ray μ-CT) presently
to a scale of about 10 μm.56,57
The potential application of STED nanoscopy could be

the visualisation of nanometre size porous networks in
finely divided materials, such as clays or cementitious
materials. Obtaining an adequate polishing state of the pla-
nar surface of such materials represents an obstacle for
the visualisation of the pores on the observation surface.
Using STED’s 3D capabilities, a set of 2D slices is obtained,
in which the porosity distribution is not influenced by the
surface state of the sample. Due to the high proportion of
infra 20–50 nm pores in such materials, the geometry of
the pore cannot be fully resolved by STED. However, STED
images can shed new light on the organisation of the poros-
ity in the compositematrix and at the interface between the
matrix and the large minerals. This type of information is
essential for the development of a micro-macro model for
predicting the behaviour of such materials.

5 CONCLUSIONS

The starting motivation for this work was to find out
whether STED is easily adaptable from biological sam-
ples to crystalline and clay rock samples, and if STED is
a suitable method for characterisation of the pore space of
crystalline and clay rock. The results presented here prove
that STED is both easily adaptable to geological samples
and that STED is suitable for pore space characterisation
of geological materials. To date, this contribution consti-
tutes the first application of STED nanoscopy to visualise
nanoporous structures in geologicalmaterials. The present
work proves that Lumogen Red F 305 dye dissolved in
MMA is suitable for STED imaging of these materials. The
Eu(III) chelate was also found to be very useful for the
selection of suitable rock types by conventional wide-field
fluorescence microscopy with UV excitation. The Lumo-
gen Red F 305molecule proved to be sufficiently soluble in
MMA to produce a good level of contrast even in very low
porous granites. Satisfactory STED imaging results were
obtained for all used dye concentrations, thin and thick
sections, and surface treatments. The position of the laser
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could be more easily observed on translucent thin sections
while this was found to be difficult in thick sections. Some
problems arose in SEM investigation of the same regions
of interest in granites in the case of thick sections. A device
where STEDandSEMmethods are integratedwould there-
fore be ideal.
The visualisation of pore space at nanometre scale was

achieved successfully in a granitic rock and a sedimen-
tary clay rock. In the STED images, porosity features
were imaged which were not readily distinguishable by
SEM. The granitic rock sample exhibited heterogeneous
microstructure with features in centimetre to nanome-
tre scales. The clay rock sample exhibited microstruc-
ture where the features are mostly microstructure scale
and smaller. The nanoporous features in the clay rock
were imaged togetherwith patterns of frequent, nonporous
pyrite framboids that could be used for orientation pur-
poses in both STED and SEM. In both of these rock types,
nanoscale and micrometre-scale porous features could be
distinguished and correlated with mineralogical features
on the same length scales. This is a considerable improve-
ment over the common situation where porosity data and
mineralogical data are available only on different length
scales, or only bulk data is available. The features on all
length scales were successfully studied without the neces-
sity of destructive methods for studying nanometre-scale
features.
Our work here proved that combining STED to C-14 or

H-3-PMMA autoradiography method by double labelling
the PMMA resin (fluorophore + radioactive tracer) and
SEM allows imaging the pore space of a given rock section,
from centimetre to nanometre scales. Combining STED
and autoradiography with SEM imaging also gave infor-
mation on the local mineralogical composition, allowing
mineralogical data andporosity data to be correlated on the
same length scale. The application of these complemen-
tary techniques is well adapted to characterising the poros-
ity evolution of both crystalline rock and finely divided
materials, such as sedimentary clay rocks. Other finely
dividedmaterials, such as cementitiousmaterials, could be
a potential future application.
Another potential application for STED could be the

study of pseudomorphic alteration phenomena, which
produce clay minerals. Here STED might even partially
replace TEM, which needs more sophisticated sample
preparation and operation. Detailed complementary SEM
and XRDF studies would be needed to shed light on these
important weatheringmechanisms relevant in soil science
as well as for understanding radionuclide retardation.
In the future, sophisticated optimisation procedures of

the STED equipment would still be necessary to quantify
the influences of different fluorophore and sample param-
eters. Some optimisations of the method are needed, par-

ticularly when studying heterogeneous rock matrices pre-
sentingmineralswith various optical properties. Optimisa-
tion is essential when approaching the limits of resolution,
but is difficult under conditions where the STED device is
not available on site. Theuse of theEu(III) chelate as a fluo-
rescent marker for STED could be another avenue of study
if a suitable laser wavelength for photoactivation is avail-
able on the equipment used. In geological materials, the
interaction of the fluorophore with, for example, charges
of mineral surfaces can be beneficial when intercalation
into very narrow pores for example in sheet silicates is
intended. Then themolecular shape, conformation, charge
and solvation of the fluorophore are essential parameters.
Some Rhodamine dyes with a positive charge should be
considered, because interactions with negatively charged
surfaces of silicates as well as intercalation in interlamellar
pores in clays may be possible. Proceeding to smaller pore
apertureswould needmore investigations, possibly includ-
ing different types of model matrices.
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