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Surface and Wetting Properties of Diagenetic
Minerals and Sedimentary Grains in Reservoir
Rocks (NanoPorO)

Introduction
Current secondary oil recovery measures allow
for the recovery of a maximum of about 33 %
of the oil in a reservoir. The remaining almost
two third of the energy carrier are lost due to
decreasing pressure, pore blocking, water inva-
sion or hydrocarbon fluid adhesion to the rock.
Therefore, fluids weakening the adhesion of
hydrocarbons to pore walls and increasing per-
meability of the rock by e.g. mineral cement
dissolution, are injected to the deposits in
order to augment production. All such measu-
res however, including enhanced oil recovery
(EOR) methods such as the injection of super-
critical CO2 may increase the recovery factor of
the original oil in place by further 10 % only.
Consequently, most of the hydrocarbon wealth
in oil and gas reservoirs cannot be extracted
and is lost to future generations. It is thus of
high importance to understand the fundamen-
tal wetting processes in the pore space, to bet-
ter develop the potential of oil and gas pro-
duction from reservoir rocks and to secure the
fossil energy supply.

In siliciclastic oil and gas reservoir rocks, the
pore space typically faces mineralogically vary-
ing sedimentary grains and various diagenetic
minerals. Most common are mineral surfaces

of quartz, feldspar, phyllosilicates, carbonates
and iron oxides and hydroxides. This mineralo-
gy surrounding the pore space, and the surfa-
ce chemistry, topography and roughness on
the micro and nano-scale rule the wetting
behavior and adhesion properties of hydrocar-
bon fluids, water, or CO2 to the pore walls. The
dispersion, migration, adhesion and reactivity of
fluids in rocks depends also on pressure and
temperature conditions, nevertheless, particu-
larly the morphology of pore walls and the pore
and pore-throat shapes, have a significant im -
pact on the behavior of the water-gas contact
depth (WGC) and on the potential recovery of
hydrocarbons from the given reservoir rock.

Each episode of fluid transport through the
rock leaves a significant and characteristic
trace in cement mineralogy, pore morphology,
permeability, but often also in sediment grain
or bioclast alteration. Such processes can be
defined down to the nanoscale and play a cru-
cial role in further mobility of hydrocarbons in
rocks (Hassenkam et al., 2009). Sediment wet-
ting varies with the alteration of the surfaces
and depends on surface roughness, surface
charges, and the chemical composition of the
liquid phase (Al-Futaitsi et al., 2003; Al-Futaisi
and Patzek, 2004). The interfacial tension of
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the fluids strongly depends on the composition
of the coexisting phases (Sutjiadi-Sia et al.,
2008). In addition, the presence of a supercri-
tical (sc)CO2 phase can affect the wetting pro-
perties of the other phases due to mass
exchange as a function of pressure (Foullac et
al., 200; Sutjiadi-Sia et al., 2008; Jäger and
Pietsch, 2009). It is, however, not clear how
the specific conditions of the reservoir (p, T,
surface chemistry and morphology) affect the
interfacial tension of the relevant fluids. To
understand the fundamental physico-chemi-
stry helps to design new technologies for terti-
ary exploitation measures and for CO2-storage
(Carbon Capture and Storage: CCS). In this
project we investigate the relationship between
various minerals or grains facing the pore space,
to fluids in reservoir rocks and to CO2 and scCO2

(Altermann et al., 2008). In the following we
report on the geological and physical character-
ization of the reservoir rock under investigation
and on the characterization of wetting of rough
model surfaces in scCO2.

Characterisation of the rocks and the
pore space
The RWE Dea AG, Hamburg, provided cores
and plugs of sandstone reservoir rocks with

varying physical properties such as permeabili-
ty, porosity, grain sizes and mineralogy from
north German oil and gas deposits. The sam-
ples are well indurated, but still slightly friable,
fine to medium grained, with sparry cements
and with abundant pale and dull grains (see
e.g. Fig. 1). From each sample several petro-
graphic sections were obtained. The porosity
was stained blue but no other stains (e.g. for
feldspars or carbonates) were applied. In thin
section, the samples may show some indistinct
alternating lamination of coarser and finer
grains and partly with differing cement and
open pore space volume. Some samples howe-
ver, exhibit very distinct lamination defined by
grain size, mineralogy and porosity changes.
Most sandstone samples are structurally
medium mature but compositionally heteroge-
neous and immature. The grains are very well
to well rounded, sometimes sub-rounded
when finer, but appear also facetted, subroun-
ded to poorly rounded because of dissolution
under pressure, along grain to grain contacts
(sutured contacts) and because of grain disso-
lution along boundaries during diagenesis
(comp. below). The sorting of grain sizes and
elongation are moderate to poor. Most grains
are rather subspheroidal although distinctly

Figure 1: Grain under single (left side) and
double (right side) polarised light. Scale in the
upper right corners is 100µm. Chlorite is fil-
ling the pore space overgrowing he matite
skins and the grains as pointed out by the
arrows in picture on the left. The open pore
space in the upper right corner of the upper
picture pair displays haematite followed by
chlorite growing tangentially into the open
pore (enlargement in the lower pictures). The
large elongated quartz grain in the upper part
of the upper picture is syntaxially overgrown
by quartz ce ment. The original grain boundary
is pointed out by the arrow. In the upper right
picture, calcite cement (right arrow) is also
visible. The left arrow points to an altered
feldspar with sericite inclusions. Sericite ma trix
can be also found between some grain boun-
daries. In the lower, enlarged view chlorite
growing tangentially (arrows) is overgrowing
haematite skins (arrows). The open pore space
displays small fans of chlorite facing the open
pore. Fluid inclusion trails can be seen in the
quartz grains (pointed out by arrows in the
lower right picture. Sutured grain contact can
be recognised between the two grains on left
hand side of the lower pictures.

SR16_Mineraloberfl_V8.qxp:Abstract_InfosysII.qxd  08.10.10  13:24  Seite 66



67

elongated grains occur as well. The elongation
seems not to depend on the grain composi-
tion. The sorting varies from laminae to laminae
but is always not very high and smaller grains
always are compacted between larger grains,
with rare coarse sand sizes and common fine
and medium grain sizes present. Rounding of
grains strongly depends on the size, fine sand
being significantly less rounded and less sphero-
idal than medium and coarse sand grains. All
these properties are somewhat obliterated by
widespread syntaxial quartz and albite over-
growth, which appears unambiguous only
when observed under crossed polarisator.

Grain composition is of about 60 % to 70 %
quartz grains. Albite, plagioclase and K-feld-
spar grains are also present and common.
Quartzite, recrystallised chert, vein quartz and
igneous rock fragments constitute less than 
5 % of the grain content, the composition of
the sandstones hints towards a cratonic source
with mixed sedimentary and igneous rocks.

This is supported by the presence of detrital
phyllosilicates (muscovite and altered, greenish
biotite) compacted between the quartz, feld-
spar and rock fragment grains. Few rounded,
detrital, opaque ore grains (heavy minerals)
were also found. The matrix varies between silt
size detrital grains, clay minerals (primary and
as alteration products of some unknown, pro-
bably volcanic and igneous rock fragment pre-
cursor), and patches and interstices with hae-
matitic filling (possible alteration).

All samples exhibit a complicated polyphase
diagenetic history. Sutured contacts and grain
dissolution features evidence significant fluid
movement during diagenesis. The diagenetic
minerals were precipitated from migrating bri-
ans in the pore space, as synthaxial and normal
quartz overgrowth cement, but also very com-
monly as albite cements, confirmed by EDAX
analyses (see Fig. 2 and 3). Very often, the first
generation of cement/matrix is that of chlorite
and clay minerals and /or haematite skins sur-

Figure 2: The left upper
SEM micrograph displays
an overview of the grain
surface with idiomorphic
minerals growing on the
grain into the open pore
space. The right hand
image shows a close up
view of this overgrowth,
displaying idiomorphic
mineral habitus of chlorite,
quartz, albite (not well
developed) and halite skin
(Salz) and the respective
EDX measurements. In the
halite diagram (upper left)
feldspar content is visible
below the halite encrusta-
tion and thus Al and K
peaks are visible as well.
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rounding the grains. In a later diagenesis quartz
and albite coatings were generated. Clay mine-
rals, chlorite, haematite coats are present as the
second and third cement generation as well.
Partial decementation – dissolution of these neo -
morphic minerals, is evident in laminae, where
such cements are much thinner and very irregu-
lar, leaving out abundant open pore space and
by partial filling of the interstices with calcite, as
most probably the latest stage of cementation.
This is particularly clear where calcite is the
only remaining pore filling cement and in
direct contact to the detrital grains, but pas-
sing (overlapping) laterally onto quartz and
albite cements. In such cases, it becomes appa-
rent that the process was not a gradual repla-
cement of former cements by calcite, but
instead, the early cements were partly dissol-
ved and transported aside in solution, and only
subsequently, calcite was precipitated from
migrating fluids. Calcite together with other
cements thus, often fills resorption embay-
ments but also dissolution pits in the grains. 

SEM investigations were performed on single
grains broken off from the core samples, pik-
ked with pincers, mounted on a conventional
SEM mount carrier disk with double-sided stik-
king tape, and coated with sputtered carbon.
Elemental mapping was conducted by the
EDX. In most cases cements fully cover the
grains by multiple coats of various minerals.
The outer most layers very often exhibit idio-
morphic crystals facing the open pore space.
The involved minerals are clay mineral plate-
lets, albite twins, chlorite fans, idiomorphic,
pseudohexagonal quartz needles and abun-
dant salt (halite - NaCl) as hoppers and skins.
The faces of these idiomorphic crystals are
absolutely flat and smooth on sub micrometer
scale. Where the coatings build a tangential
skin without idiomorphic faces, the roughness
is just below 1µm scale and can be well obser-
ved by the SEM. Typical crystalline surfaces
with pitted regular crystallographic pattern are
recognizable. As could be expected from the
evaluation of the cements under optical micro-

Figure 3: The left picture
displays an overview of
grain and cements with
respective spots of EDX
analysis, as shown in dia-
grams below. Chlorite,
sericite, calcite, halite
(Salz, NaCl) and quartz
were found. The right
hand picture displays an
EDX elemental map of the
view in left picture. The
large area of calcite
cement appears on the
right side of the picture.
Most of the other area is
occupied by quartz
cement.

SR16_Mineraloberfl_V8.qxp:Abstract_InfosysII.qxd  08.10.10  13:25  Seite 68



69

scope, only calcite does not produces idiomor-
phic crystals. It has been observed as broken
surfaces only, because it is the latest stage of
cementation usually filling the pore space as
one crystal, poikilotopic infill of several neigh-
boring pores.

AFM investigations were performed on single
grains or small, cemented and bond grain
groups of 2-10 grains, mounted on a small
metal plate sample carrier and fixed by a com-
mercial nail varnish. The video camera mounted
on the AFM table allows for a high magnifica-
tion observation of the grains (500x). It was dif-
ficult, but nevertheless possible, to relocate the
same spots under the AFM and SEM. The mea-
sured surface roughness of the sample depends
on the scale of observation. At all scales howe-
ver, the roughness is significant and the topo-
graphy as shown in the profiles in both direc-
tions, vertically and horizontally, is always steep
and distinct. This provides problems as to the
choice of the right AFM tip. The measurement
precision achieved in vertical direction was of up

to few tens of nm on ideal surfaces; surfaces of
steep and high roughness however, were not
possible to measure exactly. 

Further roughness and topography measure-
ments were performed by a digital laser scan-
ning microscope (laser profilometer, LSM
Keyence). The LSM delivers digitally sandwi-
ched surface images of the sample, with high
depth of focus and a quantitative topography
data set in µm resolution (Fig. 4). The advanta-
ge of such measurements is the ability of the
LSM to exactly resolve even very steep topo-
graphy, although the resolution is by an order
of magnitude lower than that of an AFM or a
light interferometer. Fig. 5 shows an example
where the grain surface is covered by cement
and hematite. Additionally, needles (illite) grow
into the pore space. Such needles can affect
the fluid transport in the porous network and
retain hydrocarbons. This example also shows
that a microscopic inspection of the pore space
is essential to identify relevant morphological
features and that the complicated surface

Figure 4: The LSM and optical photographs show cements of different shape within a pore of the investigated sandsto-
ne. On the left hand side albite blades are visible. In the center of the pore needles of illite grow into the pore space on
quartz overgrowth of a clastic grain. Some of the needles seem also to grow from the albite surface.
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topography can not be simply described or
measured by an AFM on a larger (>10 µm) scale.

As it is often difficult to identify very small
grains or cements by optical microscopy, and
almost impossible to identify the mineralogy
by the AFM or LSM, therefore the above inve-
stigations were supported by micro-Raman
spectroscopy in order to aid the mineral identi-
fication, performed mostly on thin sections
and on single grain mounts. Our micro–Raman
device is attached to a confocal microscope,
which allows for three-dimensional imaging
and for simultaneous chemical analysis. The
confocal configuration leads to a small sample
volume, from which Raman scattering can be
recorded. Lateral and vertical cross-sections of
the sample can easily be generated with high
spatial resolution, whereby lateral and vertical
1-µm-thick optical slices are acquired from the
surface to the maximum depth of 25 µm. The
technical set up [confocal Raman microscope,
alpha300 R; WITec GmbH, Ulm, Germany,
frequency doubled Nd:YAG laser (532 nm, 
Pmax = 22.5 mW) and a 100× objective (Nikon,
NA=0.90, 0.26 mm working distance)] is des-
cribed in detail in Kremer et al. (in press).

Due to the above described properties, the
pore space in the investigated samples is very
heterogeneous and has a wide range of mine-
ralogical and roughness characteristics. The

observed variety of the open pore morphology
depends strictly on the shape of the detrital
grains, on the vesicular cement minerals of
tangential and needle-like habitus and on the
fringing dissolution and pressure dissolution of
the grains, that are mostly densely packed and
grain supported. It is thus chiefly the diagene-
tic history and not the sedimentary history in
these samples that rules the gross and nano-
morphology of the pores. In order to simplify
the search for a suitable target for experi-
ments, the pores were classified according to
the key mineralogy, into four main classes,
each comprising several subclasses:

1) Not overgrown, rare grain surface/pore
space contacts of varying mineralogy, but
mainly quartz, feldspar and common volca-
niclasts and heterogeneous rock fragment
surfaces.

2) Quartz cement/pore space contact of botry-
oidal or hypidiomorphic quartz.

3) Calcite cement/pore space contact of vary-
ing shapes but mostly blocky and needle
shaped or irregular, corroded calcite.

4) Heterogenous haematite, illite, chlorite albi-
te cement/pore space contacts of differing
morphologies.

Small Angle Neutron Scattering
A combination of small angle neutron scatte-

Figure 5: (left) Boundary of grain and part of grain surface (G) The grain covered by hematite skin has been stressed at
the concave areas (dissolution depressions) and cement has overgrown the surface subsequently, while at the pore
boundary illite needles (circle) are growing into the open pore space (Po). The sub-euhedral minerals with platy habitus
are albite (dotted arrow in the right picture).
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ring (SANS) and ultra-small angle neutron scat-
tering (USANS) experiments on dry and partial-
ly wetted reservoir rock samples has been car-
ried out at the Institut Laue-Langevin (ILL), in
Grenoble, France in September 2010. The
mea surements will give insight into the inter-
play between texture, pore surface rough-
ness, size distribution of the cement over-
growth and the distribution of connate water
in the pore network.

Molecular scale interactions between fluids
and mineral surfaces have a crucial impact on
pore volume estimation, on the understanding
of hydrocarbon migration, and on the possible
degree of exploitation. These interactions also
influence the assessment of CO2 storage capa-
city and retention mechanisms or of the poten-
tial of geothermal energy generation in aqui-
fers (Pruess and Azaroual, 2006; Pruess, 2008).
The study aims to reveal nanoscale processes in
the pore- space of sedimentary rocks in order
to explain the migration processes and the per-
meability for fluids, gas and supercritical CO2

within sedimentary rocks.

For reservoir rocks it is important to study the
intact porous network within a representative-
ly large volume of a bulk sample. Sandstones,
mainly composed of quartz grains, show diver-
se heterogeneous textures, accessory minerals,
and varying grain sizes of 5 ~ 100 �m. Notably,

capillary bound water in the pore system appe-
ars to reduce the permeability. The penetration
power of neutrons allows to investigate the
porosity of such bulk samples with SANS. This
method is more powerful in combination with
ultra small angle neutron scattering (USANS)
for the study of the microstructure of rocks
over a large range of scales (Radlinski, 2006;
Triolo et al., 2000; Sen et al., 2002). The frac-
tal dimension derived from the SANS/USANS
data can be correlated to microscopy data
(Wong and Howard, 1986; Wong and Bray,
1988; Radlinski et al., 2004; Anovitz et al.,
2009) and used as a parameter for the correla-
tion of porosity and permeability of rocks in
conjunction with their pore topology (Pape et
al., 1999; Pape and Clauser, 2000). At the beam
lines D11 and S18 at ILL SANS and USANS ex -
periments were carried out on the same set
of samples. Pore filling and capillary conden-
sation of fluids in porous media was observed
with SANS and USANS by using contrast-mat-
ching H2O/D2O mixtures (Broseta et al., 2001;
Erko et al., 2010).

In Figure 6 (left) data measured on sandstone
reservoir rock samples of different depth and
different porosity are shown. The scattering
intensities follow a power law behavior, which
is typical for porous rocks with an exponent of
about -2.2, which corresponds to a mass frac-
tal topography of the pore space with a

Figure 6: (left) Ultra small angle neutron scattering data of different plug samples from a quartz sandstone reservoir
rock of a north German gas deposit. The intensities show a power law behaviour. With an exponent of about -2.2, 
indicating a mass fractal topography. (right) Filling the pores with D2O or a contrast-matching mixture of D2O and H2O
reduces the scattering intensity.  
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dimension of 2.2. Filling the pores with D2O or
a mixture of D2O and H2O, contrast-matching
to quartz and feldspar, massively reduced the
scattering intensity. The remaining scattering
contrast is mainly caused by the surfaces of
calcite cement, heavy minerals and other
minor constituents of the rock.

Wettability of rough surfaces at reservoir
conditions
The wettability of the reservoir rock has a large
influence on the productivity of a hydrocarbon
reservoir. In oil fields, depending on the type of
wetting characteristics of the rocks, different
technologies for developing a field are neces-
sary. One of the most prominent effects of the
micro- and nano-morphology on wetting is the
super-hydrophobicity, better known as the
»lotus effect« on glass or ceramics (Barthlott
and Neinhuis, 1997; Neinhuis and Barthlott,
1997; Spori et al., 2008). The lotus effect is
caused by an only partial wetting of the rough
surface profile by the liquid phase in the so-cal-
led Cassie-Baxter regime (Wenzel, 1936;
Cassie and Baxter, 1944). So far, however, it is
not clear how the presence of a supercritical
phase and mass transport between the wet-
ting and the supercritical phase affect super-
hydrophobicity.

To investigate the fundamental processes of
wetting under reservoir conditions we have

applied a high pressure / high temperature con -
tact angle goniometer (Fig. 7). The instrument
has a cylindrical high pressure view cell (HPVC),
which can be filled with different fluid or gase-
ous media. It is possible to study wettability of
surfaces and surface tension of different media
with the sessile drop and pendant drop
method. Experiments can be carried out at rea-
listic reservoir conditions of up to 69 MPa and
180 °C with different fluids and CO2. 

To study the effect of temperature and pressu-
re on the wettability of rough surfaces, a
model surface was created that resembles the
surface of a lotus leaf (Fig. 8). We used a cera-
mic aluminum oxide replica of a two-step-
photolithographic pillar structure. The sample
was coated with a chemically stable, hydropho-
bic fluorosilane layer. Dynamic contact angle
(CA) measurements of water drops in fluid as
well as supercritical CO2 were performed at dif-
ferent temperature and pressure conditions. The
pillar surface shows a superhydrophobic beha-
vior with advancing CA of 150-160°, with a
slight increase of the CA with pressure (0.1
MPa-1) and a hysteresis of about 15° (Fig. 9).
The contact angles at 100 °C show larger slope
(0.4 MPa-1) and increased hysteresis (25°) than
the data measured at room temperature. The
temperature and pressure dependence of the
contact angle can be influenced by the interfa-
cial tension of the phases as well as buoyancy
effects due to variations of the density.  

Figure 7: High Pressure View
cell (Krüss GmbH, Ham burg,
Eurotechnica, Bargteheide).
The cylindrical cell has two
optical windows. A drop
can be placed on the sam-
ple surface through a capil-
lary. The cell can be filled
with two different gaseous
or fluid media. Liquid CO2
can be pressurized up to 69
MPa and heated to 180 °C.
The cell is equipped with a
contact angle measurement
system.
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The experiment shows that wetting phenome-
na caused by surface morphology can also
occur under reservoir conditions. Main impact
on the details of the wetting (contact angle,
hysteresis) can be expected from variations in
mass density or surface tension due to mass
transfer with the supercritical phase.

Conclusions
The pore space morphology of reservoir rocks
depends on the size and shape of the clastic
debris and can be drastically changed during
diagenesis due to influence of factors such as
compaction, cementation, and pressure disso-
lution. The above observations have led to the

conclusions that the pore surfaces at the first
phase are rather smooth on a µm scale, and
the pores are well-connected facilitating
migration of fluids. The subsequent stages of
diagenesis, including fluid migration itself,
have changed and complicated however, the
pore spaces morphology. Pores were filled by
minerals and new micro-pores were opened by
dissolution of diagenetic minerals. In addition,
the grains and cements were partially dissol-
ved, forming new pores within some sedimen-
tary layers or laminae. The overgrowth on cla-
stic grains by secondary minerals produced
rough surfaces, leading to more rugged pore
surfaces. The flow capacity of hydrocarbon flu-
ids has been decreased due to authigenic

Figure 8: SEM image of a cera-
mic replica of a pillar structure.
The large pillars have a diameter
of 100 µm, the small ones 10
µm. The sub-micron scale topo-
graphy of the sample is domina-
ted by the grain size of the alu-
minium oxide particles of the
slurry used for casting. Due to
the undercut shape of the mas -
ter,  part of the small pillars
broke off at separation of the
replica from the negative (D.
Spori, ETH Zurich).

Figure 9: (left) Microphotograph of a water drop on the superhydrophobic pillar structure in liquid CO2. The surface
was moved with respect to the capillary, to measure the advancing and receding contact angle. (right) Contact angles
of water in CO2 at different temperatures and pressures. The data at 100 °C (supercritical CO2) show a higher slope
(0.4°/MPa) and a stronger hysteresis (25°) than the data at room temperature (0.1°/MPa and 15°).
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minerals forming barriers and blocking the oil
and gas flow. Micro-pore structures and over-
grown grain surfaces have formed larger sur-
faces increasing the adhesion capacity of flu-
ids. Small angle neutron scattering data indica-
te a mass fractal geometry of the pore space
which spans over several orders of magnitude.
In the next step the correlation between scat-
tering data (bulk) and the microscopically mea-
sured roughness (surface) will be investigated.
This correlation provides input for the assess-
ment of the inner roughness of the rock.

The wetting experiments show that the same
wetting phenomena (super-hydrophobicity) as
known from atmospheric conditions also occur
under reservoir conditions. Static and dynamic
wetting properties, however, depend on the
mass transfer on the phases and thus on the
temperature and pressure. Further wetting
experiments on model surfaces and on typical
minerals like quartz, micas, calcite or feldspars
shall provide further insight into the dynamic
wetting behavior.

Our research and experiments aim to answer
questions imposed by problems occurring in
practical oil and gas exploitation activities. It is
directed by theoretical petro-physical conside-
rations and practical cases, as discussed with
the RWE-Dea, Hamburg, the main oil and gas
producer in Germany. 
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